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ABSTRACT

Ferrite samples were prepared with new compositions Ni; s.Zng sCoxFe:04 {x = 0.2, 0.3,
0.4, {1.5], Mﬂu,s.n Zny 5CD;¢FE:D¢ [X = {J.E, ﬂ.3, ﬂ+4, ﬂ.Sl

The diametcr and thickness of the prepared samples were 11 mm and 2mm respectively.

The crytallinity of (hese samples has been checked by x-ray diffraction technique.
Magnetostriction of these pallets has been measured by resistance straingauge technique at
room temperature as a function of Magnetic field with different compositions. The linear
saturation Magnetostriction of the pallets has been determined by rotating the
magnelization vector from perpendicular position to parallel position of the magnetization
direction wilh respect to the direction of ‘strain measurement. It is assumed that the
" direction of the field and the direction of the magnetization practically coinsides, specially
for the maximum field. The direction of measurement of strain is determined from the
direction of the bonded siraingauge. The Magnelostriction in crystals originate rom the
Magnetoclastic interaction associated with the local fiIﬂSOtrupiﬂS arxl the local strain
controlling the local direction of the magnetic moments. The saturation magnetostriction
decreases as Ni-concenlratior increases. On the other hand the saturation magnetosiriction
increases as Mn concentration increases. The magneto elastic emergy and hence
magnetostriction depends on the electrons located at the Fermi level of ihe fernte and 1s
proporiional {o the spin-orbit energy shifl at the Fermi level. However, the result has been
compared wilh existing localized mode! of magneto elastic interaction. The results are
interpreted in terms of domain motion and domain rotation, which are spontaneously

strained.

We have also measured thermal expansion of these ferrites by using straingauge techmque
at liquid Nitrogen temperature 1o room temperature without Magnetic field. The measured

linear ihermal expansion coefTicient are correlated with the resuits of previous workers.



INTRODUCTION

S e S TN f T A : : T

e e T A
. _...._.i...-.j..._..-.u..__muhml.mmr..

4



CHAPTER1
INTRODUCTION

1, Introduction

Ferrite is a well known Ferrimagnetic material with various applications in magnelic
devices. Its magnetic characteristics like magnetization, curie lemperature, coercive force
quarcive force and complex permeability have been studied for various compositions
[1.1, 1.2]. However, magnetostriction of Ferrites which play an important role in
determining the magnetic sofiness by alfecting of domain organization, domain rolations
and domain wall motions is relatively much less studied specially as a funclion of
composition and temperature. Ferritc has many inlercsting aspecls yet uncxplored from
the point of view of theoretical understanding and development of characteristics, arising

from compositional variation for special applications.

The objeclives of the present work is to prepare fomite samples with new CoOmpositions
Nig soZng sCordes0y fx=0.2, 0.3, 0 4, 0.5], Mhps.. ZngsCo.Fe0q fx = 0.2, 0.3, 0.4, 0.5].
for ils magnctic characteristics that are favourable for applications as sofi magnetic
materials. Since magnetic sofiness, as reflected in permeability is determined by
magnetic moment, magnetosiriction and magnetic anisotropy, (he composilional
dependence of magneiostriction will be studied to understand the mechanism involved in
producing magnetoelastic effects in femites. The temperature and COMmposition
dependence of the series will be investigated in order to lind the optimum compositions
which correspond to maximum and minimum magnetostriction [1.3, 1.4, 1.5]. Materials
with high magnetostriction are imporant technologically for making magnetostrictive
transducers and for producing permanent magnels while malenals with low
magnelosttiction is used for soft magnetic materials, The magnetization and
magnetoslriction measuremenis of these ferrites will be performed and the results will be
correlated. The variation of magnetostriclion wilh temperature and composilion will be

studied to check the spin-orbit interaction mechanism localized model as (he origin of



Chapter 1 Introduction

magnetostriction {1.6.,1.7]. Thermal expansion of these l"emle:-‘i will be measurcd specially
around he magnetic transition to find the magnetic contnbution to lattice energy and
hence spontaneous magnctostriction Fom the possible thermal expansion anomaly [1.8]
would be measure very careful. However dne to the Jack of high temperature strain
gauges, the thermal expansion measurcment have been carried out in the low temperature

range down to liquid nitrogen temperalure.

NiZn and MnZn ferrites of diffcrent compaositions by partially substituting Co for Ni and
Mn have been prepared by solid-statc reaction. Optimum sintering temperature was

determined by (rail and error method for the desired solid-siate reaction and homogeneity
of the specimens [1.9]. It was checked by x-ray diffraction.

A whetstone bridge in out of balance condition has been used for measuring the thermal
expansion and magnetostriction of ferrite samples [1.10, 1.11]. The dummy gage has been
used on a fused silica, while the active gauge has been bonded on the sample to be studied
in the form of a disk for minimum demagnetizing effect. Micromeasurement straingages
have been nsed for determining saturation magnelosineiion, from the measurcment of
magnetostrictive sirains in the specimens as functions of magnetic field strengths and
dircction of magnetostriction [1.12, 1.12]. The results have been compared with the
existing lecalived model of magneto elastic interaction [1.14). The spentaneous
magnetostrictions of the specimens will be obtained from the possible thermal expansion

anomalies at the ferrimagnetic ordering temperature [1.15].

The results of thermal expansion and magnetostriction are discuased in chapter VI.
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CHAPTERII
THEORY OF THERMAL EXPANSION

2.1 [ntroduction:

Thermal expansion is an important and common phenomena, In crystal i has important
applications in modem équipment, where thermal changes occur. A shon discussion on

the mechanism of thermal expansion is given below.

Thermal expansion of a solid is a direct consequence of the anhammonicity of latlice
vibrations. It, therefore, provides a convenient measure of the anharmonic parameters in
a erystal. The anisclropy of thermal expansion is clearly exhibiled if measurements are
made on a single crystal. The cxpansion of a crystal when it is heated is a direct
manifestation of the anharmonic nature of the inter-atomic forces in solids. If the forces
werc purely harmonic the mean positions of the atoms would not change even though
the atoms would vibraic with larger and larger amplitudes as the temperature increases.
While the lemperature variation of the specific heat of solids was quite well understood
wilh the development of the Bom-von Karman's theory[2.1] of lattice vibrations in
crystals, there was litile attempt to calculate the thermal expansion of cryslals in any

detail till recent Lime. This was partly because of the paucity of experimental data on the

thermal expansion of crystals below room temperature,

While Gruneisen's theory[2.2] of thermal expansion provided a general explanation of
the phenomenon on the quasi-harmonic approximation, a detailed smudy of the
lemperature variation of thermal expansion below room lempcerature was starled only
afier the work of Barron[2.3] in 1955. The theorctical stady provided an impetus {0 the
devclopment of refined experimental techniques to measurc the thermal expansion of
crystals down to liquid helium temperature. The techniques so developed are sensilive
enough to measure a change in length of the specimen of a fraction of an Angstrom. A

large body of reliable daia has been accumulated on a variety of simple crystals in which
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the forces of interaction are fairly well understood. A fairly satisfactory explanation has

been provided for the tcmperature variation of the thermal expansion in these simple
solids on the quassi harmonic theory, These review deels with the progress achieved
both in the theoreticel and experimental study of thermal expansion in recent times. The
linear thermal expansion coefficient a of a solid is defined as the incrcase in tenth
suffered by unit lengih of the solid when its temperature is raised by a degree celsius.

The limiting velue of the ratio ﬁ% as the increase in temperature &1 -0 is defined as

the truc cxpansion coefficient of the solid. Usually it is mean coefficient of expansion
measured. A similar definition holds for the volume expansion coeflicient P, of the
solid. The volume expansion coelficient of the solid is related to its linear expansion

coefTicient.

A solid can be crystalline or amorphous an example for the latter being glass. We are
concerued only with crystalline solids. These are available in two forms; single crystals
formed by the monotonous repetition in space of a simple structural unit according to
definite laws of symmetry; or polycrystalline material composed of small ¢rystallites
oriented in all possible directions. It is needless to emphasize that for any theory of the
solid state a study of single crystals is of great importance, polycrystalline material
introduces great complesitics in the undersianding of the physical processes involved.
As an examples, mention may be mode of calmium and zine where a study of the
expansion of polycrystalline material yielded widely divergent resulis. This confusion

was cleared up when single crystals of these substance were studied.

The measurement of thermal expansion of crystals is of imporiance for the following
Measons:
1. The expansion coeflicient is a structure sensitive properly and reflects any

transitions in crystal structure.
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2. Knowledge of thermal expansion at low temperature is useful to isolate the

electronic and the nuclear hyperline contributions to the Gruneisen's parameter
from Lhe lattice contribution.

3. A knowledge of latlice thermal expansion of a material is essential in
investigations invelving epilaxy and thin film growth and in thinfilm deposition

in industry.
1.2 Mcthods of Measurement of Thermal Expansion of Solids:

Various methods of mcasurement of thermal expansion are discussed briefly here. On
the basis of the physical principle involved in the mecasurements, the diffcrent methods
can be classified under two pencral headings, (i) Microscopic (lattice} expansion
measurements and (ii) Macroscopic methods, where the average linear change of the

bulk materdal.

The observations on thermal expansion can be made using cither a static procedurc or a

dynamic procedure.

In the siatic procedure the temperature of the malterial under investigalion is maintained
consiant for a cerlain interval of lime, and the variation of the length that takes place
during the passage from one lemperature to the other is measurcd successively. The
mecasurement 3§ thus carded out between two dilferent conditions of thermal
equilibrium, and this leads to an accurate knowledge of the variation of length with
temperature. On the other hand in the dynamic proccdure the temperature of the
specimen is varied continuously, and indirect obscrvations on the variations of the length
of the specimen ar¢ made simultaneously. This procedure is less cumbersome than the
stalic method. However, the temperature in the intcrior of the specimen may not be
uniform, and the results oblained thereby may not be ve;-y accurate unless the varation

of temperature is maintained at a very low rate.



23  Microscopic Measurements

The lattice constants of solids are usually determined using x-ray diffraction techniques

with the help of Brag's relation

nd = 2d Sin@ 2.3.1
where X is the wavelength of the incideni beam of x-rays and 8 is the' glancing angle for
a given reflection. In practice, only first-order reflections (n =1) are considered. The
alteration in the distance between the atomic planes or the lattice spacing d, consequent
to the expension of the solid when the temperature is altered will be reflected as a
change in the parameter 0. From the Bragp's law, we get

E:%‘l——ﬁﬂ.mtﬂ 232

d
For a ¢closely constant spectral distribution Ai=0, and for large 8, the shift in augle AQ,

becomes a sensitive measure of lattice expansion. Therefore equalion (2.3.2) becomes

i‘;—=—ﬂ€.cut9 2.3.3

2.4 Advantages

The x-ray method has the following advantages over the other methods in dilalometry Lo

be described later. They are

(1} It i5 an absnlute method for delermination of the vaiue of a, whereas most other
methods make use of a relerence starxdard at the temperatnre of the specimen.

