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ABSTRACT

In an attempt to produce hard magnetic material,
ultrafine particles of iron-cobalt alloys and nickel have been
produced by an evaporation-condensaztion technique.

To investigate the magnetic propertieé of #these particles,
a Faraday Balance Magnetometer was constructed. A Pulsed Field
Magnetometer was also employed. These were used to measure
magﬁetization and coercivity, and to preduce hysteresis loops
for random assemblies of particles. The d.c. séatic and
' demagnétization remanences have also been measured.

X-ray diffraction tech;iques were used to find the
structure and lattice parameters of the particles; The morpholegy
was studied with the aid of an electron microscope.

The observed valﬁes of magnetization can be explained in
terms of a core of ferromagnetic material surrounded by a
surface oxide layer., For cobalt this layer is antiferrémagnetic
and for iron it is ferrimagnetic.

The results of the electron microscopy show that the
particles are almost ﬁérfectly spherical and their sizes lie
within a normal distribution curve. The peak in the distribution
falls at approximately 4002. The‘particles show a strong tendancy
to chain together, This is believed to be due to magnetic
attraction.

All the samples show a low remanence to saturation ratio,
typically 0.20, and a difficulty to caturate. The ;esulting
hysteresis loops can be explained in terms of famning, coherent
rotation and multidomain mechanismse It is believed -that some

of the particles are genuinely single domain, and that their



magnetization reverses coherently. In addition there are
particles large enough to contain nore than one domain. The
remaining reversal mechanism which is.fanning, warg proposed
by Jacobs and Bean for a chain of spheres. - :

The above medel would appear to.be further supported

by the results of electron microscory.
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CHAPTER 1

INTRODUCTION

ﬂagnetism is an important property of materials, a
'particularly valuable group of whirch are those called
'ferromagnetic. The prefix "ferrc' is used because iron is the
commonest example of a-solid which behaves in this way. For
technological applications ferromagnetic substances can be
subdivided into hard and soft magnetic materials, Both classes
of materials produce magnetic hysteresis effects, the nature of .
which enables a rough division into the two classes to he made.

Hard magnetic materials are often called permanent
magnet materials. These substances are used in the production
of permanent magnets and magnetic recording media. Such
materials have high coercivity, high remanence and a wide
hysteresis loop.

On the other hand, soft magnetic materials which are
used for transformers and motors have low coercivity and a
narrow hysteresis loop.

The need for materials having the properties of these
two classes has therefore led to the prodﬁction of substances
with widely varying ferromagnetic properties. Over the years
attentién has been turned towards fine particleé in order to
find improvements on existing permanent magnet characteristics
(1, 2). These-fine particles, which hereafter may also be
referréd to as powders, micropowders and microparticles, have
been produced by a number of differenf techniques., These have

included the precipitation, evaporation and straightforward
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ball milling processes. The size of particles thus produced
ranges from IOX up to about 1052. The particles have then been
compressed in order to produce permanent particulate magnets
or dispersed, and subsequently coated on to plastic tape.
This latter has been the basis for producing particulate
magnetic recording tapes.

In knowing how such a maghet or tape wi}l-behave, it is
necessary to know the magnetic properties and mechanisms

involved in the magnetization of an assembly of particles.

Aim of this Work

The evaporation method for producing fine particles

takes place in inert gas at low pressure, This gas-evaporation

process was first performed by Beeck et al (3) in 1940, The

method was subsequently rediscovered by some Japanese workers,
Kimoto et al (4, 5, 6, 7), and.also I.R.ﬁf in Newcastle
(8, 9, 10).

The Japanese workers initiaily used thie method for
producing particles of a variety of metals. Later they
developed a greater interest in magnetic metals. Some
American workers have actually patented the process (1l).

At I.R.D. the technique was adopted and developed to produce
a dry colloid technique. This is a refinement of the Bitter
and Wet Colloid technique which enables tﬁe'obsefvation of
magnetic domain boundaries. The main advantage is that this
technique can be used at low temperatures when normal wet
colloid would have frozen. This method has been applied to
the study of domains in Gd by Al-Bassam et al (12) and in Tb
by Al-Bassam et al (13) and Herring et al (14).

The main aim of the present work is to produce powders

1.RD. = Tnternational -Qe_seqrc\,\ 9 'Deve,\o?w\evd'
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by an identical process, and to investigate thei; magnetic and
physical propertiess It is believed that the results obtained
may shed new light on the magnetic mechanisms involved.

Before dealing witﬁ the theory of fine ferroiagnetic
particles, a shoft account of magnetism in general will be given.

Early Magnetism

"At this point I shall set out to exﬁlain wvhat law of
nature causes iron to be attracted by that stone which the
Greeks call from its place of origin magnet, because it occurs
in the territory of the Magnesians," These are the words of a
Roman poet Lucretius Carus who lived in the lst century B.C. (15).
Aétually there is an alternative origin to the word magnet.
Pliny (16) attributes the name to its discoverer, a shepherd
called Magnes, Evidently the nails in his shoes were attracted
by a magnet while he was attending to his sﬁeep.

Whatever the origin, it is believed that the properties
of loadstone were known to the Greeks as long ago as 800 B.C. (17).
The first 'magnetic!'! invention was the compass although the date
of origin is uncertain. The early Greeks had their own ideas
on magnetism which were based more on philosoph& than on
experiment, The first experimenter in magnetism was
Peter Peregrinus (Anglicized), who lived in the latter half of
the 13th century., He was the first person to use the term
“"poles of a magnet'", The most famous of the early experimenters
was William Gilbert who was born in 1544, He was interested in
terrestial magnetism and also discovered that ferromagnetism
coﬁld be destroyed at high temperatures. Gilbert is sometimes
called '"the father of magnetism". Even so there was much

superstition and mysticism surrounding magnetism_at that time.
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It was believed that onions and garlic had adverse effects on
the attfactive povers of loadstone; and also that magnets had
magical healing powers.

The first of the modern investigators was Coulomb who
produced his law of attraction at the_staft of the 18th century.
There fhen followed a great nﬁmber of experiments performed by
such people as Oersted, Faraday and Curie.

It was not until the advent of quantum theory, at the
beginning of the 20th éentﬁry, that the theofy of magnetism took
a form which is recognizable today. Since then a mountain of
information about the subject has been accumulated.

The Origins of Magnetism (18, 19)

- Magnetic effects are produced as a result of moving
electric charge. - Thuas the effects of magnetism may be observed
when an electric current flows in a conductor or as a result of

the inherent motion of electrons in different materials. All

. matter contains moving electrons therefore all matter is in

éome sense magnetic. The main types of magnetism observed in
materials are ferromagnetism, ferrimagnetism, antiferromagnetism,
paramagnetism and diamagnetism. This york is concerned with
ferromagnetic substances which can exhibit large magnetic

moments even in the absence of an external applied field.

The origin of the magnetic moment in atoms is twofold -~ -
thé orbital motion and the spin of electrons. How these are
affected by the external field or the internal crystal field
results in the different forms of magnetism which are observed.

Diamagnetism is a weak magnetism which arises from the
orbital motion of the electrons in a magnetic field. The

applied field modifies the electron motion céusing a precession

" of the orbit about the field. In accordance with Lenz's law,



the electrons move in such a way that the resulting magnetization
0ppose$ the applied field., It is for this reason that diamagnetic
materials possess negative susceptibility.

