CHAPTER-II

ELECTRICAL CONDUCTIVITY IN FERRITES
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i .Electrical Conductivity in Ferrites

3.1) Introduction : Ferrites have resistivities in the range of
10"3.!\.. cm to IOH-Q- cm“) depending on the chemical composition,
nature of constituent ions, thermal history of the sample, sintering atmos-
pﬁere, impurities and porosity. Electrical conductivity in ferrites has
become the subject of many investigations. The high resistivity in compa-
rison with that of magnetic metal is the main asset of ferrites for
application at microwave frequencies. The trahsport mechanism can
be investigated with the help of electrical studies such as conductivity,
theremoelectric power and mégneto resistance. The magnetic behaviour
of ferrites is largely affected by ‘the magnitude of conductivity. This
has created considerable interest in the study of electrical conductivity

of ferrites.(2’3’4)

It has been reported that high conductivities are due to the

. . 5

presence of both ferrous (Fe*3) and ferric (Fe+2) ions on equivalent s:tes.( )
(6)

Koops™ studied the electrical conductivity of Nig 4Zng ¢ Fey O, fired

under different conditions and showed that conductivity largely depends
on preparation technique. The deficiency of iron gives rise to lower
conductivity while the excess of iron gives rise to higher conductivity.

Hence the ferrites behave as P-type for iron deficiency and N-type

for excess i ron,

3.2) Conduction Mechanism :
Generally oxide crystals are described in terms of the lattice
of oxygen ions with relatively small number of metal ions, occupying

-4
interstt‘tial positions. Though the bonding in transition metal oxides
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is predominently ionic the electrical conductivity is determined by the
electrons with 'd' like wave functions and most probably the impurity
states. The conduction in ferrites is related to d - electrons and the
exciton exchange between Fe+2 ions and Me+2 ions is neglected due
to small tunnelling amplitude of d -electrons. In a stoichiometric compound

the ferrous ions are created by thermal activation according to the

relation

3 2
Mg~ o+ Feg2 > My~ +Fel” + Eg - 3.1

where

B denotes octahedral sites, M denotes divalent metal ions such
as Ni, Cu, Mn, Mg, Co, etc. Eg is the energy required to transfer the
electron from MB+2 to FeB*3 and vice versa. For example the presence

of Ni on octahedral sites of spinel structure favour the conduction mecha-

nism as

Ni*2 s FeS ,——> Ni*3 + Fe'’ 3.2

Ferrites are semiconducting oxide magnetic materials. Hence
one can think of conduction mechanism in terms of holes and electrons.,
The electrical charge transport occurs by migration of charge carriers
under the external potential difference. Electrons are the common charge
carriers in most of the semiconductors. The electron deficiency is called
a hole which behaves as a positive charge. From these considerations

conductivity can also be expressed as

& = e-(.“t#e + n\'\ub) vors 3.3

where

Charge on an electron

Concentration of mobile electrons
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Concentration of mobile holes

<
-
I

mobility of electrons

¥F

mobility of holes

The temperature dependence of conductivity is given by the relation

'3 =c,gxp(_-}(_*%&, 3.4
where
Eg = activation energy
K = Boltzmann Constant
T = ‘absolute temperature
o = temperature independent constant

In ferrites, the mobility is found to be much smaller i.e. of the

3 to 10_7 Cm2/ v.Sec., thzan that cf semicenducters i.e. 10 to

order of 10°
4 2 . . i
10cm /vsec This made Heikes and Johnston to propose the hopping electron

mode! of Verwey for the conduction mechanism in ferrites.

3.3) Experiment to determine conductivity :

The conductivity was measured by the two probe method on
compressed and sintered pellets of | cm diameter and about 0.2 cm in
thickness, The measurements were carried out with the help of a special

conductivity cell.( Fig.3.1)

The cell consists of two clyindrical rods made of brass fitted
in two porcelain discs. The fitting screws were used to keep the assembly
of discs and rods firmly. The screws provided on the rods were used
for external contact with the help of silver leads. Silver leads were insula-

ted from each other by ceramic beads. To have good contact the pellet
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Fig.3.1 : Sample holder and circult diagram for >lectrical
resistivity
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was polished and silver pasted on ¢pposite faces and sandwitched between
the rods. The entire assembly was kept inside the temperature regulated
furnace. The calibrated chromel-alumel thermocouple was used to measure
the température of the pellet accurately by keeping its tip very close

to the sample.