(ii) A single experiment. yields cownplete information on lhe expausion coelficient

along various directions in an anisotropic crystal.
(iiiy  The sensitivity of measurements in - of about 4 x 10° will be maintained

down to temperature of Hp/10:



2.5  Stain gauge Technique

In microscopic measurement, x-ray diffraction methed is good technique 1o measure
thermal expansion of solids. But to measure the thermal expansion we have used strain
gange technique. Usually strain gauge tcchnique is used for magnetosiriclion
measurement, But this strain gauge tcchnique has been used for thermal expansion at
low temperature, for the first time by E.W. Lee and M. A. Asgar [2.4] for determining
anamolous thermal expansion. Although it is an indircct method but it has the advantage
over x-ray lechnique of quite high sensitivity and can be used for directional
measurcment. However disadvantage of this inethod is the non availability of strain

gauge that can be used at high temperaturc.

2.6  Lattice Contribution to Thermal Expansion

The normal modes of vibration of a crystal latticc arc plane waves in the harmonic
approximation. Each Wave is charecterised by a waves vector 'q" and a frequency o (g
If there are p atoms in the unit cell of the crystal, there are 3p difTerent normal modes
denoled by the index j running from 1 to 3p. Of the 3p branches w, (q), there are 3
branches, j = 1,2,3 which correspond to the elastic waves propagated in the lattice in the
limit of long wavelengths {q—0). [n this limit of long waves, the diffcrent atoms in the
unit cell move in unison in these modes. The remaining 3p-3 branches are celled optical
branches. In the long wave limil, these modes of vibration correspond to the motion of
the p sublattice one apainst the other. Thesc are the frequencies which appear in the

Reman and Infrared absorption spectra of the crystal. When we deal with a finite crystal

having N unit ceils the boundary conditions allow only N values of the wave vector g in

the Briilouin zone. These allowed wave vectors arc denoted by a subscript i to g. There

are, therefore, 3pN normal modes of oscillation of the crystal lattice with frequencies

o )(=1,...3pii=1, ... N).
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In the harmonic approximation there can be no thermal expansion. The atems vibrate

about their equilibrium positions symmetrically whatever be the amplitude, To account
for thermal expansion one has to take inte account the anharmonicity of the lattice
vibrations. The simplest and most convenient way to do this 'is to assume that the
harmonic approximation is valid for cvery volume of the crystal, bnt the frequencies of
vibration are dependent on the volnme. This apoproximation is called the quasi-
harmonic epproximation and can be used as long as the temperature T < ', where U is
the equivalent Debye tcmperature of the crystal, The gquasi-harmonic approximation
provides the most convenienl method for discnssing the thermal expansion of a crystal at
moderate (emperatures. The reason for the success of the gnasi-harmomic approximation
will be discnssed in a Jater section. The first detailed theoretical discussion of thermal
cxpansion on this basis was given hy Barron. Barron's work stimulated considerable
experimental and theoretical rescarch in the last decade on the thermal cxpansion of

crystal.

In the quasi-harmonic approximation a normal mode of frequency w;(q,) has a free
cnergy associated with it This free cnergy f), is given by
G.i=kT{Lxj,i+In[1-exp (- xj,1)]} 2.6.1

where k is the Bollzmann's censtant, T is the temperature in degrees Kelvin and
%, =ha J(é,]r kT 262

where h is the Planck's constand.

The total free energy I (T,V) duc (o all the normal mades of vibration is given by

3 N
T )=2. Y [
=1 =
2.0.3

= ;.;Ti i{% X, + Inl-l -ex]fn(— X, )-]}

=1 =l

This is a function of temperature and voinme. Using the thermodypamic relation



S=—EJ | 264
arT ),

for the entropy, we get

S= k)f Z{[M] In[l—exp{—le,]]} 2.6.5

A | L-expl—x

‘The specific heat at constant volume Cype in the harmonic approximation is

aS ki W )
C”’“’ZT'EEL =k§ g.:rﬂ 2.6.6
where
;= J:f.li. cxp(x 1 )f[l - exp[x . ]12 267

is the Cinstein specific heat function,

From the thermodynamic relation

i“?—] aPJ i 268
8T ), o), 1,

where P is the pressure, 3 is the volume cxpansion coefficient and ¥, is the 1solhermal
cumpressihilily we oblain '
_kz ZJ‘"!J s+ 269
Z J=L =]

where

dinx,, =_ﬁfnmj(q,}
g inV oV

J"I_,r,r =-

v, is called the Griineisen parameter for the normal mode frequency w(qg;).

This represents the fractional change in the frequency with the fractional change in

volume. In the quasi-harmenic approximation the y;; are non-zcro in general and are
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assumed to be independent of volume and temperature. This latter assumption is not

quite justified.

The temperature dependenced of the volume expansion coefficient can be expressed

most convenienily in terms of the lemperature dependence of an equivalent Grilneisen

parameter 7 defined by the relation

=— il 2.6.10
ZrCohar

Yo

v is, therefore, the weighted average over the Griineiscn parameters for the individual

normal modes.

Griineigen (2.5) staled his law that pV/gC. is constant, independent of temperature.
This law is found to be approximatcly valid at moderately high temperatures.
Griineisen's 1aw would be strictly valid al all temperature if the Griincisen parameters ¥,,;
for all the modes of lattice vibration were equal. This is improbable. In fact cven for the
simple Debye model of an isotropic elastic contmuum, the longitudinal and transverse
elastic waves would have diflerent Griineisen parameters leading to a tcmperature
dependence of yr (2.6). However, eqnality of all the Griineisen parameters is not
necessary for a solid to obey Griineisen's law. Blackman has pointed ont that the
variation of yr can be considered from a different point of view. One constructs constant
frequency surfaces @ and o + do in the Buollouin zone. The average Griineisen
parameter y(w) is defined by taking the average of the Griincisen parameters of the

individual modes in this frequency region yr can now be redefined as

[¥(@).0(@)Gw)do
) 26.11

Yy =0 -
j‘a(m),(}(m).dm

where o{©) is the Einstein specific heat function and G(w) is the frequency distribution

function for the lattice. Though the individual Griincisen parameters y,, for the diffcrent
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nermal modes may be widely different, the average y{@) may not depend strongly on

the frequency. This is the reason why y, shows a much smaller range of variation than

the Y

If it so happens that y{tw) is independent ol [requency then yr will be independent of
temperature. Then the solid obeys the Grilneiscn's law over the entire temperature range.
Such a solid is called a pedeet Griineisen solid. This is as far as the general theory of

thermal expansion.

2.7.  Electronic and Magnetic Contribution to Thermal Expansion
In a metal the total contribulion 1o the entropy arises from latlice vibrations, mﬁducliun
electrons and magnetic interactions. If we write the entropy as
5=8,+ 8+ Sy 2.7.1
then the specific heat is given by

€1.=TEJ =C, +(, +C_ 2.72
ar ],

The thermal expansion is given by the relation

ﬁ] =EJ £ 273
av ). or) » o

If the different contributions to the entropy are functions 5,(0yT) where ), isa

characterislic temperature, then

E} il 2.7 4
oV J, ¥
where
y,=-£ﬂ] 275
imoov ),

is the corresponding Grilneisen parameter. We could, therefore, write

ﬂ=x?r(.}|4 Cw' +_}"C” +ymC1'nf 2.7.6
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It is well known (hat the conduction electrons in a melal contribute a term (o the specific
heat proportional to the temperature T. So we should expect in a metal a contribution to
thermal expansion coefficient from the conduction electrons which would be linear in
temperaturc. At low temperatures where the latlice contribution to the expansion
coeflicient varies as 'I‘], we could wrile a as

a= BT + DT’ 277
By plotling T against 7° the values of B and D can he found. From the value of 8 and

the measured electronic specific heat one could obtain the vaiue of y,,

Varley (1110) has derived the [olowing theoretical expression for y,.

2
L1, 2inDE,) N onlE }) {Ha"””) ]4. C, on {EF]) 2.7.8
¥ KT v

- 8In¥V mr(E,) 0,

Ve 8inV L “n'(E,) oF,

Here n(Eg) is the number density of slates per unit volume at the Fermi level Ep; N is the

total number of conduction electrons per unit volume in the metal. For a single band free

gleetron model n{Ex) depends only on Crand
N () =.].

o, 2.7.9
r(E.) OE. 3

y. for such a case should be 2/3. Where the single band free electron meodel is not
applicable the value of y, cun be very different from 2/3. The magnitude and sign of y.
will depend on: (1) how rapidly and in what direction n{Er) varies with energy at the
Fermi level; and (2) how sensitive n(Ey) is to change in volume Y. In exceptional cases
the electronic Grilngisen parameter could be negalive yielding a negative contribulion to

the thermal expansion coelficient,

In ferromagnelic matetials al the Curie temperature and in enliferromagnelic matensls at
the Néel temperature the onset of ordering of the spins is accompanied by an anemaly in
thermal expansion. This ¢ffect has been observed in many cases. In such ordered spin

arrays at very low lemperalures there could be excitations involving spin reversal on a
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few of the atoms. These cxcilations are called spin aves and when quantized these

clementary excitations go under the name of magnons. It is well known (2.7) that in
ferromagnetic and ferrimagnetic materials these spin waves obey a quadratic dispersion
law: {@(q)<q’) and yield a magnon contribution te the heat capacity varying as T at
low temperatures. This magnon contribution to the heatl capacity has been observed by
Shinozaki (2.8) in Yturium iron gamet (YIG) and Kouvel (2.9) in magnetic. In
ferromagnetic melals this contribution is superposed on the electron contribution to the
specilic heat and il becomes difficult 1o scparale the two cffects. In ferrimagnetic
materials the electronic coniribution is absent and the magnon contribution can be easily
detected. Magnons must also contribute to the thermal expansion of these materials. Oue
would expect a similar contribution to the thermal expansion in the antiferromagnetic
materials. There are no experiments so far on the magnon contribution to thermal

expansion in ferro, ferri, and antiferro-magnetic materials.
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CHAPTER 111
MAGNETOSTRICTION

3.1  Phenomenology of Magnetostriction

Magnetostriclion is that phenomenon wherein the lattice of a [ermomagnelic specimen
changes during (he process of magnetization. The deformation 8171 due to
mapnetostriction is as small as 107 ~ 10, Such a deformalion can be conveniently be

measured by means of a strain gauge lechnique the details of which are described later.

The strain duc o magnctostriction changes with the increase of the magnetic field

intensity as shown in figure (3.1) and finally reaches the saturation value A.

o111 —

Magnetic Field H

Fig. 3.1: Magnetostriction as a function of the field intensity
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The reason is that the crystal lattice inside cach domain is spontaneously deformed in the
direction of domain magnetization and ils strain axis rolates with a rolation of the
domain magnetization, thus resulting in a deformation of the specimen as a whole ([ig.
3.2). In order to calculate the dependence of the strain on the direction of magnelization
we consider a ferromagnetic sphere, which is a rcal sphere only when it is demagnetized
but is clongated by 811 = e in the dircetion of magnetization after it is magnetized (Fig.
3.3). The clongation of a diameter of the sphere along a direction which makes an angle

p with the direclion of magnetization is given by
i
%:ecnsz ¢ 3.1

when the domain magnetizations are distributed at random in a demagmetized slate as

shown in figure 3.2a, the average deformation is given by the average of (3.1); thus

(ETI]M = J:”:!.c&l::u:ns1 ¢ sing‘idg#:% 3.2

Since, in the saturated state, as shown in figure 3.2b .