Paramagnetism requires the existence of permanent
magnetic dipoles. In ionic paramagnetic materials the moment
is associated with the total angular momentum of electrons. %his
is represented by the vectorial sum of the orbital momentum and
the spin momentum. Because of the pairing of antiparallel spins
in filled shells, the moment must be due to the unpaired
electrons in unfilled shells,

Rare earth ions have unfilled 4f shells which are déep
in the atoms, so that the moments are more or less isolated from
their magnetic environment. On the other hand, ions of the iron
group salts have unfilled 3d shells. These are the outermost
and so are exposed to the crystal figld. This is an
inhomogeneous electric field produced by the neighbouring ions.
The result of this is that the spin momentum is unaffected, but
the orbital momentum is quenched. Therefo;e the magnetic
momenf in iron group salts is due in the first approximation to
the spin momentum alone (20),

Due to thermal agitation the moments of an assembly of
atoms assume random orientation, and there is no net
magnetization (see fig. l.l.a). . The application of a magnetic
field produces a slight alignment of the moments in the
direction of the field (see fig. l.l.b). The amount of
alignment depends upon the size of field and temperature, since
the effect of one is to oppose the other,

Paramagnetism is also ogserved in metals. In this ;ase

the dipole moment is due to the conduction electrons. In the



(a)

(b)

absence of an extefnal magnetic field, the electrons fill up
all the available states that have energies less than the

fermi energy. Half of the electrons have positive spin and half
have negative-spin. Therefore the net moment is zero. Upon
application of an external field, the magnetic moments due tq
the sﬁins line up either parallell or_antiparallel-tonthe field.
The effect of the field is to increase the energy of fhe: :
electrons with aptip;rallel spins and decrease the energy of

those with parallél'spins. The situation is unstable, and

FIG. 1.1,

/ —_— ' _ Arrangement of
' _\\\\ ' ' paramagnetic
- . -l spins
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results in some of the electrons in the'antiparallel states
undergoing transitions to the lower energy rarallel stgtes. This
means that there are now more electrons with parallel moments
than with antiparallel moments. Hence the metal in an applied -
field possesses a net magnetic moment (21). The magnetization

due to this effect (Pauli paramagnetism) is wesk and is often

R e i
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FIG, 1.2

ARRANGEMENT OF SPINS FOR SIMPLE
ANTIFERRCMAGNETIC AND FERRIMAGNETIC SYSTEMS

masked by stronger effects due to the moments of the atomic
cores.

In ferromagnetic, antiferromagnetic and ferrimégﬁetic
substances, there is a strong interaction between the magnetic
moments of the individual atoms. In simple antiferromagnetic
and fefrimagnetic materials, the interaction is negative. This
produces an arrangement of antiparallel spins which exactly
cancel in the antiferromagnetic case (see fig.1l.2 (a)). There |

t
is therefore no net magnetization. In the case of a simple

c —— — ] FIG. 103 .

— —i  — " FERRCHAGNETIC
ARRANGEMENT OF SPINS

AT 0%
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ferriﬁagnetic though, the net magnetic rioment in one direction

ig larger than the net magnetic moment in the other. This is

due to different ions on different lattice sites having unequal
moments or to antiferromagnetic coupling between two sub-lattices
contaiﬁing different numbers of sites. Therefore a resultant
magnetization is observed (sece fige. 1.2(b)).

These are not the only arrangements of antiferromagnetic
and ferrimagnetic systems (22). For example parasitic
ferromagnetism, or canted antiferromagnetism as-it is sometimes
called, occurs in materials which are essentizlly antiferro-
magnetic but whose spins can be rotated slightly away from their
-usual orientation.

In the case of ferromagnetism there is a strong rositive
interaction between spins which results in parallel alignment.
At absolute zero the alignment is perfect (fig. l.3). As the
" temperature is raised the arrangement is disturbed due to thermal
agitation. Eventuaily, vhen high enough temperatures are
. reached, the alignment is completely destroyed. The orientation
is then random and the material behaves iike a peramagnet. Upon
cooling, the ferromagnetism is recoverable,

It was suggested by Weiss (23) at the beginning of the
century that a strong '"molecular field" was responsible for the
alignment of spins, The origin of this field was unknown to
Weiss., Calculations of its magnitude gave values of the order
of 107Oe. These are much too iarge to be explained by simple
dipole interactions. Heisenberg later showed'that the origin
of the Weiss molecular field is in fact due to quantum
mechanical exchange interactions between spins.

Heisenberg (24) based his theory upon the hydrogen



molecule in which it is assumed that thé.electrons are

localized at the atoms, He showed that an eichange interaction
between electrons in different quantum states leads to a

-minimum in energy provided both the spin quantum numbers are

the same, i.e. if the spins are parallel, The strenéth of the
exchange interaction depends upon the interatomic distance.

As two atoms are brought togetﬁer the spins of unpaired electrons
align parallel, If the atoms ar; brought closer stili, the
exchange forces decrease and finally pass through zero. An__
~antiparallel spin arrangement then becomes energetically

favourable, The potential energy between two atoms having spins

Si and'Sj is given by

V'.= -2Js- L ] S. ‘O s0000 00 cobRONO LR (l.l)
i i 3

whére J is the exchange integral; If J is positive, the energy
is least when Si is parallel to Sj; and if J is negative, it is
least when Si is antiparallel to Sj'- The exchange conztant A

is defined as

- S a
A = 27 iSj / Qo

where Qg is the lattice parameter.

So far it has been assumed thaf the electrons are
tightly bound to the atoms. This is the case for insulators.
However most ferromagnetic materials are metallic, in which
case mobile electrons must be taken into account. Attempts have
therefore béen made to explain ferromagnetism by the band theory
of solids (25, 26).

In the iron group series, the 4s-shells are'filled,

and the %d shells are only partially filled. With the

1"
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exception of the lUs electrons, the 3d electrons are the most

exposed in the atom, The shells of these can be assumed to be |

nearly touching or overlapping those of neighbouring atoms.
The energy levels are perturbed, giving rise £o an energy band.
Above the Curie temperature, where ferromagnetism vanishes, th;
bard contains equal popuiations of electrons With positive and
negative spin. |

Well below the Curie teméerature, the exchange
intefaction betweeh electrons gives rise to a splitting of the
energy band. FElectrons with negative spin have their energy
increased and those with positive spin have their energy
decreased. As in the case of Pauli paramagnetism in metals,
the situation is unstable. This results in electrons from the
negative spin band spilling over into the positive spin band
until equilibrium is rcached. There is now a net magnetic

moment.

Macroscopic Ferromagnetism

The previous section dealt with magnetism at the atomic

level. For practical purposes however, most magnetic

measurements are made on material which actually contains many

atoms. It is for this reason that the term 'macroscopic' has
feen chosen for this section.

A block of ferromagnetic material can have zero net
magnetization even thcugh it-contains many atoms each of which
has a magnetic moment. To account for this, Weiss postulated

the presence of small spontanecusly magnetized regions. These

he called domains. Within each domain, the atomic moments are

aligned except for the effects of thermal disordering. The

arrangenent of the domains within the body may then be such
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thaf the net magnetizétion of the configuration is small or
even zero. Domains are fdrmed_so as to minimise the total energy
‘which arises from a number of soufces.'

it tufns out that fhe magnetization is an anisotropic
property of a crystal., That is, it is direction sensitive.
Theré exist certain crystalloéraphic directions in which the
_ magnetization preferentially points. These directions are
éalled easy directions. The directions aloné-which it is most
difficult to méénetize the sample-are called hard directidﬁs.
To magnetize a crysfal in-a 'direction other than an easy one
requires additional energy. 'This is called the magnetgyrystalline
anisotropy énergy 7).

For a uniaxial crystal it is given by,

EK = K0+Kl Sin2¢+ K2 Sin4¢ . escssevsscecces (1.2)

- where KO’ K1 and K., are constants and '¢ is the angle between

2
the direction of magnetization and the easy axis. Often -the
expression may be approximated to

EK = Kl Sin2¢ eeesesssencsnsse (1.3)

.. For a cubic crystal, the anisotropy energy density is
given by
' 2 2,2, 2,2y .
E, = Kg+ K(ofog +&Toh +X ot ) +Ky 000y (1.4)
Again KO' K1 and K2 are constan?s and X X, \0L3 are_tpe
direction cosines of the magnetization vector with respect to
the cubic axes.
The crystal structure is not the only property which
produces anisotropy. Shave can have a similar effect. The

anisotropy energy due to the shape of a sample arises from

demagnetizing effects. This energy is called the demagnetizing
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or magnetostatic enérgy.

In addition there are exchange energy, magnetoelastic
energy, and energy of interaction with an applied field; In
the absence of an externally applied field, this last term is
Zero. '

The magnetoelastic enérgy arises froh interﬂally and
externally applied stresses. When dealing with ideal crystals,
these are often assumed to be zero. Therefore it is normally
assumed that there is no magnetoelastic energy, |

The formation of domains results in a reduction of the
magnetostatic energy because of the decrease in the surface free
pole density. However a boundary is produced, between the
domains, in which thg moments are no longer parallel., This
leads to an increase in the other energies{ i.e. exchange and
magnetocrystalline. The overall energylof the éystem_usuaily
falls until the formation of any extra boundary would require
more energy than the corresponding reduction in magnetoctatic
energy.