From the values of resistances conductivity at different

temperatures was calculated by using the relation

RA

Q = t evens 3.5
where A = ’ﬂ'r2 where r is the radius of the pellet
~and t = thickness of the pellet
3.3) Results and discussion :

3
in fig 3.2, 3.3, 3.4, 3.5 variation of log Qwith -l:-rQ—- in the temp.

.range from R.T. to 800°K is shown. The nature of variation in all

these cases indicates that the temp. dependance of resistivity is governed

by the formula

.6
@ g [ 4F] 3
where
Qo: temperature independent constant
K = Boltzmann constant
T =  Absolute temperature
AE =  activation energy
From the equation we can write
log, S = tog Ser £F .. 3.7
This equation suggests that variation of log ﬂ with lf is a st, line
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Breaks -‘have been observed in the temperature variation of
log € . Several authors have attributed various reasons for the breaks.
Komar and Klivshinm have observed breaks and changes in the activation
energy of high temperatures in several ferrites and have co-related these
temperatures, with the magnetic Curie temperatures of the ferrites.
This offers an evidence for the influence of magnetic ordering upon condu-

(8)

ctivity in ferrites '« The breaks may also be due to change in dominent

{ (

conduction mechanism. 9 Recently Ghani et.al. 10) have observed more
than one break in temperature dependance of resistivity. They have
astrlbuted the break at low temperature to impurity conductiom,the break
at inter mediate tempercture tc phwse trensiticn vhile the breek at

high teniperuture is zssccicted vith ferimogretic Curie temperature,

We have observed two breaks, one at ]62°c and the other at

315% for Zn.2Mg.85"Zir.05FeLQOO4 sample

The break at 315°c concides nicely with the Currie temp. of
this sample determined from the experiment as well as XaC-T studies.
The break occuring at 162°% may be due to some impurities present
in small traces in the sample. These impurities have not been detected
by X-ray ’analysis which confirms that their percentage is very small.
However, the impurity conduction can be detected from the temperature

(

variation of the Seebeck coefficient, Ghani et.al, 10) have observed peaks
in the temperature variation of Seebeck coefficient which they have

attributed to impurity conduction zid explained the conductivity using the

formula & = §n + G 3.8

where 6n is the free electron conductivity

6i is the impurity conductivity
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(11) (12)

According to Bosman and Crevecoeur and Dutt et. al.

the following expression exists for thermoelectric power
K| 6n(F, )+ Q(M)] . 3.9
°( = e 6 \ KT 6 KT

where EF is the Fermi level A-term connected with kinetic energy K.E..

of free electrons,ED— energy of donor w.r.t. transport level. From the
7

theory of partl) compensated semiconductor, it is known that at low tempe-

ratures the mixed conduction occurs where electrons are majority carriers.

+KTIn( Np - Naj ' w  3.10
N, -

E. = E

F D

where ND > NA> 4]

N A and ND are concentration of acceptor and donors respecti-
vely,. At T = O Ep = En; as the temp. increases Ep) Ep i.e. Ep-Ep
is positive. The first term in the eqn.(3.9) dominates as long assi/6(<&,

When the temperature is increased the thermoelectric power
first increases with increasing temperature. However, as soon as 61 bceomes
comparable with 6n the first term in the eqn. 3.8 decreases while the
second term increases positively. This is the reason for the peak in

o/- T variation in -ve region.