(E] = 3.3
I L4/

the saturation magnelostriction is given by

A=[£—EJ -(ﬂ] =2 34
I saf I dumiag 3

Thus the spontaneous strain in a domain can be expressed in terms of A as

e=ii 35

p

We assumed above that the magnitude of the spontaneous strain is independent on the
crysiallographic direction of magnetization. In this casc we have 1o do with an 1sotropic

magnetostriction.
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Fig. 3.4 Magnetization of a uniaxial crystal
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Next we discuss how the magnelostrictive clongation changes as a function of intensity
of magnetization. First we consider ferromagnelic substance, such as cobalt, with a
unjaxial anisotropy. I the magnetic field H makcslan angle w with the casy axis (Fig.
3.4), the magnctization lakes place by the displacement of 180° walls untill the
magnetization reaches the value cosy; during this process no magnetosinction can be

ohscrved. Then he domain magnelization rotates towards the dircction of the applied
field. During this process the elongation changes by the amount

.&.%:%A(I—Cﬂsqu] 3.6

If H is parallel to the easy axis, thal is if y =0, (3.6} give ﬂ%zﬂ; in other words, there

is no change in the length of the specimen from the demagnetized staic to saturation. On

the other hand, if H is perpendicular io the casy axis, that is if w = w/2, {3.6) gives
JI] 3

Al — [F—A.
! 2

The change in %is shown graphically in figure 3.5 as a funciion of magnetization for

various values of w. For a polverystal if we assume that all wall displacements are
finished before the onset of rotation magnetization, we have, simply by averaging the

above values,

wf&,h%,g[%]:,t 3.7

The £ vs I relation for this crystal is shown by the dotted curve in figure 3.5.
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Fig. 3.5 Magnetostriction of a uniaxial ferromagnetic crystal as a
function of the intensity of magnetization

The magnelization is along one of the <100> directions in each domain, so that the
average elongation of the demagnetized specimen is given by (%) sem™ A2 regardless

of Lhe direction of observalion. If this cryslal is magnetized 1o its saturation parallel Lo

[160] |
[ﬂ] =3
1) 72
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so0 that

{8) A

For the case of polyerystal X100 = X111 = A, we got the same resull, that is

S (3.) 4/
aT_[EJJ—A_ﬂ. 3.9

32  Physical Orgin of Magnetostriction

Magnetostriction which is commonly defined as any change in dimensions of a body
caused by a change in its magnelic states is a property which can be considered as being
among thc most important intrinsic malerials parameter. The Physical ongins of

magnctostriction is explained along the [ollowing lines[3.1].

For non S-staie ions the orbital angular momentum has non-zero value of L with (2L+1)
degeneracy in the lowest cnergy ground state. The orbital charpe distribution for the ions
is highly asymmetric. When these paramagnelic ions are surrounded by crysialline
electrical Nield within a crystal, the orbilal degencracy is remeoved and the resultant wave
function form new linear combinations, which refllect the local symmetry of the crystal.
The rotation of the charpe distribution lobes aliers the orbilal angular momentum,

because of spin orbit coupling. The magnetization associagted with spin will thus be

related.

Spin-orbit coupling also contribules o the anisotropy by way of anolher mechanism
called anisotropic exchange introduced by van vleck [3.2]. For S-siate ions Lhe orbilal
angular momentumn is zero and the charge distribntion is somewhat dislorted by the
crystal Lield. The spin-orbit coupling thus coniributes to the anisotropy energy and the
magnetosiriction in this case as well, although of much smaller magnitude. Exchange

energy can make contribuilions to magnetoclastic energy due (o the strain dependence of
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the exchange integral J;. When the magnetic moments of neighbouring ions are rotated
away from parallelism. The cxchange energy while increasing the clastic energy gives

tise to magnetostriction and the origin of the local sirains have been discussed in terms
of the single-ion mode! with random local exis {3.3/, {3.4}, 3.5], 3.6/, {3.7], [3.8], [3.9 I
[3.101, [3.11}, f3 12, [3.13], {3.14], [3.13].

There are three mechanism of anisotropy

(1) Crystal field anisotropy

(iiy  Exchange anisolropy and

(iii}  Exchange siriction

which is shown schematically in figure (3.6a), (3.6b) and (3.6¢) respectively

33  Mechanism of Magnetostriction
The origin of magnetostriclion along the lines of Neel's [3.16] theory, which was

developed in this paper on magnetic anncaling and surface anisotropy, is as follows.

When the distance between the alomic magnetic moments is variable, the interaction

energy is cxpressed by

1
W(r,Cﬂstb]=g(r)+I{r}(ﬂ'axzfll~§]+q{r)({,‘as4tb—g€m1¢I+:—5]+ ............ 3.10



(a) Crystal Field Anisotropy

FaESHS  HASS

(b) Exchange Anisotropy

ZNON Z N
ORAD 7\

(c) EXCHANGE STRICTION

Fig. 3.6: Physical Origin of Magnetostriction
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If the interaction energy is a function of r, the crysial laitice must be deformed upon the
gencration of a ferromagnetic moment, because such interaclion tends to change the
bond length in a different way depending on the bond direction. The first term g(r) is the
exchange interaction term and is of relevance only when volume magnelostriction is
considercd a5 manifested in thermal expansion anomaly at the magnetic ordering

temperature.

If o denotes the direction of downain magnetization and that of the bond direction, we
can wrile
W=g(r) +](r]{(a,}‘, gk, +ﬂ3?’1}1 _%}"'

3.11
q{r)[(alﬂ + a7, +a3?3]4 ""g'(al}ﬁ +a,Y, +a3?1}1 +%:|+

Considering a deformed cubic lattice and relating the direction cesines y; to the strain
tensor Ly, we can get the expansion for magnetoclastic cnergy. Science the
magnetoelastic energy has a lincar dependence on strain the crystal will deform without
limit unless it is counter balanced by the clastic cnergy which increases rapidly because

of its quadratic depenccnce on strain,

By diffetentiating, the lolal encrpy = Eveg ctasne + Felastic
with respect to the strain components, and setting the partial denvatives equal to zé:p,
for minimum energy condition, one can obtain the relation for the (ractional change in

length of the crystal in any arbitrary direction f as

1=Ye,B5, 312

i=l
Substituting the values of simain components as obtained by minimizing tolal energy

coming from magnetoclastic and elastic terms, we can get an expression for

A 2 1
J'.f" =h, ""F’-[Z szﬂjz '_5] + ‘hjq_,« (araar_; ﬁrﬁ;) +hys + hat(z ﬂ:ﬂ_,l + 3‘-‘)‘ —3] +

2k, [ﬂ',ﬂ.’lf (1 —a —af ]ﬁﬁj]+

33
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where C, indicates a summation over terms with cyclic permulation of the indicics and

hg — hs are the magnetostriction constant defined by

_ _hu h _hl
& 2o, , r ST AT
-h -&
hy = i, h, = :
€, 26y ¢, —2¢),
b _=bs 314
2e4

where the coefficients b, are magnetoelastic coupling coeflicients.

For hexagonal crystals the relations become modified due te different symmetry
conditions and have been treated in detait by Nason and Lewis[3.17].

For ¢ubic crystals neglecting higher terms in the pelynomial.
j’,ﬂ' =‘;L'lmu + (ﬂlzﬂlz + azzﬂzz +a3ﬁ31 '"Js']"'

3.15
3'11n(ﬂlﬂzﬂ1 B+ fh By + a5 B )

where higo and Ay, indicates strain along (100} and (111} direction respectively,

34  Magnetostriction in Polycrystal

Tn the case of polycrysialline magnetic malerial such that
Argo = Arrr =4
we get from equatson (3.15)

Ar=tA + (‘Iazﬂll + azzﬁ; +aj; ] “%)"‘341(‘11‘12191432 +a,a; f, b, +aaa|ﬂ1ﬂ1)
=24, [ﬂfﬁlz +ai B +ay By +2a@, BB, + 2aye B B, + 2aya L, - ']3?]

~tla.p, +a,8 +e,0,) -1} 3.16
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a f, +a,fy +a, f,=Cos@
where 0 is the angle between the direction of magnetization and that of observalion.
When the domain magnelization rotates toward the direction of the applied ficld, the
fractional change is given by
Vi
A, =—
7

hecomes [fom equation (3.16)

A
E=3 - (Cm‘z.‘?—lj 3.17

| 2 3

3.5  Direction of Linear Magnctostriciion

Experiments have shown that the deformation depends npon the direction of the
magnetization, for a cubic crystal magnetize in the direction given by the dircction
cosines Aj, Az and As (defined with respect lo the cubic axes). This deformation

expressed in strain components € {i,j = X,y.z) become in first approximation.

€, =%A,w :cxlz --;—j

£, =%A,m za:i' —%:

€. =%Amu iaf —; ' 3.18
€., =%/T,,“ &,

€, = Ay @02,

€, =—A,, #:4,
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The extra terms (—1) make the total change of volume nil (irace of matrix is zero). The
factors —1 ensure that the strain in the direction of magnetization with respect the non-
magnelized state

(ﬁrf =a§ =4r:c31 =JJ-) is Ao and -¥2A () in the {100] and [111] directions respectively. The

sirain in a direction perpendicular to Ay and -%aA11, respectively.

In an atbitrary direction we then have parallel (o the magnetizalion
Aoz = + 32 — Ay Yalal valal+alal | E— 3.19
For the ferromagnelic materials the values of & at room temperature arc found to be
For iron
A = +23 x 10°
Ap =- 19 x10°¢

and for nickel
Asgs = - 46 x 107
App=-25 x i6°
In discussing the effect of a unidirectional stress it is convenient to divide materials into

two classes which have

(1) Posilive magnetostricticn

(i)  Nepative magnctostriction
In malerials of class (i) the magnctization is in increased by lension (except at 1 = 0 or

Ts) and for the matenials of class (ii} the magnetization is decreased by tension and the

malerial contracts when magnetized.

1.6  Magnetostriction Arising from Domain Rotation
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Magnetostriction is associated with domain orientatlon. The change in dimension of a
single domain can be rotated in simple quantitative way to change in direclion of

magnetization in the domain as follows
4 =%A,({,‘nslﬁ—_%) 3.20

Here B is the ﬁngle between the direclion in which the change in length is measured. It is
assumed now that magnetostriction is independent of the crystallographic direction of
magnetization and that the change in volume is zero. The Zero point of A; is chosen 50
that it is equal to the longitudinal change in length 25, where 6 = 0 at saturation. When
the length is measured at right angle to the direction of magnetization {ransversc cffect)
8 = 90" and the change in length
A= Az

For polycrystalline or amorphous malerial the domain arc initially oriented at random,
The same relation is applicable il one uscs the average of Cos” 0 over all the domains.

When the material is unmagnetized.,
{Cos’@),, =%ana’ﬂ.=ﬂ

Upon application of a strong field 6 becomes zero and 4 = 4,

}f the domains are not initially random, one can use the relalion

Fl =-32—,1.,[{Cu.s'zf?}ﬂ, - %}

=%ﬁ,ﬁ[{ﬂaﬁ36‘}w —{CGSIE}-'"] 321

where <(0s° 8> = inilial domain distribution

<Cos’ (> ,, = domain distribution at eny lime

If the domain are oriented originally so that # = & for half of them and 9 = 180° for other
half <Cos’ @y = <Cos’ @, = f and A = 0 (the reference point); in a strong field 8 =0
and there is no change in Cos”@and 4 = §. When used in this sense, & depends decidedly

on the initial domain distribntion while A, is a constant of the material. The conslant A;



)

can bc determined in any specimen by measuring A when a saturation ficld is applied
first parallel and then at 90" to the direction of measurement of A. The tolal change in
length caused by the change in the field in the polycrystalline or amorphous material is
then

ALY 3.22
I 2

independent of the initial domain distribution.
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CHAPTER IV

PREPARATION OF FERRITES

4.1 Imtroduction

Ferrimagnetic oxides or ferrites as they are usually known, have become available as
practical magnetic materials over the course of the last twenty years. Dl-iring this time their
use has become established in many branches of communication and electronic engincering
and they now embrace a very wide diversity of compositions. Properties and applications.
The scope of this book is restricted to the properties of those ferrites which are
magnetically soft and which are of technical imporiance, and to the applications of such

ferrites in devices which, in the broadest sense, may be described as inductors or

transformets.