The boundaries between domains, mentioned above, are not
sharply defined but are spread over a finite thickness. These
layers are called domain walls. In these boundaries, the
magnetic moments rotate gradually from one domain to the next.-
The thickness of this layer is governed primarily by
competition between the exchange energy which favours thick
wails and the anisotropy energy which conversely favours thin
walls,

yhen an'increasing magnetic field is applied to a
ferromagnetic body, the overall magnetization increases until it

reaches some saturation value. This process is generally not



revefsible. Therefore h&steresis is observed. The mechanism
which produces the magnetization growth is not merely a
straightforward rotation of moments into the field direction.
Instead the magnetization increases initially as a result of a
domain wall displacement proﬁess. i

If a crystal is placed randomly in a magnetic field,
in general the field direction will not be the same as an easy
directidn, but at some angie to it, Domains which have their
moments closest to the-field direction grow at the expense bf
domains whose moments are furthest from this direction,
Eventually these domains cover the whole sample. Final
saturation is then accomplished by the fotation of the
magnetization in the domain, This process is shown for a
simple situation in fig. l.4, and a typical magnetizatiop.curve
for such a process is shown in fig. l.5. Along OA the
magnetizaﬁion increases by the reversible movement of domain
wa;ls. Between A and B the magnetization increases more
quickly. In larger samples this is caused by an irreversible
displacement of domain walls, Range BC is due to the reversible
rota£ion of the magnetization vector into the field direction.
This results in an assymptotic approach to the saturation value.

When a magngtic field is applied to a ferromagnetic.body,
the internal field is not usually the same as the external one,’
This is due to demagnetizing effects (28). An external field
Hex induces free poles at both ends of the sample (see fig.l.6).
The effect of these poles is to produce an internal field which
opposes the external one. This demagnetizing field is given
by

ﬁb = -D.I. (in ceg.s, units)

15
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TYPICAL MAGNETIZATION
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"where I is the intensity of magnetization and D is the
‘demagnetizing factor which is dependent upon the shape of the
specimen, The effective field inside the sample H.e

ep 18
therefore less than the -applied field by an amount HD

1oeol Heff = Hex -DI -ooo.nu-n.ooloooo--‘ooo'..(1{5)

In the present work, it was found mopé convenient tp
work with the specific magnetization O rather thén I, and theﬁ
_convert baqk_if necessarye - The reason for thig was that it was
easier td weigh'samples rather than measure the Yolume. '

The relation-between I and C is

I =p0C

where [ is the density of the material,

.. .._ eff = Hex-DpG eoenpoeseensesecoes (1.6)

FIG. 1.6

DISTRIBUTICN CI° FREE
POLES PRCDUCLED BY THE
APFLICATICN OF AN
EXTERNAL FIELD

' Fbr a prolate ellipsoid, where the semimajor axis is
'a'! and semiminor axeé b = ¢, then the demagnetizing factors
parallel to these axes are Dy, Dy, Dg.
For a sphere, a = b = ¢

= = - ! n _—"
therefore Da Db Dc (= 41L/3)
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For a very loqg cylinder, which can be regarded as an ellipsoid

with b = ¢ and a =8, the demagnetizing factcrs are Db = Dc = 2T
and Da

0.

In thé case of samples whose shapes are_ﬁqt as simple as
those above, the demagnetizing figlds are non-uniform. :It is
then difficﬁlt or even impossible to find the corresponding
dehagﬁetizing factors.,

However, if D is known it is foséible to transform
(0 vs Heff) curves into (0 vs Hex) curves and vicé versa.

The magnetization process in.large samples can be
ggglﬁined_in terms of a series of domain qg}}:displacqgggys aﬁg
.maénetization rotations, If'the sample'is subdivided many times,
the stage is feached where it contains but a single domaiﬁ,

There are no domain walls. Some of the duestions which now afise
are, wha£ size must a sample be to consist of a single.domaiﬁ,
and what are thé magnetizétion processes when an exfernal field
is appiied ? The next chapter therefore deals exc;usivély with

fine particle theory.
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CHAPTER 2

FINE PARTICILE THEORY

Introduction

In a large ferromagnetic sample the magnetization is
in general not uniform. Instead the body.is divided into
domains. The magnetization of each domain is fairly uniform
except for the effects of thermal agitation., As the size of
the sample is decreased the formation of domain walls ultimately
becomes energetically unfavourable. Eventually the bedy consists
of a gingle domaine. The magnetic properties of such particles
would be expected to differ from those of larger samples.

For examble in a spherical sample the surface atoms have
a lower crystalline symmetry than those in the centre. As the
particle size is reduced the ratio of the surface area to the
volume is increased. Therefore the surface atoms represent a
greater fraction of the total. In a cube of an f.c.ce. crystal
having an edge length of six lattice parameters, arproximately
50% of the atoms are surface atoms. Six atomic spacings
corresponds to an edge length of about 212 in nickel. It may be
therefore that the magnetocrystalline anisotropy effects in small
crystals differ from those of larger samples. This surface
anisotropy effect was first suggested by Néel (1). Actually it
has been found that the magnetocrystalline energy density EK in
crystals with diameters as small as about ZOX does not differ
greatly from that in larger crystals (2).

In ferromagnetic bodies, the magnetostatic energy

favours a non-uniform magnetization configuration whilst the
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exchange energy favours uniform magnetization. In large samples
the long range magnetostatic forces predominate over the short
range exchange forces., However unon decreasing the size of the
sample, these roles are reversed. If the size of the particle
is still furthef decreased, a stage is reached where the effects
of thermal agitation override the exchange forces, The particles
are then said to be superparamagnetic (3). It can therefore be
seen that the size of single domain particles, whose magnetization
is uniform, lies in some range between those sizes giving
superparamagnetic and multidomain behaviour.

| The critical size below which single domain behaviour
occurs was the centre of discussion for a number of years.
Originally,'calculations Qere based upon comvaring configura-
tional energies of.different models with that of a wniformly
magnetized single domain ellipsoid (4). This method has heen
criticized (5), and its pitfalls will bé discussed in a later
secfion; In order to calculate this critical size it is
necessary to consider the mechanisms cf magnetization reversal
and the various anisotropies that may be present.

Magnetization Processes

Consider a fairly large ferromagnetic sarmple magnetized
to an intensity I in a positive field H. This value of I has
been reached by a series of reversible and irreversiblé steps
(see section 1.4) consisting chiefly of domain wall movements
and magnetization rotations. When the field is reduced and
finglly reversed, the change in magnetization is again due to
rotations, and domain wall movements,

If the size of the sample is reduced so that the multi-

domain configuraticn is inhibited, then the magnetization :
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changés within the particle must be due entirely to rotation

of some form or other., The éimplest mechanism for rotation of
the magnetization vector is that in which all the electron spins
are parallel at all times during reversal (6).

Before discussing this, it is perhaps necessary to
introduce two types of field associated with the magnetization
process. These are the coercive field Hc and the nucleation
field Hn. Hc is that reverse field at which the magnetization
becomes zero. Hn is the field at which the initially wniform
magnetization first becomes unstable. This nucleation field can
be best understood by considering a single domain ellipscidal
particle magnetized to saturation in the positive field
direction. In order to dislodge the magnetization from this
state, the applied field must in general overcome anisotropy,
exchange and demagnetizing forces. The field at which this
occurs is the nucleation field.

Coherent Rotation (6)

The process of magnetization change is governed by the
energies of shape, st?ess and magnetocr&stailine anisotropy
together with those associated with exchange and demagnetizing
effects. Initially though, only simple shapes and uniaxial
magnetocrystalline anisotropy will be considered. The stress
will be assumed to be Zero.

Consider the prolate ellipsoid shown in figure 2.1,
with pelar semiaxis 'a' and eduatorial semiaxis 'b'. At
equilibrium‘the total free energy density is given by

E = K sin2 g - HI COSQOL  sevsecensccsscnsscesns (2.1)
where K is the total anisotropy ccnstant. If Kl is the

magnetocrystalline anisotropy constant then

20
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DEFINITION OF ANGLES FOR

| THE PROLATE ELLIPSOID
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F1G6.2.2 Magnctization curves for prolate spheroids. The resoived magnetization i the pssdtive
field dircction is given by f; cosQL, where J, is the saturation magnetization. The ek,

H={N,—N) L wherc ?\

ars

I is given By

and &, are the demagnetization coellicients along the polar and « s
torml axes. The anslc, 0, between the polar axis and the direction of the freld, is shoven, in de arecs,
by the numbers on the curves. The dotted curves giv

i
¢ cosCl, and Ln:.(l where O jnnd Qlare the angles
made with the pesitive ficki direction by the magnctization vector at the beginnine and end of the

discontinuous change at the critical value, 4, of the ficld.