For P-type carriers following relation holds good

‘: Gp-&‘; . »e. ,30‘11

The expression for o{ - T variation will be

E . E. - E
d - K 6p ,- F + A) 6i , F A) .. 3. 19’
@ 1§ ‘KT 6 KT |

The Fermi level is given by (13,14)
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- N, -
Er = E4, - KTI_( "A " Np,

Np

3.13

For the remaining samples of Zn ,Mg 65Zr.osl"l.god’ Zn gMg 45

zr.OSFel.Qo 4 and Zn‘SMg‘z‘,)Zr.Osl-"e1‘904 only one break has been observed

3
in log._oﬁ Vs —l-.—IQ.-—vari‘ation. The sample: Zn.BMg‘zslr.osFeLQO 4 does not show

Curie temperature and hence this break can also be attributed to
impurity conduction. The break observed in rest of the samples coincides
nicely with Tc values of these ferrites Table 3.1 gives data on activation

energy, interaction energy and Curie temperatures of these ferrites,

Table 3.1 Curie temp and activation energy

Sample Curie temperature Activation EnergyAE Interaction
Condu- Expt  Suscepti- Paramag- Ferrimag- energy
ctivity bility netic netic

region region

X =.2 315% 335% 325% 0.23ev .3dev 0.054ev

X = .4 182% 200°% 225% 0.52ev .54ev 0.0407

X =.6 127% 68% 150% 0.52ev JA2%v 0.0294

X = .8 - 0.57ev -

A detectable éhange in the slope of }oggversus-% plots for
various compositions is also seen. If K is mostly determined by number
of hopping processes, assuming the role of scattering phenomena and
mean free path to be minimal, the change in the slope indicates the

change in the activation energy AE.
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Activation Energy :-

Because of the complexities of the structure present in the
ferrites, band theory cannot give full explanation of the conduction properl
ties of ferrites. Therefore, the idea of 'band gap' which is used for

semiconductors has been replaced by the new concept of energy activation

in the case of ferrites.

It is assumed that the discrete conducting states separated
by forbidden non-conducting states exist instead of conduction band and
valence band. Some minimum energy is required for an electron to jump
from lower state to the higher state. Conduction can occur only when
carriers are able to cross the potential hill between the two states.
Therefore they need to be 'activated' by some external energy. According |
to the kinetic theory of hea;, if the energy imparted to the particles
Is just sufficient to overcome the potential barrier' conduction can take
place. This is called as 'thermal activation' and the minimum energy
needed for the current carriers to pass from low conducting state to
h?gh conducting state is defined as the 'energy activation'. Activation
can also be caused by using other forms of energy such as light, electric

field, magnetic field etc.

"From the study of thermoelectric power, temperature variation
of EF can be plotted and the extrapolation ¢f EF uxisgives value of EF(o)

The relation of resistivity and temperaturé in the case of ferrites is

given by AE

6 = 6o Exp ( o) 3.14

In case AE.) EF (O) then it can be said that the activation energy

of conductivity contains an additional part due to thermal activation
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of electrons between ‘r"e“’2 and Fe"3 in B-sites. Thus it can be assumed

that
ADAE = AE! + AE2 3.15
A El =  activation energy contributed to the concentration of charge
carriers
AE2 = activation energy of mobility(hupping activation energy).

15
The activation energy of hopping is AE2 = 0.2ev. in the case of ferrites( »16)

From the values of AE given in the table 3.1 it is clear that .
values of AE in the ferri and para-regions are different which suggests

that magnetic ordering change influences the conduction mechanism.

The B-B distance on the octahedral sites is much greater than
the sum of atc;mic radii of the cations. The result is that the electrons
are not free to move in the crystal but remain fixed to B-sites. Verwey(g)
has shown that the conduction takes place due to activation of states

involving cations of changing valence i.e. Fe+2""'*__ Fe+3 and vice versa

which is hopping mechanism.

A new concept of hopping of polarons by thermal activation .

is introduced in the theory of electrical conductivity.(”) There is strong

12)

experimental proof for the existance of polarons and the hopping process(

Klinger has explained the conduction mechanism in magnetite like solids

using two phase polaron model!"?)

3.4) Conductionn By Polarons :-

The charge of an electron in a crystal lattice interacts with
the charge of ions and atoms of the lattice creating local deformation

of the lattice. This follows the electron as it moves through the lattice.
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.The combination of electron and the strained field is called as 'Polaron'.