Magretite, or ferrous ferrile, is an example of a naturally oceurring ferrite. 1t hsa been
known since ancienl times and ils weak permanent magnetism found application i the
lodesione of the early navigators. Hilpert [4.1] in 1909 attempted to improve the magnetic
properties of magnetite and in 1928 Forestier |4.2] preparaed ferriles by precipitation and
heat treatment. Magnetic oxides were also studied by Japancse workers [4.3.4.4] between
1932 and 1935,

In 1936 Snock [4.5] was studying magnetic cxides in Bolland; by 1945 he had laid the
foundations of the physics and technology of fertites and new indusiry came into being

4.6,

Ferrites are ccramic malerials dark grey or black in appearance and very hard and brittle.
The magnetic properties arise from interactions between metallic ions occupying
particular positions relative to the oxygen ions in the crystal structure of the oxide. In

magnetitc, in the first synthetic ferriles and indeed in the majority of present day
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magnetically sofl [erritcs the crystal structure is cubic; it has the form of the mjnerll:d spinel.
The general formula of the spinel ferrite is MeFe:0r where Me usually represents one of,
in mixed ferrites, more than ong of the divalent transition metals Mn, Fe, Co, N, Cu and
Zn or Mg and Cd. Other combinations, of equivalent valency are pessible and il iﬁl possible

to replace some or all of the travalent iron ions with other trivalent metal lons.

[n the carly practical ferrites Me represented Cu+Zn, Mn+ Zn, or Ni+Zn. The lirst of these
compound was soon abandoned and the other two, referred to as manganese zine ferrite
and nickel zinc ferrite were developed for a wide range of applications where high
permeability and low loss were the main requircments [4.7]. These 1wo ccrnpqunds are
"still by far the most imporiant femrites for high permeability, low loss appIicalt‘mns and
constitute the vast majority of present day ferrite production. By varying the ratio of Zr Lo
Mnr or Ni ot by othermeans, both types of ferrite may be made in & vatiety of grades, each
grade having properties that suit it to a particular class of application. The | range of
permeabilities available extends from about 15 for nickel ferrite grades.

The applications started in the field of carrier telephony where the combination of good

magnetic properties and high resistivity made these materials very suitable as|cores for

inductors and transformers. since the resistivitics were at least a million times grleatcr than
the values for metallic magnetic materials, Jaminated or powdered cores could be replaced
wilh solid ferrite cores and these could oflen be made in a more convenient shape than

tbeir laminated counterparts.

The application was extended to domestic television receivers where they became, and still
remain, the undisputed core material for the line time base transforrner and thé magnetic

yoke used in the deflection system. In domestic radio receivers, rods or plates of
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ferrite are used as ¢ores for magnetic antennas. Many other high permeability, low loss
. application have been found [4.8,4.9].

However, a short qualitative description ol the spinel lattice, the magnetic domain and the

magnetization process will be useful as a basis for the discussion of properties of ferriles.

4.2  Magnetism in Ferrites
4.2.1 The spinel laitice

Figure 4.1 shows a unit cell of the spinel lattice and the sites of the various ions. The small
cubic diagram shows how the unit cell is composed of octants of altemate kind: in' the
larpe diagram only the four nearcst octants are shown complete the remainder having the
gymmetry shown in the smaller diagram. All the octants contain ibe same tetrahedral
armangement of oxygen ions, the sites being defined by four corners of a smaller cube,
which in practice is usually slightly distorted. [n the octants corresponding to the unshaded
parls of the small diagram, the remaining corners of thc smaller cube are occupied by
metal ions. [n the alternate octants these corners are not occupied; instead there is a site in
the centre of the octant. This site being surrounded by a tetrahedral arrangement of
oxygen ions, is called a tetrahedral site or A sile. A tetrahedral site is shown separately at
the top of the diagram. All the black spheres are in leirahedral sites although this is nol
obvious where considering only one isolated unit cell. The remaining metal ion sites arc
surrounded by six oxygen ions in the form of an octahedron. These are referrcd to as
oclahedral siles or A sites; an isolated octehedral site is shown at the bottom of the

diagram.

In the unit cel} there are 64 possible tetrahedral sites and 32 possible oclahedral sites. Of
" these only 8 tetrahedral and 16 octahedral sites are occupied in a full unit cell. If in the
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preparation the ratio of metal ions to oxygen ions is too small, 1.e. there is excess oxygen
then some of the metal ion sites may be unoccupied. Thesc sites are then referred to as
vacancies. If the ratio is correct, then the unit cell conlains 24 mctal ions and 32 oxygen
ions, i.e. there arc 3 metal ions for every 4 oxygen lons. Thus the spinel unit cell may be
considered from the chemical point of view to consist of 8 molecules having the formula
MeFeit), Of the thres metal ions, one is on a tetrahedral site and two are on oclahedral
sites. If Lhe spine! were ‘normal' (he divalent Me ion would cccupy a tetrahedral (4) site
while the irivalent #e ions would occupy the octahedral ¢(B) sites. In an 'inverse' spinel the
divalent Me ion occupies one of the B sites while the trivalent Fe ions occupy the other 8

site and the 4 site. In terms of a umil cell:

Me Fe, 0,
Asit -—— 8

Number of ions S;_ ¢ 32
I site 8 bt

In practice spincl ferrites have an ion distribution some-where between normal and

inverse.

The spinel structurc consists of a number of interlaced face-centred cubic lattices. The
most obvious one in fegure 1.1 is that formed by the 4 sites on the cell comers and face
centres. The remaining 4 sites {octant centres) form another-face-centred cubic laltice

displaced from Lhe first along the cube diagonal.

The positions of the oxygen ions are also defined by a set of interlaced fuce-centred cubic
Jattices. Any oxvgen ion may be taken as occupying a comer of a face-centred cube
having the same dimensions as the unit cell; all other sites in this face-centred cube arc
also occupied, by oxygen ions. Again, the octabedral (B) ions occupy sites on four face-

centred cubic lattices. Each of these lattices has the same dimensions as the unit cell and

they are displaced from one another along the edges of the smaller tube in the unshaded
octants, These interlaced lattices are called sub-lattices and they play an important part

in the magnetism of femrites.
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4.2.2 Magnetization

Eleclrons spin about an axis and by virlue of this spin and their elcclrostatic charge,
exhibit a magnetic meinent. Normally, in an ion with an even number of elecirons, the
spins or moments cancel, and when the number of electrons is odd there will be one
uncompensated spin. For the transition metals the number of uncompensated spins is

larger, e.g. the trivalent Fe ion has a moment equivalent to five uncompensaled spins.

When Lhe atoms of these transition metals arc combined in metallic crystals. as they are,
for example, in parallel alignment over regions within cach crystallite. The net number of
uncompensated spins will be less than for the isolated ion due to the band character of the
electron cnergies in a metal. The regions in which alignment occurs are called domains
and may extend over many thousands of unit cells. The spin orientation is along a
direction of minimum encrgy, i.e. exiernal cnergy is required to deflect the magnelization
from this direction and il Lhe cxternal constraini is removed the magnetization will return

to a preferred direclion. This directional or anisotropic behavior may arise from a number

of factors. Crystal anisotropy is inherent in the lattice structure; he magnetization always
preferring the cube diagenal or cube edge. Mechanical strain can cause anisolropy and the
shape of the grain boundary will nearly always produce anisotropy. The result is that the
magnetization is held to a cerlain direction, or to one of a number of directions, as if by a
spring. The greater the anisotropy the stiffer the spring and the more difficult it is to

deflect the maguoetization by an external magmetic field, i.e. the lower the permeability.

The parallel spiu alignment implies that the material within the domain is magnelically

saturated. The magnetization is delined as the magnetic moment per unit volume and is
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therefore proporticnal to the density of magnetic ions and to their magnetic mements, This

magnetism arising from paralle} alignment is called ferromagnetism.

In a ferrite the metal jons are separated by oxygen ions As a result of this the 1ons in the 4
sub-lattice (tetrahedral sites) are orenlated antiparallel to those in the 8 sublattice
{oclahedral sites). If these sub-lattices were identical the nel magnetization would be zero
in spite of the alignmeml and the forrite would be classified as anli-ferromagnetic. In the
majority of practical ferrites the twe sub-lattice are different in number and in Lhe type of
jons so that there is a resultant magnetization. Such materials are classified as
ferromagnetic. For example, in the foregoing section it was stated that in the general spinel
molecule MeFe;(0, one metal ion occupies an 4 site while two occupy B sites; thus in the
case of MnFex); where both melal jons have 5 uncompensated spins the net
magnetization is 5 spins per molecule. This compares with a net moment of 2.2 spins per
atom in the case of melallic jron. For Lhis reason a ferrite has a much lower saturation
magnetization (LM = 0.5 Wb.m) than metallic iron (@howt 2.0 WP m?). However, in
spite of the parlial cancellation of Lhe spin momems, ferrites possess sufficient saturation

magnetization to meke them useful in a wide range of applications.

4.3 Manufacture

4.3.1 Manufacturing processes

The processes used in ferrite manufacture on a industrial scale are similar to those used in
the manufacture of other ceramics. The description of Lhese processes given in Lhis chapter
is intended mainly for the information of the use. So that the possibilities and limitations of
marnufacture may be taken into eccourt when a parlicolar ferrite are design or application
is being considered. For conventional manufacture of polycrystalline ferrites, a typical flow
diagram is shown in figure 4.2. This diagram shows alternative processes, ¢.g. wet and dry
milling and forming and final shapes by.pressing or extrusion In fact wet milling is oflen
used in the production of both pressed and extruded parts. Other process variations are

possible; some will be mentioned in the more detailed description that follows.
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4.3.2 Raw materizls

The raw materials are normally oxides or carbonales of the constituent metals. Chemical
analysis, panicle size and price are imporant characteristics of these starting materials.
Because constitnents or impurities may have a great influence on the properiies of the
finished ferrite it is normal to analyze incoming materials in an attempt to ensurc that the
composition does nol deviale significantly [rom baich o batch. Parlicle size of the
starling malerial has a profound eflect on the behavior of the product during Manufacture
[4.10]. The case of mixing, the compressibility, the shrinkage and the reactivity all
depend on the particle size so it is normal to keep a check en this parameler to ensure
uniformity between batches. Materials of adequate purity and uniformity between
batches. Materials of adequate purity and uniformity are usually prohibitively expensive,
and successfully large-scale manufacture depends on the skill with which reasonably
poced materials may be used W produce constituenuly ferrites having the required
magnetic properiies. The constituent raw malenals are weighed into batches to give the
proportions required for the composition, We have used the wet melling process to make
our composilion such as N, 5..2np sCo o0, [x = 0.2, 0.3, 0.4] and May 5..2np 5CoFes0),
[x =0.2,0.3,04].