' 2
K=K, .+ 3I2(D, -D)

LU BB AL B I B A K K BB BN B BB B NN (2.2)

Db and Da_are the demagnetizing factors. There is no exchange

energy.

For stable equilibrium in a given field H, the

magnetization will point in a direction which makes the energy

a minimum.

i.e. dabE - 0

o e 2Ksinfdcos¢-HIs sin (6 - @)

1
(o]

This gives

K sin 2¢_- HIB sin (e—¢) O ceccsscone (2.3)
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If H is avplied along the polar axis © = 0, and if
# << 1, it follows that
I{n = --%{_ - -HK 90 02¢C2300000C0ODRIISOIRSIOTOEIDRETDNRTNS (20141'
5

where Hk is the anisotropy field. The magnetizatien is stable

in its original state as long as H ?-—"K/Is Let 'h' represent

a reduced field equal to H/HK"

Then h = HI
s

-3
Recalling that © = £ +X, equation (2.3) can be rewritten as

lSin 2(6"“—) -hSind« = 0 sevecevsavsercenos (2-5)

n

Now 'h' is equivalent to a field in the H direction.
Also, if I is the magnetization in the field direction, then
cos Ol is equivalent to a reduced magnetization {cos® = I/Is)'
Stoner and Vohlfarth (6) solved equation (2.5) for 'y' in terms
of th' and '©'. They used the resuits to produce maegnetization
curves for different values of © (see figure 2.2).

Several points are worthy of note. Firstly, the K in
expression (2.1) represents the total anisotropy. It is still
valid even if the magnetocrystalline ccmponent is negliéible.
In this case, the polar axis of the ellipsoid still corresponds
to an easy axis. This is the second poiﬁt; that the prolate
ellipsoid therefore possesses a uniaxial shape anisotropy.

Thirdly, the coercivity H, (or hc) is a maximum when the
field is arplied along the polar axis, and zero when applied
along an equatorial axis., In this latter case, no hysteresis
is observed. This is due to rotation which is completely

reversible.
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Normally in experimental work, an assembly of particles
is studied., If these are non-interacting prolate ellinsoids
oriented at random, then the shape of the resulting magnet-
ization curve will be an "average'' of all the individual curves.,
A reasonable guess at the reduced coercive force of the powder
.would be 0.5, By actual calculatioh Stoner and Yohlfarth (6)
found h_c = 0.479, and the reduced rcmancnce to be cos0l = 0.5.

The treatment of particles which have cubic magneto;
crystalline anisotropy and zero sharpe anisotropy is mo?e
complicated (7)

The anisotropy energy density for a cubic crystal
dépends on the magnetization direction according to the
. relation (1;#).

2 2

: 2 2
“ieee E'K = K+ Kl(o"l 0(/-2 + 0, 063

2 2 2 2 2
0y Ky WKy 0 0 )
Again the total energy density is given by the sum of

the anisotropy energy EK and the external field energy Eq

E = EK + EH
If rotatien occurs in the (OOi) plane, equation (1l.4) is
simplified to
B = Ky (1008 M) /B eeeireeeeennesaeinnns (2,6)
/\/K1¢2 for cosif — 1
The total energy is then given by
E = klﬂe - HI_ CoS(0 = @) veeveseccscecenass (2:7)

The equilibrium condition is given by

_dE = 2K1¢ - HI sin(e - ¢) = 0
ag s
If © =0 and @ <<1, it follows that

2K

L= K



This is the maximum value of the coercive force.
For an assembly of spherical particles with cubic crystalline
anisotropy, oriented at random, Néel (8) calculated the
coercive force to be

H = 0,64 K
c S —

I
5

1

There is however some question concerning this
calculation (9). For cubic érystals, it is impossible to
decide from energy calculations, which path the magnetization
takes during reversal. Calculations of the remanence of a
random assembly have yielded

Ir/Is = 0.832 for K,>0

Ir/Is = 0,872 for K1<; (o]

Even though a powder may contain partiéles thch have
cubic crystallinity, it may be that the effect of shape
produces a predominant uniaxial anisotroypy.

Other particlé shafes have been considered (6); for
example the oblate ellipsoid where b > a and also the general
éllipséid where a> b > c. B ’ ~

First consider an oblate elligsoid. Because of the
shape anisotropy, the equatorial plane is an easy plane;

i.e. any direction in the plane is an easy direction. The
polar axis is a hard direction, Because of the magnetization
reversal processes, hysteresis is ﬁot observed although there
is a discontinuity at H = O.-

In the case of the general ellipsoid, the magnetizaticn
no longer lies in the plane defined by the principal axis ‘'a’
and the field direction. Fortunately however, to cover most

i
cases, it is necessary to consider only prolate and oblate

24
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ellipsoids.
A sphere for example is simply & special case of a

prolate ellipsoid. Then, because Da =D = Dc' the shape

b

anisotropy is zero,

Incoherent. Rotations (10, 11)

The discussion so far has assumed that a single domain
particle in zero field remains so in an applied field, That
is, the magnetization I, rcmains everywhere uniform, even

] ' y ?

during reversal. This is the essence of coherent rotation.

. The discussion has also assumed thai rotation in unison is the

10West energy mode for the reversal of a single domain particle.
By usiﬁg that branch of magnetisn known as micromagn.-ics
(12, 13, 14) it has been found that other reversals mechanisms
of lower énergy can exist. These processes are known as
incoherent rotations. Although the mathematics are involved
and complicated, it is possible to discuss the results and
their physical meanings in simple terms., To do this the shapes
of particles have been restricted to simple geometries such
as cylinders, ellirsoids, and spheres. =

These incoherent modes of reversal are known by the
names curling, buckling (5, 12, 15), and fanning (11).
(i) Curling may be best understood by imagining a parallel
bunch of wires to be twiéted together. The direction of the
wires then gives the direction of magnetization. Because the
magnetization remains parallel to the.surface, no free poles
are produced. Therefore no magnetostatic energy is produced.
Cn the other hand both the exchange and anisotropy energies are
increased. Since the exchange forces are short range, the

field required to overccme them and initiate the curling mcde
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decfeases.with.increasing particle size.

(ii) Buckling is represented by a sinusoidal variation of
the magnetization vector. This fluctuation takes place along
thé direction of the original magnetization, and in a plane
containing this direction. In a plane perpendicular to this,

~ the spins are more or less parallel to each other, The
wavelength of the fluctuation derends upon the particle radius.
If the particle is cylindrical in shape, the wavelength tends
to infinity as the radius tends to zero. In this case, the
buckling mode can be avproximated to that of coherent rotation.
.For any finite radii the buckling mechanism procduces free poles
of alternating sign on the surface. This results in a lower
magnetostatic energy than in th; case of rotation in unison.
Buckling though ircreases the exchange energy. Even so the
total energy remains smaller than for coherent reversal.

(iii) Fanning is the reversal méchanism proposed by Jacobs
and Bean (11) to explain the magnetization processes in
elohgated single domain (ESD) particles. They suggested that
ESD particles are actually composed of chains of spheres. The
magnetization is assumed uniform for each sphere, and only
dipole-dipole interactions are considered. During reversal,
coherent rotation takes place in each sphere, but in the
opposite sense for adjacent spheres.

These incoherent mechanisms are shown in figure 2.3,
Reversal by one of these processes depends upon the particle
shape and size. These in turn determine the nucleation field
for a particular reversal., The mode of reversal is then the

one which leads to the least negative nucleation field.



Coherent rotation
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FIG. 2.3

MAGNETIZATION REVERSAL MECHANISMS
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Consider the following threec cases.
(a) The infinitely long cylinder whose axis is either parallel
to or inclined to some field has been treated by Frei et al (5)
and also Shtrikman and Treves (16).