The strength of the lattice intraction is measured by electron-phonon

coupling constart defined by

1 of = deformation energy 3.16
bl Roo
where - = longitudinal phonon frequency

The displacement of the lattice causes the polarisation of the
surrounding region and the electron gets trapped at the centre of potential
well. Transition of electron td the neighbouring sites may be governed
by ;hermal activation. At high temperature, conduction is due to the
diffusion of electrons by jumps from one site to the next in analogy
to the thermal activation process accounted in ionic diffusion and ionic

conduction.( 19,17)

Thus at high temperature, conductivity in ferrites is contributed
by hopping mechanism; while at low temperature electrons tunnel slowly
through the crystal giving rise to the observed conductivity. The conducti-

vity largely depends on the mobility of the charge carriers.

When tunnelling time is less than the time for successive hopping

transition, conduction by small polarons (those with small coupling constant) .

(20)

becomes predominent. Kawai et.al. have observed the hopping type

mechanism in the ferromagnetic region of Mn-Zn single crystal ferrites.

. 1
It is established that the hopping energy for electron is 0.20ev( 0)

and less while for pblaron hopping A E > 0.2ev. From the values of

AE given in table 3.1 it can be concluded that hopping due to polarons

is favoured in the ferrimagnetic region.
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In fig.3.6 compositional variation of € for three different tempe-
ratures shows almost identical behaviour. It is seen that § ( M —m cm )’
decreases on addition of Zn*2 in the system. This suggests that impedance
to the hopping of polarons decreases on addition of Zn+? Also as the
temp. increases the resistivity decreases. This is expected as ferrites

are semiconducting in nature,

3.5) I - Dispersion of Dielectric Constant :-

In fig.3.7 vuriaticn cf dielectric censtant ¢ with
. frequency from Hz to MH2 range is shown. The measurement of die-

lectric constant is carried out using MNuarconi TF-1245 LCR-Q Meter

Bridge & Poona University.

It is seen that all the samples exhibit similar dielectric disper-

sion characteristics. The dielectric constant decreases as the frequency’
. i . (12

increases., This type of behaviour is reported for many ferrites ) and

(22)

the a-c conductivity is explained on Koops model

3.6) IH Thermo - emf measurements :-

The studies on d.c. electrical conductivity and thermoelectric
power provide comprehensive information of d.c. conduction mechanism,
The temperature variation of conductivity shows breaks and changes in
conduction mechanism that occur in ferrites besides the information on
the magnitude of conductivity. Studies on thermoelectric power reveal
the types of carriers that govern the electrical conductivity and whether

the conduction is due to thermally activated hopping.

For the above reasons the study of thermoelectric power was

undertaken.
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Thermoelectric power measurement :-

The experimental set up to measure thermoelectric power was
as shown In fig. 3.8 The measurement was done by holding pellets of
different samples between two cylindrical metal electrodes. The tempera-
ture difference across the pellet was maintained coristant at about 20% -
by passing d.c. current through the auxiliary heating coil. The whole

arrangement was placed in the furnace.

In table 3.2 room temp data on thermo emf is given. The

temperature difference AT = 20°K was maintained for all the samples
It is seen that there is no definite trend exhibited by the compositional
varlation of Seebeck coefficient *«' on addition of Zn in the system,

The sign of the Seebeck coefficient indicates that the conduction at

Table 3.2
Sample Seebeck coefficient Sign
Zrl 470 +
Zr2 : 1100 +
‘er 250 +
Zr4 120 +
er 165 +

room temp. is governed by electrons. In case of er sample very ‘interesting
behaviour is 6bserved. This is shown in Table 3.3, It is observed that the sign

of Y' changes asAT is varied.lnitiallyc(is -ve suggesting P-type.conduction
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Teble 3.3
Seebeck T oy Sign
coefficient
310 29°%K +
165 20°K +
0 14% +
42.8 8%k -

and it becomes +ve when AT >/ 14° in which case the conduction
is N-type . Basically o( is created due to difference in the mobilities of
the carriers or their densities. The fact that o« = 0 suggests that at
AT = 14°K  whatever difference exists in the mobilities of the carriers

or their densities reducesto zero.
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