4.3.3 Mixing

The main purpose of this process is to combine the starling materials into a thoroughly
homogeneous mixture. If crystallites of uniform composition and properties are
subsequently tc be formed then constituents must be present in the correct proportions in
any microscopic volume of the bulk material. We used wet ball milling methed. The
constiluents are placed 1o a rotating steel lined drum with steel balls and a medivm such
as water, steel 1s used because any iron picked up by the mixture due to wear of lining

and balls may be allowed for in the inilial composition of the powder, The fluid is mainly
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for cooling and mixing purposes. Wet milling ususally continues for periods up to about
twelve hours. After wet mixing the product is poured of as a starry into a filler press
where the water is squeezed out, The resulting blocks are then dried in an oven. In the dry
process the powder has to be bossily pressed into blocks rcady for pre-sintering. The
pressing into blocks makes the product easier to manage in the kilns and improves the

thermal conductivity.
4.3.4 Pre-sintering
Pre-sintering or pre-firing is a calcining proecss in which the temperature of the powder is
raised to the region of 1000°C. Strictly this is not essentiel to the preparation of ferrites

but il is very essential to the preparation of ferrites but it is a very important mcans of

oblaining the necessary degree of control over the properties of the linished product. -

Swallow and Jordan [4.11] state that pre-sintering is carried out [or the following reasons:

1. It decomposes the carbonates or higher oxides thereby reducing the evolution of

gases in the final sintertng.

2. It assists in homogenizing the material.
3. It reduces the effects of variations in raw malerials.
4, It reduces or controls the shrinkage occurring during the final sintering.

A typical pre-sintcring cycle for manganese zine and nickel zinc ferrites consists ol
passing the powder down a tunnel kiln in air so that its temperature is raised to a peak of
340-1060"C in about 8 hours and then allowed lo fall until it emerges from the kiln at
about 200°C, about 20 hours afier entry. During this process the constituents partially

react to [orm ferrile, i.e. spincl crystals begm to form and are nomally allowed 1o grow to
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aboui 1 in size. the extent 1o which spinel is formed depends on the reactivity of the

material, the temperature of the kiln and the time for which the matenal is heated.

435 Processing of the pre-sintered powder

The pre-sintered powder is milled to reduce it to small, uniformly sized crystallites. This
process is carried out in a wel ball mill or a vibrating mill. In either case stcel balls are
normally used and as previously stated the inevilable wear of the bells may be allowed for

in the compesition; balls of other materials might cause contamination.

Milling times of up to 12 h are commonly used. After an initial pericd of rapid
breakdown the particle size decreases in proporiion lo the milling timc and then
approaches z limiting valuc. The extent of the milling affects the forming characienstics
of the powder, the sintered density and the magnctic properties such as permeability and
losses. Since the extent of the milling depends on milling efficiency as well as the milling
time it is preferable {0 mill to a certain particle size rather then a cerlain time. Particle size

may be controlled by measuring the apprepaic surface area of the particles in a sample of

the powder.

Afler wet milling, the starry is drawn off and the bulk of the liquid is removed by a
pressure [ilter. The fiftcred material is then oven-dricd and powdered. The dry-milled

powder does not, of course, require this treatment.

At this stage it is usual 10 add the binder and lubricants. The choice of these additives
depends on the subscquent granulation process, the method of forming (pressing or
extrusion), the required sirength of the formed piece-par beforc firing, and the avoidance

of undesirable residues after burning-out during sintering. Commonly used binders are
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gum arabic, ammonium alginate, acrylates, polyvinyl alcohol, while waxes and wax
emulsions, zinc or ammonium stearale may be used as lubricants to ease powder [low
during forming. The guantities involved are quite small; using watcr as a vehicle these
additives arc blended with the powder to give the right consisicncy. Sometimes (he

jubricant iz added later, when the powder has been granulated.

4.3.6 Forming

For the ferrites, the usual forming method is dry pressing by using binders. In its simplest
form this process consists of pouring the correct quantity of granulated powder into the
die and then closing the die with a prescribed pressure which is usually in the range 1.6 to
16 kg mm™. We have used threc types of die and got three types of shape of the samples.
Such as dise (14 mm diameter 2 mm thick), ring |outer dia = 11.07 mm and inner dia =
6.06 mm}), and rod [3mm dia and length 45 mm] ctc. Figure (4.3} (a) shows the simple
pressing of a cylinder and indicales by shading the higher pressure zones caused by
friction. If the length [ were Jong enough, the friction alone would be enough to balance
the applied force and the powder at the bottom of the die would not be compressed al all.
This difficulty may be somewhat afleviated by compressing the powder from both ends as
in figure (). In practice it is usual for the die to move in a vertical line during pressing,
the movements of die and punches being so related that the most uniform pressed density
is oblained. Even so, shapes having 1/d ratios of greater than about 3 are difficult to press

successfully.

Inhomogencons pressed density leads to inhomogeneous magnetic properties and so
deprades the product. It also leads to non-uniform shrinkage during the sintering and this

causcs shape distorlicn as shown in cxaggerated form in figure (). In more complicated
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shapes non-uniform pressed densily may result from some zones being compressed more

than others, see figures (d) and {¢).

4,).7 Sintering

In the compacted {orm the partially reacted padticles press against each other over part of
their surface, the remaining surface forming the boundaries of the interstitial voids or
pores. At lemperalures in the repion of 1000 ¢ and above, the free surface containing the
voids decrease, the particles grow logether to form crystallites and the density rises.
During this process the lincar dimensions of the piece part shrink between 10% and 25%
depending on the pewder and the pressing technology and this must be allowed for the
design of the forming tool. The grain growth and the elimination or the persistence of
pores both have profound effecis on the properties of the sintered ferrites[4.12, 4.13).

Typical crystallite sizes range from about 3 to 40p.

The properties arc of course, also affected by changes occurring within the crystallite
structurc. These changes are in{luenced not only by the lemperature but also by the
atmosphere in which the sintering lakes place in parlicular the partial pressurc of the

oxygen in the atomosphere.

A mixed ferrite in a quaternary system such as Mn-Zn-Fe-(2 can cxist in 2 wide variety of
compositions within the limitations of the spinel structure, Even when the proportion of
the threc metals is [ixed during powdecr preparation the valency states and the phase
depend on the amount of oxygen in the structurc and this will depend on the oxygen
equilibrium between the structure and the surrounding atmosphere. If, for insiance, the

partial pressurc of oxygen in the almosphcre is very small, any excess iron the
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composition would be present as femmous ions and would take its place with the other
divalent ions, ¢.g. Mn and Zrn. A small proportion of ferrous ions togother with
manganase ions lends to increase the permeability and reduce the lasses, but the co-
existence of trivalent and divalent ions of the same element lowers the electrical

resistivity.
4.3.8 [Inspection

After sintering we have got ferrite samples in various shapes. These samples are checked
by using X-ray diffraction which is shown in figure (4.4). From the result of X-ray, these
ferrites samples have been produced correctly and lhi-:}’ are face-centered cubic lattice.
Beside this the mechanical dimensions are checked by conventional method. ‘The
magnefic properties pose grealer problems. For a typical forrite core it is necessary to
control about seven magnetic parameters and some of these present appreciable
measuring difficulty, e.g. the measurement of very low magnetic losses, temperalure co-

efficient of permeability, cte.
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CHAPTER Y
MEASUREMENTS- MAGNETOSTRICTION AND THERMAL EXPANSION

5.1  Magnetostriction Measurement Technique

This technique, since the time of its introduction by Goldman [5.1] has gradually replaced
almost entirely all other methods of magnetostriction measurement. The reason for this
success, as also the problems associated with this method and some of the improvement

in the use of this technique as developed by M, A. Asgar[5.2] are as follows

Magnetostriction measnrements are set with a large number of problems. Strain
developments in a magnetic specimen, when magnetized. This small strain is developed
both on the direction of magnetization and ils magnitude. Also the state of zero average
external magnelization may not correspond 1o the zero magnetic sirain, because the

demagnetized multidomain state is neither unique nor well defined.

In the disptacement method Nagaoka [5.3] combined optical and mechanical methods.
Here the specimen, by the displecement of its free end, the-other end being fixed, rotates
a spindle to which a mirror is attached. A beam of light reflected off this mirror forms

optical fever.

The difficulty with this method is that one has to usc a big specimen to get sufficient
sensiivity. Again it is difficuli to magnetize a big specimen in different direclicn using
rotating field, maintained at uniform field and steady temperature. Apain this method
cannot provide the strain difference of two well-defined magnetic states one has to
assume equal distrbution of the domains in all the easy direction of magnetization in the

demagnetized slate, which may not be true.



49

The x-ray diffraction technique which was first used by Rooksby and Willis [5.4] to
delermine spontaneous magnetostriction, measures the distortion of crystal axes by
determining {c/a - 1) directly from the magnitude of the splithng of x-ray reflection spots

fom different crysial plares.

However, x-ray method besides being less sensitive is difficult to use with differemt
direction of magnetization. In using sirain gauge technique one can gel over many of this
difficulties. The pauges can be used on 2 very small disk shaped specimen cut in a definite

crystaliographic plane and the gauge can be bonded in a precisely determined direction.

The strain gauge works on the principle that when a fine wire in the form of a grid or a
thin foil, and embedded in a paper or epoxy film is bonded firmly on 2 specimen and

shows a change in resistance proportional to the strain.

We can write this relation as
drR_df

R L

where £ is the fractional change in resistance, G is Lhe gauge factor and £ is the strain

|

along the gauge direction.

The magnetic strain it the crystal is determined from the change in resistance of the
gauge fixed on (he specimen in relation to the resistance of another dummy gauge bonded

on a reference specimen using a resislance bridge in the out of balance conditicn.

The mechaniam of resistance change of the gauge wire under sirain can thus be guite
complex. Moreover, the gauge may not follow the strain of the material on which it is
bonded. Thus there is to be affected by bonding factor. In addition one has to consider the
thermally induced resistance change, when the dummy and active gauge are at different
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temperatures. The most ii'npﬁrl,a.nt difficulty with the use of strain gauges in dummy
gauge on a suitably chosen nonmagnelic material which have Lhe same thermal and
thermoelastic properties as the magnetic material. This ensures that the dummy and the

temperature except for the magnelic sirain.

52  Strain Measurements Using Sirain Gauge

In 1947 Goldman was the Frst to measure magnelostriction by the use of strain gauge a
folded metal wire, which can have a resistance of the order of 100 ohms. The strain
gauge technique is based on the fact that any stramn characteristic of the specimen on
which the geuge is fixed is transmitted faithfully to the clecirically sensitive zone of the
gauge and observed as a resistance changes which can be measured with the help of a
whetstone bridge. When Lhe temperature of the specimen is changed Lhere is a Further
contribution to the resistance change due to thermal expansion of the gauge wires, the
gauge matrix, the bonding glue, specimen and Lhe resstivity change and the change in
gange factor of the gauge material, Simular strain gauge known as dummy gauge is in the
other arm of Whelstone Bridge to compensate as far as possible for temperature

inlluence.