At this stage it is convenient to introduce a reduced
cylinder radiuvs S which is given by,

S = b/b°

where b = A%/I
[o] 8

'b! is the cylinder radius and 'A' is the exchange constant,
In the buckling mode, the nucleation field is given by)
for 5K 1

HAar=2K = 2K
n e

'IS T
s

l-ans ....'..l.l'........... (2.8)

and for S>>1

-8 .
HnN-Z}( -2.58TEISS eSO 020 QBROSOO0BSRARID (209)

I
8

1

For S<< 1, the nucleation field approximates to that for coherent
rotation. For the curling mode in en infinite cylinder, the
nucleation field is given by

2

20e0cessoencscscsscese (2-10)

Hn = -ZKl - 2,16 TU ISS

I
5

The reduced nucleation field hn is p;otted as a function
of S for the different reversal mechanisms in figure 2.4, It
can be seen that at small redii the reversal arproximates to
rotation in unison, and at large radii the reversal is due to
curling rather than buckling. |

Rotation in unison, and curling mechanisms have been

studied in spheres and prolate ellipsoids bty Shtrikman and
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Treves (12) and others (5, 17). They have shown that these
two processes are the reversal modes for particles with small
and large radil 'b' respectively.

(b) TFor a sphere possesszing only uniaxial magnetccrystalline
anisotropy, the nucleation field is given by

for § S 1.4k

H

2Kl .no..u--.o'e.'.coo-o-ob--.ooo.o. (2.—(.1)

I
8

and for S > 1.4k

o= LTI -27T ISS-Z- 2K, cvocesonaas (2.12)
I3 3 I

S
a
i.e. for radii 'b' less than l.4% A</I_ the reversal mechanism
w
is by rotation in unison.
(¢) For a prolate ellipsoid whose semimajor axis is 'a' and -

semimninor axis is 'h', the demagnetizing factors are Da and Db'



If a field is applied parallel to the 'a' axis, the nucleation
field is given by,
for rotation in unison

H = =2
n ————

I
8

1- Is (Db-Da) s00vVveCrOOLOENINSOOOPOPRPDO (2'13)

and for curling,

H = 2K 2
n ——

I

1+ LD, - 2MKIS™ .eeieeiiiiiens (2.14)
s o

where k is a constant which varies from 1,08 for an infinite-
cylinder to 1.39 for a sphere. Equation (2;14) therefore
represents a general expression for the nucleation field for

curling. The reversal mechanism is again the one with the

least negative nucleation fielde For rotation in unison this

is independent. of the radius. However, the nucleation field for
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curling is strongly dependent upon the dimensions of the particle.

In the fanning mode, it is assumed that all the spheres
are isotropic, and that only dipole-dipole interactions take
place. It is also assumed that the spheres either touch at a
point or are slightly displaced from each other, ?he exchange
forces are neglected, The fénning mechanism then depends upon
three things. These are the number of particles in & chain,
the inclination of the chain to the field and also on whether
the ends of the chain meet.

Jacobs and Bean postulated two fanning méchanisms,
symmetric and nonsymmetric fanning. For symmetric fanning it
is assumed that the angle of fanning is constant along the
length of the chain, This applies for chains of two spheres
and for infinitely long chains whose ends meet. In aligned

chains of finite and semi-finite length an end effect occurs.
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Consider a chain of n spheres, each with a moment m,
and whose centres are separated by a distance r, Let a field
be applied along the chain, and let ¢i be the angle between the
magnetization of the  ith sphere and the chain axis.

For parallel rotation ¢l = ¢2 = Q& = @#. The total energy

is given by  (11)

2

m_

r3_

& 3

where K = 2 (n - 1)/ni
. n L=t '

. . -
E = n K (1 - 3 cos“¢) - nmH cos ¥

the coercivity is then given by

= - ( eversreNrI0s0es0d0eS . —\
ch. — ) -n-l3 6I|,n L N N ] (2 19"
r
For symmetrical fanning, ¢1 = -¢é = ¢3 = @. This

time the total energy is given by

E = m? nLn (cos2@ - 3c052¢>

r

+ m2 nMn (1 - Bcosa¢) - nmHcos#

3

r
Kn,kn 3 M, ale <cale -?Ea.c.,\‘ors o\ep@,\de,;\k on N,

where )

Iy (1)< < Va (n+1) 5
- (n - (21 - 1))/n (2i - 1)

Ly
t=1
: hn-2)e L s bn. ' :
M = ) P (n - 28)/n(21)°
(=1 :
K = L + M
n n n

this gives the coercivity for n spheres

= - nm (6K -""L) enDessascseesesss (2916)
- n n

r

cn

Thus fanning leads to a lower coercivity than rotation
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in unison. If the spheres are touching m/r3 = TC IS/G.

Experimentally measﬁred values of coercivity are
normally less than those predicted for ‘coherent rotation.
Incoherent rotations however lead to lower predicted values.
This then is to some extent indirect evidence of the existence
of incoherent reversal mechanisms.

Particle Anisotrovies (18)

So far only shape and magnetocrystalline anisotropies
have been considered. Other anisotropies do exist. These have
been neglected in the preceding secticns in an attempt to
simplify the mathematics. In an assembly of real particles,
the effect and type of anisotropy may vary from one particle to
the next,. Taken.over the assembly as a whole, the effects may
bé'small, but in localized areas they may become significant.
Other forms of anisotropy which occur are stress, interaction,
surface and exchange anisotropy.

The internal energy density Ei for a simple magnetically
uniaxial particle is given by (c.f. equation 2.1)

. E; = K sinaﬂ cocececvscsacesacses (2.17)
where the symbols have been defined earlier. If a particle with
no shape or crystal anisotropy is acted upon by a uniaxial
stress T', the magnetoelastic energy density Em is given by

L
B, = 2 AT sin’g corseserniieeniniens (2,18)
where )\s is the szitulratio_n magnetostriction constant. By
comparing equations (2.17) and(2.18) it can be seen that the
stress produces an eguivalent uniaxial anisotropy whose constant
is given by -

AT esesecscsossanassses (2.19)
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Interaction anisotropy arises in configurations
of otherwise isotropic sphefical particles, For example in
& chain of spheres the dipole-dipole intcraction between the
yarticles causes the axis of the chain to be one of easy |
magnetization,

The effects of surface anisotropy were discussed in the
introduction ‘to this chapter.

Exchange anisotropy is an interfacial effect between two
different magnetic substances (3). For example between an
antiferromagnetic and a ferromagnetic (or ferrimagnetic) material,
The effect has been observed in cobalt particles which have been
partly oxidised. Cobalious oxide is an antiferromagnetic
material with a\Néél temperature of about BOOOK. Pure cobalt
has a high Curie temperature and so is still ferromagnetic above
300°K. If a field is applied to the particles, at a temperature
not too far above 300°K, the cobalt moments will tend to align
whereas thosemin the oxide will hardly be affecteds On cooling
through the Néel temperature, the oxide moments may be affected
by spin-spin exchange interactions at the interface. Upon
reversal of the applied field, the moments in the cobalt are
reversed, but those deep in the oxide are unaffected. The net
result of the exchange aﬁisotropy is to shift the hysteresis

loop along the field axis.

Critical Particle Size (15, 20)
Early estimates of the critical size below which a

particle consists of a single domain were based upon comparing

'configurational energies of different models. In other words

the energy of a single domain particle was compared with that

of a particle which had a different magnetization distribution,
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Calculations were made for various configurations in zero
applied field, The size at which the single domain energy was
less than or equal to any other energy was taken to be the
critical size.

From the preceding sections it should be apparent why
there are serious objections to this method.

First of all the calculations were made for zero
applied field; that is, at remanence.’ Secondly it was assumed
that a single domain perticle in zero field;-remains so in an
applied fields It was shown earlier that this is not
necessarily so. Inétead the particle can reverse its
magnetization incoheréntly, in which case the configuraticn is"
not single domain in natﬁre. The moée of reversal is not
determined by the remanence, but by the nucleation field,

- There is another serious objéction to the method of
comparing configurational energieg. That is the implication
that at the critical size and in the absence of a field, the
single domain configuraticn can change spoxntaneously into some
other configuration and vice versa. This would result in the
disappearance of hysteresie at this point. It is therefore
insufficient to compare configurational energies to try to
obtain a value for the critical ﬁérticle size. Indeed for
larger particles, the incoherent processes sometimes peprésent
lower energy nodes.

Instead, the problém is te find that size below which
a single domain particle reverses its magnetization ccherently,

Three simpvlified cases can be considered. The first is
when shape anisotropy predominates, the second when

magnetocrystalline anisotropy predeminates, and the third case
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is when the two are approximately cqual.