The measurement can be carried out with direct current or low frequency aiternating
current {f<100 ¢/s) since the magnetic material to which the current carrying wires are
fixed can give rise to an inductive effect which changes during magnetization. This
method is also very sengitive, being capable of measuring sirains up to 10°*. The minimum
dimension of sttain gauges are approximately 2 mm. Additional error that can oceur in
this measuremenls is magnetoresistance of the wire. At room temperature this is not

greater than 107,
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When mere than one strain gauge (active and dummy) is used in a whetstone bridge

circuit. This elfect is approximately eliminated if care is tuken to ensure that all the strain

gauges arc in the same magnelic field.
5.3  Gauge Factor

It iz observed experimentally thal the resistance of a thin wire varies ]}fﬂpﬂﬂil-ﬁ}na”}' to
the strain to which it 15 subjected, provided the temperature is constant and the applied
strain is small. This provides the definition of gauge factor of the wire as the fractional

change n resistance per unit strain

_AR/R
ALl

Le. G 5.2

5.4  Calibration Curves for Magnct

‘I'he electm-magnet that used for the measurement ol magnctostriction calibrated with
clectronic fluxmeter to an accuracy of about £1% A conventional calibration of current |

vs field strength H 1s shown in figure 3.1

5.5  Bridge Current Sensitivity and Calibration

The current used for measurement of the resisiance changes in the ganges was a D.C.
Whetstones Bridge figure 5.2, It included a reversing swilch {s) to ascertain to what
extent thermal EM.F.'s into the circuit were effeciing the balance conditions of the
bridge. The nano-voltmeler used was a Model 140 of high sensitivity and a period of 2.5

seconds.

This low periodic time of ihe instrument cnabled quick recording of out-of-balance

deflections thus minimizing errors due to drilt and fluctuations from thermal EM.F.'s in
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the circuit. The bridge sensitivity changed linearly with bridge current figure 5.3 and
figure 5.4. Bridge current was resiricted to a maximum of 3.5 mA to prevent overhealing

in the gauge elemenls.

The components of the bridge are shown in figure 5.2 where A represent the aclive strain
gauge in conlact with the specimen and D represent the dummy gauge in the same
environment as Lhe aclive gauge. Any thermal fluctuations which occurred in gauge A
also accurate in gauge D and since these ere in opposing arms of the bridge, the net effect

of the fluctuations should be zero.

Work on the bridge arrangement is to comtinue and it is hoped to amplify small D.C.
output voltages from Lhe bridge when measuring very small gtreins to record the nano-
volimeter scale deflection. Also slow steady thermal drifts would be recorded and

allowance made for these in the calculation of results.

56  Calibration Curve for Angle Correction

In the polycrystal ferrites the magnetic domains of the different microcrystallites having
random orienlations meke different angles with each other in the demagnetized siate.
When Lhe magnetic field is applied the magnetic domain wall movement slarts. In this
way we have to find out the perpendicular and parallel position of the magnet. From this
position of the magnet we get maximum and minimum position of magnetostriclion.

Figure 5.5 has shown Lhe angle vs magnetosiriction curve.
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5.7  The Specimen Holder

It is very imporiant to kcep the lemperature of the specimen and the dummy identical.
Since both are subject 1o the heating effect of the gauges, it is necessary either to make
the size of the samples and dummy large or to conlain them in an enclosure of large heat
capacity. The latter method is naturally more convenient. A cylindrical shaped enclosure
of copper served (he purpose and is shown in figure 5.6, The central portion of the
hoilow cylinder is provided with a platform for the dummy and the spccimen to sit on
opposite sides. A metallic window was cut which can be closed alter the specimens are
oricnted and the specimens are separated from the metallic platform by the insulating

cork.

583  Specimen Mounting

To mounl a specimen, paricularly a ferrimagnetic erystal two opposing factors have to
be considerod. The crystal must not be mechanically constrained by the specimen holder
so that the spontanccous distortions of the crystal due to temperature change or magnetic
ficld can faithfully be transmitted to the strain pauge. Especially, when the crystal is
classifically soft but highly magnetic, the mechanical constraint may even cause
distortion of the symmetry of Lhe crystal. From this consideration therelore, the mounting
has to be flexible, On the other hand, 10 avoid any relation of the specimen due to the

torque produced by the maguetic anisotropy, the crystal must be held sufficiently ngidly.

The best compromise is made by vsing a thin cork spacer between the specimen and the

base of the specimen holder. The specimen is glued (o the cork by durofix and the cork
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in turn to the specimen holder. The mosaic patiern of the cork spacer allows the

specimen to expand or contract quite freely but constrains it from rotation due to body
forces, Down to liquid hclium (emperature the arrangement is found to work
successfully, comparison of the thermal expansion of a Ferrite specimen when fixedtoa
cotk spacer and when free showed the constraint due to the above mentioned

arrangement doces not allect the resull.

59  Temperature Measurcment and Control

The whole temperature range from hiquid N; to room temperature was convenicntly
measured by means of copper- Tungsten thermocouple made by us. The hand made
thermocouple was checked by compared with the standard e.m.f. vs lemperature which is
shown in figure 5.7. Tn our experiment tcmperalure is very essernitial to measure the

thermal expansion of the {errite samples.

5.10 The Magnct

An Newporl Electromagnet type F was used for the production of magnetg ficld. When
the maximum current of 100 amp D.C. was used with conical pole tips and a gap of

1.25" the ficld produced at the centre of the pole pieces was 23 koe.

The magnet could be rotated about a verlical axis through the centre of the pole gaps and
could be locked in any position. 'Lhe angular pesition of the magnet could be read Lo one
tenth ol a degree with the help of the vernier scaic fixed at the base. The field versns
current curve for the magnet for the pole gap used, was calibrated using a Newport Hali
probe magnetometer type H with an active element and is shown in figure 5.8, A very
small hysteresis cflect was observed for increasing and decreasing currents. Using button

control the could be increased or decreased continuously to within 50 mA,
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511 The Gauge Cementing

In order to have perfect gauge bondage between the gauge and the surface of the

specimen it is necessary to have specimen surfaces.

Using a special paper glucd on both sides the specimen was held fixed with its seratch
mark indicating the crystallographic direction, along which the gauge was lo be fixed.

parallel to the cross wire of the microscope.

A thin coat of adhesive MB-600 was applied to the gauge surfaces and the gauge arca of
the specimen. The adhesive was allowed to dry for five minutes and the then the gauge
was placed on the specimen and with the help of the atlached tapes was held fixed

parallel (o the cross wire,

The gange was covered with a very thin sheet of Teflon on which the adhesive did not
work. A heavy pressure was given on the gauge by the weight. The adhesive was cured
for 24 hours at room temperature. The scllotape was removed and the gaupe position

was checked under the microscope.
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Chapter VI

Results and Discussions

6.1 Magpnetostriction

Magnetostriction of the NiZn and MnZn with Co substituted ferrites of new compositions
Nig soZnnsCoFeay and Mngs..2ngsCoFez0: [ ¥ = 0.2, 0.3, 0.4] has been measured
using strain gauge technique. A random orentation ol the magnetic domain have been
considered as in the case of polycrystalline materials and the magnetosinetion constant

Al pave been measured for different samples using the relation

L
Ei,&(cns* G-1) 6.1
I 2 _
as explained in chapter V.

The most imporiant task is to magnetize the specimen along the direction of the gauge
fixed on the specimen and then to rotate the magnetization vector perpendicular to this
direction so as to find the difference between the comesponding strains produced in the
specimen. We then set [rom equation (6.1).

[E) =[5_"] _3 2 (eos?90-1)-22 (cos?0-=212, 6.2
I Hi I il 2 2 2

1n order to fnd the exact direction of thc strain-measuring gauge, which wa.s carefully
bonded on the specimen wilh respect to direction of magnetization, magnelostriction as a
function of the position of the field was measured. The direction of the field was initially
oblained arbitrarily with respect o the circular scale at the base of the rotaling magnet.
From the praph of strains VS field di.rectiulns as shown in figure 5.5 the exact direction of

the gauge related to the Geld was determined. This was done by using (he principle based
on equation (6.2} where we find that the maximum differential change in strain
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occurs when the magnetizalion vector is rotated by 90° from the position which is parallel
to the gage direction Lo the direction which iz perpendicular io it. The lteld was initially
applicd parallel to the gauge direction approximatcly and the maximwn differential

change was found out by trails.

It is assumed that for sulficiently high ficld the direction ol the [ield also corresponds to
the direction of the saluration magnetization. Figure 6.1 shows (he magnet:nstriction of
Nig.1Zng sCog4Fe; 04 as a lunction of magnetic field. The saturation field 1s found to be
2.02 k Gauss. This field appcars to be large enough for the sofi magnetic material. This
applied field is also much larger than the effective intermal field due to demagnetizing
elleci, which is necessary condition for saturation magnelization. In order 1o find the
saturation magnelization we only nced to measure the strain due to  saturation
magnetization along Lhe length of the gauge by magnetizing the specimen to saturation
value of 21, in the direction perpendicular to the gauge and then in the direction parallel
1o the pauge. By subtracting the former from laler we obtain the saturation
magnetostriction constant using the cquation (6.2). Fach measurement was laken three
times with practically no deviations. We varied the field direction and Geld strength, from
their values as shown in figure 6.1. The saturation field was found 10 be 2.02 K. Gauss.
Alfler saturation was reached at 2.02 the Feld was increased in steps upto 4.16 K. Gauss,
No change in magnetostriction value was observed with increasing field. In this way we
got saturation magnetostriction of Nip2Zng sCogaFe;0y and Nip1ZngsCoqgzFez 00y, which
were 19.80 and 18.44 respectively. The results are summarized in figure 6.2

From Lhe result we see that of Ni concentration there is decrease in magnelostriction. But
the saturation field was more all less same. On the other hand when we measured
saturation magnetostriction of Mng ZnsCopsFe04 and Mng 2Zng sCoq3l7ez0u, which
were shown in figure 6.3. We pot the saturation magnetosinciion 15.20 and 18.90
respectively where the saturation ficld was 1.875 K. Gauss. Here we see thal the
increasing rate of Mn concentration is an increase in the value of saturation

magnetosiriciion.
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The mechanism of magnetostriction can be explained in the light of Neel's theory [6.1],
by using a simple microscopic model. The model postulates certain properties of the
encrgy of interaction of the neighboring atoms without any delail investigation of the
directional dependence of the interaction. The justification of this assumptiun is found to
be the agreement between the experimental and the calculated results. If r is the distance
from the central atom 10 one of its neighbors, and @ is the angle between the line of
cemers and the direction of the morment, the interaction cnergy can be expressed as

W (r.cos®}=glr}+ i{r{coﬁ @ - %]+ q(r{cnsz iy —ug-l:b-l- 33—5] Forr 6,3

If the interaction cnergy is a function of r, the crystal laltice must be delormed
upon the generation of a ferromagnetic moment, because such an interaction tends
lo change the bond length depending on the bond direction. The first term g(r} is
the exchange interaction tcrm and plays an important rolc to the volume
magnctostriction. The second term represenis the dipole-dipolc interaction, which
depends on the direction of the magnetization. This is the main origin of saturation
magnctostriction A; that we observed. Neglecting higher order terms onc can

express the pair cnergy termn as
F!"’(r,':ti-]=+.€(1"(-::ﬂavs2 ED—%) 6.4

When the specimen is strained its spin pair changes its bound dircction as well as
its boud length. The condition for the minimization of the total cnergy
E = Erugeiic T Eclasiic 13 0blained by differentiating the tolal energy wilh respect to

strain, and equating it to zero. From the condition of minimum energy. we can

. . L, . Al
obtain the expression for magnetostrictive strain as Tz%&, {cos’@-1).