(i) Dominant.shape anisotropy. In this case the nucleation

field for coherent reversal is given approximately by

HnN _IS(Db"Da) S0 002 rcRoB0I 00 e0 0080000 (2020)

This is to“be compared with the nucleation fields for
other reversal processes. The three shapes considered so far
are ellipsoids, spheres and cylinders, In the first two the
incoherent mechanism is curling. But in cylinders, buckling is
an intermediate process between curling and coherent rotation,
It can be shown though that both the incoherent processes lead
to the séme critical size. Therefore curling alone vill be
takgn as the incoherent reversal mechanism.

Suppose the particles are ellipsoidal in shape. There
is little or no magnetocrystalline anisotropy, hence K1 = 0.
Using the same symbols as before, the nucleation field for
curling is then given by equation (2.14).

H NS DI i 2TckI S_Z soseenessesvesees (2.21)
n a S 8

The nucleation field for spheres and cylinders can be
found by the choice of a suitable value of k. Comparing (2,20)

and (2.,21) gives the critical particle radius as

b = anA %- @000 S0V BSOHIPEIBONSODPOESOSSS (2.22)
¢ 2
DbIs
for a sphere, D, = 4LT/3, k = 1.39
Y 1
... b = 2.08A -E OO 600N S0P OIEBRESOSTISIOSOOSS (2'23)
¢ 2
X
5
for an infinite cylinder, Db = 2T, k = 1.08
... b = 1.08A % G 9 9 0 08 P00 B T RECBBERLNOOOEROLS (2.24)
c .
I2
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One interesting point is that for the sphere. Since

D = Da and K, = 0, it is purely isotropic. The nucleation

b 1
field and the coercivity are both zero. Therefore the critical
particle size is calculated at remanence.

(ii) Dominant magnetocrystalline anisotropy. In this. case,

the nucleation field for rotation in unison is

Hn = -ﬁZKl = Hc

I.
S

But this also harpens to be the nucleation field for
curling. The expression is independent of particle size.
Experimentally howevér, the coercivity of samples with large
magnetocrystalline anisotropy is found to be strong1y size .
dependent. .This is known as Brown's Paradox. Wohlfarth (18)

‘made a "very tentative estimate" of the critical size based upon
gimensiongl grounds. If only A and Kl enter the expression,
b~ (A/Kl)%

(iii) Equal shane and crystalline anisotropv. In this case,

-ZKl/Is enters both exnressions for the nucleation field.
Upon comparing thg two, it vanishes. Therefore the critical
particle size is again given by expression (2.22).

At the other end of the scale is the critical size
between single domain and superparamagnetic behaviour. This
point would be expected-when the energy of thermal agitation
kT is very much bigger than the energy barrier Kv, where k is
Boltzmanns constant and v is the particle volume. It has been
- shown that the size, above which single domain behaviour may be

observed must satisfy (21)
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Experiment has shown (22, 23) that the coercivity of
fine particles is size lerendent, reaching a meximum velue in
the range of single domainedness (see figure 2.5). This then

. provides an alternative definition for the critical particle
size (18). At sizes above this, inhomogenecus revérsals occur,
leading to.lower coercivities. As the size is increased, it
becomes more and more favourable for the formation of domain
walls; again resulting in a lowering of the coercivity.
Eventually, the coercivit& reaches the small but finite value
of bulk samples. |

At sizes below that for single domainedness a decrease
in coercivity is also observed. This behaviour is due to there
being an increasing probability of spontaneous reversal by
thermal activation.

As far as hard magnetic materials are concerned, it is

desirable to have a high coercivity whilst still retaining a
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high remanence to saturation ratio. These two reguirements
would seem to be fulfilled by the use of aligned single domain
particles. |

Real powders are not normally single siged, but have
a distribution of sizes. This ﬁeans that they are not
necessarily composed purely of single domain particles. In an
attempt to learn more about real particles, a number of

investigations have been carried out over the years.

Experiments on Fine Particles

Measurements that have been made on fine particles
have included those of magnetization, coercivity, torque and
remanence,

The saturation magnetization has been measuréd sc that
it can be compared with that of bulk material. Investigations
have also been made into thg size and temperature dependence.of
the saturation magnetization (24).

In an effort to produce new permanent magnet materials,
interest in the increased coercivity of fine particles runs high.
The coercivity has been measured as a function of size and
temperature (25)., In fact these two results can give
information concerning the behaviour of the critical size at
different temperatures. The angular variation of the coercivity
has also been studied (26). The significance of this is that it
can show whether or not incoherent reversals are operative.

Torque curves have also been obtained for fine particles,
To do this, the particles are aligned and then fixed in some

sort of binder or wax. This is subsequently cut into discs for
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use in a torque magnetometer., It has heen possible by this
method to obtain information about the anisotrovy of fine
particles (27, 28). Because the sample is in the form of a
disc, the shape anisotropy of the whole aésembly has no effect.
However the shape anisotropy due to the particles alone can be
assessed.

Other types of measurement have been made, but one of
the most important is that of remanence curves. Remanence
' curves are concerned only with irreversible changes whereas
hysteresis curves are determined by both reversible and
irreversible processes, Remanence can be acquired in a number
of ways.

The static remanence Ir(H) is that remanence which is
acquired after demagnetization, and the subsequent application
and removal of a d.c. field H. ID(H) is the de.c. demagneti-
zation remanence which is acquired by saturating in one
direction and then applying and removing a d.c. field H in the
opposite direction, Two other forms of remanence occur, the
a.c., demagnetization remanence I;(H) and the anhysteretic

remanence I__(H). -
ar

I;(H) is acquired after d.c. saturation and the
subsequent application of a slowly diminishing a.c. field of
initial amplitude H. Iar(H) is acéuired after the application
of a d.c. field H, superposed with a decreasing a.c., field of
initially large amplitude,

For an assembly of uniaxial non-interacting particles

there exist a set of relaticns between the remanence curves (29).



These are independent of the reversal mechanism (20) and are

given by
ID(H) = Ir(oo) - ZIr(H) 000 00ecnsevosane (2.27)
L) = I_(e0) - I (H) cereeereesennnes  (2.28)
Co LD = 1T (00) 4 LI eeeeeeneenennens (2.29)
2 2

(1 I (00) eriecasacesceasa  (2:30)

vhere experimental curves derart from these, the cause is
generally ascribed to interacticn effects (31),

In connection with tﬁe above relations, & field knowm
as the remanence coercivity Hr is intrcduzed. Hr iz defined

as the field for which the d.c. demagnetization remanence is

Zero0o.
i = evseocvsevencessos ?.07‘.
i.e. ID(Hr) 0 _ (2.31)
It then follows that,
1
Ir(Hr) = ID(HI'> - l Ir(oo) sseenoascoesos (20j2)

2

For a random assembly of non-interacting particles, it
kas been shown that (30)

Hr/Hc = 1,094

Actual experimental values of this ratio are usually
higher than this. This is thought to be due to a distribution
of anisotropies or shapes in real powders (29).

The idea of a distribution of anisotronies can be
extended to include distribution of particle sizes, shapes etc.
This has given rise to two mathematical possibilities. First,

given a particular distribution to calculate the magnetic

39
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properties of the assembly, and conversely, given the magneatic
properties, to calculate the distribution.

These seem to be formidable tasks, but in several casas
they have been attempted., Gaunt (31) for example, found a

distribution of anisotropies which produced a value of Hr/!{c

in agreement with his experimental value, On ithe other hand,
Johnson and Brown have used remanence curves in order to find
the distribution of axial ratios for ellipsoidal particles (32).
The distribution they predicted differed from that obtained by
direct observation (i.e. elecﬁron microscopy). Twe reasons have
been given, First, inéoherent reversals werc neglected; it was
assumed that reversal took place by rotation in unisaon,
Secondly, particle interactions were neglected.

The effect of particle interactions cannot be neglected.
In most of the preceding chapter it has been assumed that the
particles in an assembly are magnetically isolated from esach
other. This is unlikely to be the case fer real powders, unless
the particles are greatly dispersed. Instead, the particles
are expected to interact with each other.

An attempt has been made to assess both theoretically
and experimentally the degree of interaction. It is difficult
to measure é quantity which can be accurately describied as tne
Yinteraction factor'. In remanence curves for example, the
deviation of the experimental curves from the thecretical ones
is assumed to be due to interacticns. The difference in the
areas is then taken as a quantity which depends upon the amount
of interaction (18). Kowever, it cannct be taken as a reliable

measure for some mean absolute magnitude of the interaction.
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It would appear that "hardly any general conclusion can he
derived from experiment alone' (20).