Since magnetostriction is an important factor in determining the permeability of a
material, it is imporiant to find (he appropriate alloy composition for which the
magnetostriction constant becomes minimum if onc wanis 1o find out a sofl

magnetic alloy.
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From our experimental determination, as shown i figare 6.2 the ferites with
composition Nip 1Znp sCop2Fe;0; has minimum magnetostriction. The maximum
magnetostriction was found for Nig;ZngsCogsFe:0s. The reason for the variation of
magnctostriction with the change of composition is assumed to be the varying
contribution to magnetostriction from Fe- and Ni- atoms, which have +ve and -ve
magnetostriclion respectively as observed in their crystalline forms. The actual
understunding of this composilionat dependence of magnetostriction requires a complete

quantum mechanical calculations of band structures of these forrites systems.

The encrpy levels of the clectron of the 3d-tramsition metals and alloys are the most
exposed except for the 4l's-conduction electrons, These encrpy levels are perturbed due
to ovecrlapping of the 3d-shell's of the neighboring atoms. The eflect of alloying
ferromagnetic metals is to chanpe In Ielectrnnic structwe. which in turn changes
magneiostriction and other secondary effects of the resuliant alloy. A magnetic material
can (hus be tailored il the effect of alloying on magnetostriction and magneiic amsotropy
can be understood quantitatively. However, at the moment all calculation are found to be
inexact duc to the difficulty of treating different electron spin correlation functions

exactly.

Magnetostriction arises from the spin-orbit interaciion because, while the magnetizalion
is determined by the exchange interaction between spins mosily, the exchange interaction
being isotropic cannot contribute lo the linear magnetostriction. Although il can
contribule to volume magnetostriction, The unquenched part of the orbital moment which
arises from the orbilal electron motion can seg the latticc. 1n order to reduce the
electrosiatic energy. Because of the spin-orbit interaction the spin and thercfore the
magnelizalion can sec the lattice through the spin arbit-interaction. The mechanism gives
rise to magnetic anisotropy. The materials will spontancously strain to reduce the
anisotropy energy 50 long the reduced of the anisotropy cnergy by this process do not

exceed the corresponding increase in elastic energy.
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The general mechanism of magnetostriction can be understoed in terms of dipole-dipole
intcraction, which depends on the direction of magnetization. This interaction tends 1o
change the bond length in different ways depending on the bond direction. The linear
magnetostriction can be attribuled to the rotation of this bond direction of magnetization,
which is measured by rotating the magnetization dircction, in gur case from parailel

position to perpendicular position by rotating the magnetic Geld.
6.2 Thermal expansion

Thermal expansion is an important parameter which rellects the pature of the binding
cnergy and anharmonycity of the periodic motion of the constituent atoms under thermal
cxcitation. The other theoretical interest 13 the nature of the binding energy and the
potential well as a function of interatomic distance, which arises due to combined clfet
of the attractiveforce and the repulsive force. The technological application of magnetic
materials make thermal expansion an impodant phenomena depending on the nature of
the application. We sometimes prefer materials with high thermal expansion coclTicient
and sometimes material with low thermal expausion. In constructing devices by using
magnetic materials, where change in dimension is undesirable under varied thermal
cnvironment, materials with low thermal expansion 1s preferable. For the use of ferrites
as transformer core, low thermal expansion coelficient is desirabie. Hcgausc thermai
cxpansion may give rise to magnelosirictive noise. On the other hand when one uses

materials for producing magnetostrictive tranducers, higher values of thermal expansion

coellcient is desirable.

We measured the thermal expansion of the ferrite samples 1o find magnetic contribution
1o laltice cnergy. Thermal expansion depends on unharmonicily of the lattice atoms
which are related to electronic and magnetic contributions. In our Ferrite samples which

are magnetically soft, magnetic contributions play an important role to latlice energy.
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We measured it by straingauge ilechnique and got lattice strain from liquid Nurogen
temperature to room temperature. We measured the lattice strain that increased with

increasing temperature gives rise to thermal expansion,

From figuraé.4 and 6.5 we found thermal éxpansiuns al the series, Nig 1 2t sCon aFea Oy,
N iu. 1:{.1113 5[:0.3 3FE]U4, Niﬂ 3?:“[]. 5Cﬂﬂ 2176204 and of Ml’m 1Z.II|;|. s'CUr; ,1.|"'III:1C14~ and

Mg 220y sCop 3Fea0y. respectively,

The linear theemal expansion coefficlents are shown in figurs6.6,6.7.6.8,6.9,and 6.10
for the ferrite samples. From these figures we see that thermal cxpansion coefficient is
increasing lrom low temperature to room lemperature which is quite expecled. We
estimated the average thermal expansion coefficients which are 3.19x10°%, 2.37x10°,
2.66x10° for NigiZngsCogalFer0s, NipaZngsCoqsFesOs, NinzZngsCop:Fe;0s  and
1.51x10™, 1.71x10° for MngZny sCopaFea0a, Mny2Zny sCog Fe, Oy respectively. The
method used for these mcasurements although quite straight forward, the values
obtained have some uncertainties, becausc we could net control he temperature
properiy. However the cstimated result show that these samples have low expansion

cocfficients. ‘These vafues will be uselul o make devices using these materials.

4
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CONCLUSIONS ’

New compositions of Co substituted Ni Zn and Mn Zn ferrites have been studied specially
magnetostriction and thermal expansion. The chserved values of magnelostriction are found to
be 21 x 10%, 19.80 x 10 and 18.44 x 107 for Nig1 Znos Con.e Fer0a, Ninz Zops Copa FeaOs,
Nigs Znos Cooz FezO4 respectively. On the other hend we got the values of magnetosiniction as
1520 x 10° and 18.90 x 10° for Mng Zng s Coga FesOa, Mngz Znos Copy Fez04 respectively,
From the results we could see that magnetostrictions of these two series of ferrite samples are
very low. These compaositions are thercfore quite useful in making soft megnetic matenals and

can play an imporlant role in making magnetic devices where dynamic flux change is necessary.

The study of thermal expansion which is another parameter of the ferrite samples measured,
show Lhat the materials have low thermal expansion coefficient We have used strain gauge
technique for these measurements The strain gauge technique although, use for strain
measurement and for magnetosiriction measurement, had been used for the first time for thermal
expansion by M.A. Asgar [7.1]). The thermal expansion coefFicients show that these materials

can conveniently be used in situation, where thermal changes are involved.
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Data for Magnetic Field Strangth

Table: 1

Field Current Fluxmeter Fluxmeter  Average Magnetic field
{Amp) Reading I{+) | Reading I{-} Deflection {Gauss)

0.2 10 13 11.5 113

0.4 22 26 240 24)

(.6 35 41 38.0 380

0.8 48 34 51.0 514

1.0 () a3 G2.5 025

1.2 73 &0 76.5 765

1.4 86 95 0.5 Q05

1.6 100 110 105.0 1050
1.8 113 121 117.0 1170
2.0 127 137 132.0 1320
2.2 142 150 146.0 1460
2.4 155 169 162.0 1628
2.6 169 186 177.5 1775
2.8 183 192 187.5 1875
3.0 197 207 202.0 2020
3.2 211 221 216.0 2160
34 224 236 230.0 2300
3.0 239 249 244.0 2440
38 252 263 257.5 2575
4.0 268 277 272.5 2723
4.2 281 298 289.5 2895
4.4 285 304 299.5 2995
4.6 308 318 313.0 3130
4.8 322 331 326.5 3265
5.0 335 345 340.0 3400
5.2 350 356 353.0 3530
5.4 362 369 365.5 36355
3.6 370 381 378.5 3785
5.8 391 -394 392.5 3925
6.0 405 406 405.5 4033
6.2 416 416 416.0 4160




Table: 11
Data for Calibration of the D.C. Bridge

Gauge Factor: G = 2.04
Bridge Current: 1.55 mA

Deflcction in Nanovolimeter AR/R x10°°

{ - (}

4 1.6
7 3.5
3 5.5
o 7.4
10 G4
1 11.4
13 13.5
15 15.5
20 17.8
29 19.8
33 22.0
38 24 4
43 26.6
51 29.2
70 31.5
71 338
72 36.3
73 38.6
74 40.9
75 43.4
76 457
76 48.0




Table: IT1
Variation of Bridge Sensitivity with Bridge Current

Gauge Factor, G = 2.04

AR/R = 40x10°°
Current Deflection
{ 0
0.18393 2.0
0.20360 3.5
0.20388 5.5
0.22871 7.5
0.26048 9.3
0.30241 11.3
0.36049 134
{.44608 15.5
0.58516 , 17.5
(.84984 - 20.0
1.55198 22.2
1.69082 24.5
1.85796 26.8
206203 28.9
208459 31.2
2.08457 335
2.10789 36.0
213192 381
2.15642 40,7
21815 43.0
2.18668 45 4
2.19939 477

Wi



Table: IV

Variation of magnetostriction with the angle qu Field Bridge current: 1.346m4,
gauge factor: 2.04 per deflection
AR/R=4.39x10°

Magnetostriction
_3 e L
Magnet position Nanovolt meter reading = 2 Aafeos'6- 3 )
=AVi= /GARR*10"|
0 L 0
10 .75 1.61
20 0.75 1.61
30 1.50 2.15
40 1.5 3.22
50 22 4.75
60 4 §.60
70 6 12.50
&0 7 [5.06
90 8.5 18.29
110 10.0 21.50
120 9.5 : 2044
£30 ' 0.0 19.36
140 5.35 18.82
150 7.50 16.14
168 5.00 10.75
170 4.00 8.60
180 2,50 5.37
190 1.00 2.15
200 .25 2,70
210 2.0 4.30
220 3.00 6.43
230 4.00 .60
240 400 B.60
250 6.00 12.90
260 7.00 15.06
270 200 17.21
280 - 5.00 19 36
290 10.00 2150
300 9.00 19.36
310 5.00 17.21
320 7.00 15.06
330 w 6.0 12.91
340 5.00 10.75
350 4.00 3.60
a0 3.00 6,45

v




TABLE Y

Table for Magnetostriction
Sample: NiDJZIl[._gCﬂ .D.AFEIDJi :
Gauge Factor G=2.04

Angle 8 = 20° [Perpendicular Position]

0 =110° [Parallel]
AR/R=4.39x10°

Magnetostriction
rewcuren | RIS | e | e
[H] : =Al= I/GAR/RX10"]

0.2 115 2 4.30

0.4 240 3 6.45

0.6 380 5 9.68

0.8 514 5.2 11.19
1.0 625 6.5 13.98
1.2 765 7 15.05

1.4 905 7.5 16.14
1.6 1950 7.7 17.00
1.8 {170 8.5 18.30
2.0 1320 6.0 19.30
2.2 1460 9.0 19.36
2.4 1620 9.2 19.80
2.6 1775 9.4 20.25
2.8 1875 9.5 20.25.
3.0 2020 10.0 21.00
3.2 2160 10.0 21.00
3.4 2300 10.0 21.00
3.6 2440) 10.0 21.00
3.8 2575 10.0 21.00




TABLE VI

Table for Magnetostriction
Sample: Mig 2 Zng sCop:Fe; 04
Gauge Factor G=1.04

Angle 8 = 20° [Perpendicular Position]
© =110° [Parallel

AR/R= 4.04x10"

_Position]

Field Current

Magnetic Field

Magnetosiriction
3 2n |
A== (cos"B-—

(A= Aeos’e-)

[F] Strength (Gauss) ARR .
- [H] =Al/l= 1/GAR/RX107)
0.2 115 2 3.96
0.4 244 3 5.04
0.6 380 5 7.92
.8 514 52 8.9t
1.0 625 6.5 10.91
1.2 765 7 10.90
1.4 905 7.5 11.88
1.6 1050 7.7 12.87
1.8 1170 8.5 13.37
2.0 1320 9.0 13.86
2.2 1460 9.0 15.85
2.4 1620 9.2 16.84
2.6 1775 9.4 17.82
2.8 1875 9.5 18.82
3.0 2020 10.0 19.80
32 2160 10.0 19.80
34 230C 10.0 19.80
3.6 2440 10.0 19.80
38 2375 16.80

10.0

i




TABLE VII

Table for Magnetostriction
Sample: Ni g3Zngs Coyy Fe 0y
Gaupe Factor G=2.04 '
Angle 6 = 20° [Perpendicular Position]
8 =110° [Parallel]
AR/R= 4.39x10°

Magnetostriction
Field Current Sﬂzfgf;‘g:iﬁ) ARR [1% L{cuszﬂ-%}

IF] [H] =All= UGAR/R*10*]
0.2 115 2 4.10

r4 240 3.5 7.17

(1.6 &0 4.5 922

(.8 314 5.5 11.27°

1.0 025 6.25 12.80

1.2 765" 6.75 13.84

14 905 1.25 14.86

1.6 1050 7.50 15.37

1.8 1170 7.75 15.88

2.0 1320 8.00 16.40

2.2 1460 8.00 16.40

2.4 1620 .50 17.42

2.6 1775 8.50 17.42

2.8 1875 G.00 18.45

3.0 2020 9.00 15.45

32 2160 9.00 18.45

34 2300 8.00 18.45

3.6 2440 G.00 18.45

3.8 25'{5‘ 9.00 18.45

1




TABLE VIII

Table for Magnetostriction
Sample: Mng, (Zn,5Coo4 Fe, Oy
Gauge Factor G=2.04

Angle 6 = 20° [Perpendic-ular Position]

0 =110° [Parallel]
AR/R= 4.39x10°

Ficld Current

Magnetic Field

Magnetostriction

[J.=% A (cos’D- % )

(F] Strengtl L}Gnu ss} AR/R =Al/l= 1/GAR/Rx10"]
v 15 2 3.92
04 240 4 7.84
0.6 380 375 11.27
0.8 514 6.25 12.25
1.0 625 6.75 13.25
12 765 7.00 13.72
T2 905 725 14.20
16 1050 7.50 14.70
| R 1170 7.75 15.20
2.0 1320 7.75 15.20
29 1460 7.75 15.20
3 4 1620 7.75 15.20
6 1775 7.75 i5.20
g 1875 7.75 15.20
3.0 2020 7.75 15.20
37 2160 7.75 15.20
34 2300 775 15.20
16 2440 7.75 1520
28 2575, 7.75 15.20
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TABLE 1X

Table for Magnctostriction

Sample: Mny; Zng;Coy3 Fe, 0y

Gauge Factor G=2.04

Angle 8 = 10° [Perpendicular Position]
8 =100° [Parallel] '
AR/R= 4.39x10°

Magnetostriction
Field Cﬂurrent S?::E;:}:'rg;i{;) AR/R gl=-§- L[cuszﬁ-%}

[¥] [H] =Alfl= VGAR/R= 10
0.2 115 225 445

04 240 4.50 8.91]

0.6 380 6.50 12.87

0.8 514 7.00 13.86

1.0 625 8.5 16.84

1.2 765 8.75 17.32

1.4 005 0.00 17.82

1.6 1050 9.25 18.13

1.8 1170 9.50 18.81

2.0 1320 9.75 19.11

2.2 1460 0.75 19.11

2.4 1620 G.75 19.11

2.6 1775 $.75 19.11

2.8 1873 972 19.11

30 2020 8.75 19.11

3.2 2160 8,75 19.11

34 2300 $.75 19.11

3.6 2440 G.75 19.11

3B 2575 9.75 16.11

ix




TABLE X

DATA FOR THERMAL EXPANSION

Sample: Ni g, Zngs Cog e Fez()y

Gauge Factor G=2.04
AR/R= 39,48x10°

Thermo | Temperature | Nanovoltmeter | Thermal Mean Linear thermal
emf in in Deflection Strain Temperature expansion
my |A1/1=1/G in ’K coefficient
AR/RxI0] | o =x x10°°K
-5.53 73 0 { 103 2.37
-5.38 &3 0 18.35 123 2.87
-3.20 93 (.24 40.00 143 3.00
-5.02 103 (.30 62.25 163 3.01
-4.82 1153 .60 87.50 183 3.09
-4.60) 123 (.75 114.00 203 3.16
+4.38 133 (.90 144.00 223 3.35
-4.14 143 1.10 176.00 243 3.50
-3.84 153 1.57 209.00 263 3.75
-3.62 163 2.07 211.25 293 3.75
-3.35 173 3.05 247.50
-3.06 183 3.7 285.00
-2.77 193 4.27 325.00
-2.46 203 4.52 366.00
-2.14 213 5.51 408.25
-1.81 223 6.53 451.50
-1.47 233 7.65 495.00
-1.11 243 8.80 505.00
-0.75 233 10.00 515.25
-0.38 263 10.25 526,00
0 273 10.43 530.00
.39 283 10.67 540,50
79 293 11.12 55025
1.09 300 11.38 555.00




TABLE X1

DATA FOR THERMAL EXFPANSION

Sample: Ni n_zlen.,_q Cﬂﬂ_j FE1D4

Gauge Factor G=2.04

AR/R= 40%10°"
Thermo | Temperature | Nanovoltmeter | Thermal Mcan Lincar thcrmal
cmf in in °K Deflection Strain Temperature expansion
my [A111=1/G in "K coefflicient
AR/Rx10™°] o= x 10K
-5.53 73 {) 0 103 gl
-53.38 83 0 0 123 .60
-5.20 93 0.24 9.80 143 1.35
-5.02 103 0.36 12.00 163 2.00
-4.82 113 0.60 24.00 183 2.50)
-4 &0 123 0.75 30.00 203 2,15
-4.38 133 1.9 36.00 223 3.00
-4.14 143 1.10 4400 243 3.40
-3.84 153 1.57 63.00 263 3.80
-3.62 163 2.07 83.00 293 3.85
-3.35 173 3.05 122.00
-3.06 183 3749 151.50
-2.77 1893 427 171.00
-2.46 | 203 4,52 181.00
-2.14 213 551 220,50
-1.81 223 6.53 261.50
-1.47 233 7.65 306.00
-1.11 243 &.80 35200
-0.75 253 16.00 400.00
-0.38 263 10.25 410.00
0 273 10.43 417,25
.39 283 10.67 427 .00
.79 293 11.12 445 (0
1.09 300 11.38 455 (i)
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TABLE XII

DATA FOR THERMAL EXPANSION

Sample: Ni Man,s Cﬂn_z F«Czﬂq
Gauge Factor G=2.04
AR/R=33.36x10°

Therme | Temperature | Nanovoltmeter | Thermal Mecan Linear thermal
emf in in '’K Deflection Strain Temperature £xpansinn
my [A11=1/G in "K coefficient
AR/R= 107 a=x 104K
-5.53% 73 ¢ () 103 .45
-5.38 23 G 0 i23 0.66
-5.20 93 0.26 8.91 143 0.75
-5.02 103 .53 17.82 163 1.34
-4.82 113 (.53 17.82. 183 3.55
-4.60 123 0.66 22.27 203 3.95
-4.38 133 0.93 31.1% 223 4.00
-4.14 143 1.06 35.64 243 4.01
-3.84 153 113 40.00 263 4.10
-3.62 163 1.34 45.00 293 4.00
=135 173 2.00 66.85
-3.06 183 3.33 111.35
=277 193 4.73 158.00
-2.46 203 £.25 208.50
2.14 213 7.79 260.00
-1.81 223 9.42 314.00
-1.47 233 11.15 372.25
-1.11 243 12.94 432,60
-0.75 253 13.48 450.00
-0.38 263 14.08 470.00
i 273 14.53 485.00

a9 283 1483 49540

19 203 15,15 305.25

1.09 300 15.25 510.00
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TABLE X111

DATA FOR THERMAL EXPANSION

Sample: Mg, ZngsCog 4 Fez Oy
(zauge Factor G=2.04
AR/MR= 36.36x10°

Thermo | Temperature | Napovoltmeter Thermal Mean Linear thermal
emf in in 'K Deflection Strain Tempcerature expansion
my [A1/1=1/G in °K cocflicient
AR/Rx 10 o =x x10°%7K
-5.53 73 4] 0 113 0.25
-5.38 83 0.12 4.45 123 0.30
-5.20 93 0.12 4.45 143 1.00
-5.02 103 0 0 163 1.25
-4.82 113 0.25 945 183 1.35
-4.60 123 0.37 13.50 20)3 2.00
-4 18 133 0.42 15.50 223 225
414 143 0.77 28.00 243 2 AD
-3.84 153 1.22 44.55 263 2.50
-3.62 163 1.47 53.46 293 2.50
-3.35 173 1.71 62.37
-3.06 183 1.96 71.28
=277 193 2.46 £9.50
-2.46 203 2.58 94.00
-2.14 213 3.02 11000
-1.81 223 3.85 140.00
-1.47 233 4.40 160.00
-1.11 243 5.36 195.00
-0.75 253 5.63 205.00
-0.38 263 5.92 215,50
0 273 6.5 220.00
.39 283 .05 220.00
79 293 6.18 225.00
1.09 300 6.18 225.00

%iil




TABLE X1V

DATA FOR THERMAL EXPANSION

Sample: Mng :ZngsCog s Fe Oy
Gauge Factor G=2.04
AR/R= 36.36%10°

Thermo | Temperature | Nanovoltmeter | Thermal Mean ILincar thermal
emf in in K Deflection Strain Temperature expansion
my [A1E=1/G in °K coefficient
ARRx107 a =x x10°%'K
-5.53 73 0 Q 103 0.09
-3.38 83 0 { 123 0.28
-5.20 03 0.12 4.45 143 0.52
-5.02 103 012 4.45 163 0.88
-4.82 113 0.17 6.25 183 0.90
-4.60 123 0.27 10.00 203 1.80
-4,38 133 .33 12.00 223 2.50
-4.14 143 047 17.25 243 3.50
-3.84 153 0.61 22.30 263 3.65
-3.62 163 0.85 31.00 293 3.50
-3.35 173 1.10 40.25
-3.06 183 1.34 49.00
-2.77 193 1.57 57.00
-2.46 203 2.04 76.00
-2.14 213 2.55 93.00
-1.81 223 3.50 127.05
-1.47 233 448 163.25
-1.11 243 5.55 202.00
-(1.73 233 6.65 242.00
(.38 263 7.89 287.00
O 273 8.11 293.00

39 285 8.25 300.00

19 263 338 305.00

i.09 300 838 305.60
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