Interaction effects should be small, provided the
particles are well separated or dispversed. The degree of
separation of the particles is given by the packing factor "p'.
" This is defined as the ratio of the sum of the vplumes of the
magnetic particles, to the volume of the whole assembly. The

coercivity is given hy

Hc(p) = Hc(p=0)(1-p) oo.e..coccoooonoo (2033)

Hence at very low values of p, the coercivity is hardly
affected.
It is therefore generally expacted thal experimentally

measured properties will be different from theoretical values.
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CHAPTER

FERROMAGNETIC MATERIALS

The choice of materials which can be produced in
micropowder form depends to some extent upon what is known of
bulk materials, Experience of the properties of bulk ferro-
magnetic substances would suggest that these may produce good
ferromagnetic particles. This at least provides some sort of
starting point.

However, due to the technological importance of
magnetism, there exist today a large awiber of ferromagnétic
materials. Even so, there are only three pure metals which
exhibit ferromagnetism at rocm temperature. These are iron,
cobalt and nickel. These elements all have unfilled 2d shells
which can act co—operativel&. As explained in Chapter 1, this
is the origin of ferromagnetism. Most cther ferrcmagnectic
materials are produced by alloying one or more of these pure
metals with each other or with other ‘non-magnetic' metals.
There are exc;ptions however. Somé ferromagnetic materisls do
not contain either iron, cobalt or nickel. For example the
so-called Heusler alloys.are based on the Cu-Al-Mn system.

The magnetic properties of these alloys depend upon the Mn-Mn
interatomic distances and upon the degree of ordering.

Some alloys have been produced specifically for use as
hard magnetic materials and some for use as soft magnetic
materials. Figure 3.1 shows the distribution of relative

permeability and coercivity for different magnetic materials (1).
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The object of the present investigation was to try
to produce micropowders whiéh poasessed hard magnetic
characteristicse At first sight the properties of bulk iron,
cobalf and nickel would tend to exclude them from this categorye.
However interest has grown because of the possible increase in
remanence and coercivity that might accrue from their particulate
form. These may then be suitable materials for permanent magnet
use.

The magnetic properties of bulk irdn, cobalt, iron-
cobalt alloys and nickel have already been extensively
researched. In addition some fine particles have been studied.
In an attempt to prodqce further information regarding.
micropowders, these materials were uéed in the present
investigation,. |

Another reason why these materials were chosen is that
they have relatively high Curie temperatures. The variation
of these temperatures with composition for iron-ccbalt alloys
is shown in figure 3.2 (2). For pure nickel the Curie
temperature is 358°C (3). Therefore the magnetization of these
metals is fairly insensitive to small temperature fluctuations
around room temperature.

In bulk specimens of iron~cobalt alloys the saturation
magnetization reaches a maximum near the composition F365C°35f
The dependence of the magnetization upon the composition is
shown in figure 3.3 (4). At room temperature (291.5°K) the
saturation magnetization for bulk nickel is 54.49 e.m.u/gm (5).

Another important factor in the magnetic propertieé of

materials is the magnetocrystalline anisotropy. The
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variation of the first anisotropy constant K1 with composition
is shown for the b.c.c. Fe-Co alloy series in figure 3.4,
The two sets of results come from Kittel (6) and Hall (7).
Cobalt can be hexagonal or face centred cubic at room
temperature, The magnetocrystalline energies are diffe?ent
(see Chapter 1).

However in the hexagonal form (8),

K.~ 5.1l x 106 erg/c.ce

1

K, ~ 1.0 x 106 erg/c.c.

2
and in the cubic form {9)

K, ~ - 8.3 x 10° erg/c.ce.

1

KZN - 106 X 104 erg/c.cc

where K2 is the second anisotropy constant.

For f.c.c. nickel at room temperature, the anisotropy

constants are (10)

K, ~ - b,5 x 10‘+ erg/c.co

K, ~ 2.3 X 104 erg/c.c.

2
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CHAXTER FOUR

EXPERINEINTAL TECHNIGUES

SPECIMEN FREPARATICN

The materials used in this investigation were either elemental
metals or alloys. The elemental metals were usually in the form of

thin wire.

The ali;ys were made by melting together the stoichiometric
quantities of the individual components in an arc furnace. The
melting took place on a water cooled EOpper hearth, in' the pfesence
of argon gas. The argon used was Purargon. Thét is high p%rity
argon with less than 3 p.p.m. of ‘oxygen. The components wefg melted.

together at as low a temperature as possible so as to minimise the

loss of material due to evaporation. The resulting flat bottomed

buttons were reversed and re-melted several times to ensure complete

alloy-homogeneity} The buttons were sliced into thin rods,uéing

.clean hacksaw blades, as this form was most convenient for later work.

The elemental metals used in this investigation had purities of

99.9%.

PARTICLE PRODUCTION

Ultrafine particles of the metals and alloys were produced by an
evaporation—condéﬁéétion techniques This technique was first used by
Beek (1) et al iﬁ theiﬁ study of the catalytic action of evaporated .
metal films. The metﬁdd essentially involves evaporating metal from

a hot filament.'-mﬁis is performed in a gas, usually inert, which is

at a low pressure (somewhere between 10™ ' and 30 torr). The apparatus

“ ‘used in the present investigation is shown in figure 4.1.

An evaporation chamber is connected to a diffusion pump and
rotary pump. Coming through the base plate are a pair of electrical

lead throughse. This enables a tungsten filament to be heated inside

the bell Jar.



gauze _ bell jar

A\

\ tungsten

B /filament
capsule gauges S -
0-760

torr | Al ] | .~ L'gasket
[ : T | '
Al )'bclffle-
valve
Penning
jggd}// W
i
Argon
in . Nt
diffusion - rotary
pump pump
FIG. 4.

EVAPORATION - CONDENSATION UHIT



A

The material to be evaporated was placed on the filament inside
the chamber. This was evacuated to about 10—4 torr and then flushed
with Purargon gas to reduce the amount of'reéidual air. The_bell ja
was re-evacuated, and argon allowed to re-enter. The gas flow was
adjusted so that at the required pressure it just counterbalanced the
pumping speed of the rotary pump. This ensured a continuous gas flow
at constant pressure. The dynamic method wag adopted in order to
speed the deposition and collection of the particles. In a static
s;tuation vhere the pumps and the gas bottle are isolated, the particles
acquire a low terminal velocity (2) and seem to hang_in the gas.

| The filament was heated by means of increasing and decreasing,
-alternately, the power through it. This was done by hand. About
10-15 cycles were necessary, and it ensured that when the material 'boiled'
and the particles were driven off, they were fairly free from contamination
by the filament (3). The evaporation takes about 30-45 Séconds by this
method. Particles produced were collected from paper placed in the bell
jar and on the hase plate. Transition metals and théir élloys were used
to produce ultrafine particles by this process.

After each 9vaporation the bell jar and base plate had to be cleaned
thoroughly using acetone. Every so oft;n the bell jar was cleaned using
benzene and Decon 90, Instead of usiﬁg-argon, the evaporation was
sometimes carried out in the presence of air‘at low pressure. This was
done to see if there was any appreciable increas; in the gxide content

of the particles, and how this affected the magnetic properties.

CRYSTAL STRUCTURE DETERMINATION

The crystal structures of the particles were compared with those of
the bulk materials. This was done by X-ray powder photogravhy, using a
Fhillips %60 mm circumference, Debye-Scherrer camera and cobalt Koy
radiztion. The film was analysed in the normal way and '¢&' values were -
computed uzsing a simple FL/1 compuber programme {sce Appendix B). Compariscn

1 vy

tetween the results for particles and the bulk material is given in Chapter 5.
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. BLECTRCN MICROSCOPY -

In addition to X-ray methods, elect;on microscope studies were
carried out-to determine the size distribution of the particles. The
particle; wefe allowed to settle on copper grids during evaporation.
Prior to this, the ggids had been covered_ih a thin film of graphite
so as to act as a substrate for the particles.

Initialiy, clean glass microscope slides were soaked in a weak
soap solution and then allowed to dry. These were placed in an ordinary
evaporator and covered.in a thin film of graphite. It was then necessary
to transfer the graphite from the glass slides to the copper grids. In
order to do this, the graphite film was cut into small squares using a
sharp razor blade. The slides were then slowly submerged in a clean beaker
containing distilled water. ' The water on the dry soavy surface of the
slides enabled the graphite squares to be floated from the glass. Copper
grids held b& tweezers were brought up undef the graphite so that the
square film covered the grid. These had to be dried carefully using

blotting paper since they could easily be damaged. The grids were stored

in small tablet capsules until they were needed.

MAGNETIC MEASUREMENTS

There are various methods of measuring magnétizatiohk These usually
depend upon any one of three basic effects produced by a magnetic sample.
They can be summarized as: '

(a) the measurement of an induced voltage or current due to the sample
(b) the measurement of the force acting on the sample
(c¢) the measurement of the magnetic field produced by the sample,

The magnetic properties of the fine particles in this study were
investigated using two pieces of apparatus which relied upon (a) and (b).

The first was the Pulsed Field Magnetometer (4) (5). This was used

to obtain traces of magnetization versus field on an oscilloscope.
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The magnet coil of a pulseé fieid's&stem can be considered £o
censist of an inductance L and a resistance R, tﬁe latter being due to -
.the resistancg of the coil wiﬂding and tbé_leéds. A mégnetié field can
be produced b& discharging a high voltage from a capacifor bank C,
through the magnet coils. The circuit then behaves as an LCR circuit.

The field thus produced is oécillatory, with an amplitude which decays
exponentialLy:i This damped S.H.M. is fypical of such circuits,

Pick-up coils;are placed about the sample inside the magnet. Signals
from.these coils are integrated in order to_ppoducé outputs proportional
to tbe field aﬁd the sample magnetization. Stray signals due to noise or
phase differences can be removed or partly removed by the addition of
compensating’ signals.

From the corrected signals, a hysteresis loop of magnetization against
field, can be displayed directly on an oscilloscope:

. The second piece of apparatus used in the magnétie studieé vas a
Faraday Balance lMagnetometer (6)-(7). Essentiélly, this measures the
apparent change in weight, or more correctly, £he force acting on a sample
in the presence of a non-uniform magnetic field. A signal proportional to
this force can be displayed on a pen recorder either as a function of field
or temperature.

More detailed accounts of these pieces of equipment are given in the
following sections. It should be noted however that neither gives an

absolute measurement, but each needs to be calibrated against some known

standard.
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THE PULSED FIEID MAGNETOMETER

The pulsed field magnetometer has been extensively covered by
Poldy (5) and Hunter (8), and only the salient points of the technique
will be outlined here. A magnetic specimen is placed in the centre
of a coil through which a stored charge may be passed giving an intense
magnetic field'pulse. Pick-up coils are used to measure the

magnetization of the sample (figure 4.2).

CONSTRUCTIONAL DETAILS

THE MAGNET

-Pulsed magnetic fields were produced by discharging a 2000 UF
capacitor through a coil which had been machined from a solid block
of beryllium-copper alloy (2% Be). The addition of beryllium increases
the tensile strength of the coil so that if does not distort easily-
under high fields. As an additional measure the ccil was potted in
araldite., The:method of charging and discharging the 2000|LF¥ capacitor
bank is shown in figure 4.3. The maximum voltage obtainable from the
power supply is 2 kV. This means that 4 kJ of energy is discharged
through the magnet coil. The time vagiation éf the magnetic field can
be found by solving the differential equation for the sum of the

voltages in an LCR circuit.

“lee Idi + iR - + g = 0O
dt C
OI‘ L_d_zoi. + R_d_i + _i_ = O EEEEEEEREN] ("".6.1)
dt2 dt

it time t = O, the capacitor is charged to a voltage V, and the

current is zero.
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The solution then is

i '—',y. exp -_BE SinWWt ®00eececsosssncoe ("'0602)
' L ] 2L w .

{l 2 %

where () = | _1 i

1C | 4L2

The form of the current is that of a sine wave whose amplitude is

decaying exponentially with time. . Now V/L () has the dimensions of

current.

v
1w

o... i = i' e.xp [— Rt Sinwt  EEF R ENFNTNRY X (l"o603)

The resulting magnetic field will have a similar form (c.f. 4.6.6)

1oeo.H(t) H exp (-xt) . Sinwt sceessvenseess (4.6.’1’)

vwhere 7\ R

2L

To make the exponential term as close to unity as possible,

the resistance of the coil and associated leads is kept as small as
possible. This is accomplished by making the magnet windings of large
cross sectional area, and using large diameter connecting leads. The
resistance can also be reduced by immersing the coil in liquid nitrogen. -
The period éf the magnetic fieid of such a system was found to be about
2.5 milliseconds, and the maximum field about 150 kOe. Such a large
field however was not needed for the present investigations. The form

of this magnetic field is shown in figure 4.k4.

Field Measurement

The magnetic field produced by the pulsed magnet is measured by
means of a pick-up coil wound with a total of thirty turns. This coil
is placed close to the sample but not so close that it is affected by

the magnetization of the sample. Therefore the coil does not give .
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FIG. 4.4 .
Variation of field with time using the pulsed field magnet

the true field at the sample which is in the maximum field position.
Although the field is a function of position as well as time, Poldy
points out that the time depeﬁdence is not a function of position at.

a given time t. Therefore the field in the H coil is prbportional |

to the field at the sample. However the output from a single coil will
vary with position making its lécation criti?al for-accurate measurements.
This.difficulty is overcome by winding the coil in two halves, one above

and one below the centre of the magnet. A slight change in the vertical

_position of the pick-up coil results in an increase in signal from one

coil which is counterbalanced by a decrease in signal in the other.
The signal is therefore insgnsitive to slight.vertical movements.

The output from the pick-up coils is proportional to dH/dt. To
obtain a measure of H, this signal must be integrated. This was done

electronically using the circuit shown in figure 4.5.
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' Calibration of the H-signal

Poldy describes two methods of H calibrafion. The first relies
upon oﬁserving the M versus H curve.for a substance which has a known
critical field; and the second method which is less direct is concerned
with calculating the sensitivity of the H signal from first principles.

In the first case, Zn Craséu-was usede. The critical field value
of 64kOe was used for calibration purposess This was the method that
Poldy and Hunter both preferred to rely upon for accuracy. However,
Hunter in later work (8) points out that the size of the critical field
is dependent upon the rate at which the external field is applied.

This implies that the exﬁerimentql determination of the H calibration
may not be so reliable. Poldy's theoretical estimate still relies upon
several electrical measurements, each of which may introduce errors.

It is possible however to calculate the H sensitivity by taking only
one 'electrical' reading. That is the deflection produced on the
oscilloscope for the maximum field. The latter can be found as follows.

For maximum or minimum field,

di dH
it - at 0
This gives . tarlwtm = -2_11_(*) [EEEEEN NN NN NN NN N) ("".6.5)
R

where t_is the time for maximum field

1]
o :i.m = i exp - Rtm_ Sin U)tm
2L

and for a solenoid
Hm = ﬁ . (A/m)
]

i exp - Rtm Sin (.Utm escee (’+.6.6)

I
Vs e

Hence Hm =
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If T is the period of the oscillation then,
WT = 2T
from the display of the field, (figure 4.4)

T = 25107 &

w -1

2.51 10° =

also from the oscilloscope trace,

t = 0.60 1077 s

m
..l w tm = 1.506
(4.605)—5— 2LW = tan (10506) = 15ol+

R
..O __R_ = w = 163

2L 15.%
Let A = exp (- Rtm:l Sin Wt

2L
Then = A = exp (- 163 x 0.6 x ZI.O"3 ) Sin(1.506)
= 0.905

Hence the maximum field

te=]
1

ni' x (0.905)
Z

nV x (0.905)
ZTw '

The inductance L can be found from the dimensions of the coil

L =T p,n°r?/) ~ 25Uun

=}
i}

36, V=2kV, {= 0.09 metres

.e
°
==l
n

1.15 x 10’  A/m

144.5 kOe

This figure agrees quite favourably with that obtained by Poldy,
lying half way between his estimated values. -

This field produced a deflection of 5.2 cm on the (x1, 200K) setting.
Thus the sensitivity of the H axis of the oscillogram on this range

is 27.8 kOe/cm.
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It is also interesting to calculate the theoretical value of

resistance R,

R
5 = 163
L = 25 10‘61{
o -
< R = 8.2 10 70ohms

It is now possible to find the H sensitivities of the other ranges

thus enabling estimates of the coercivities of different samples to be

made.

Magnetization Measurement

The magnetization of a specimen is measured. by means of a pick~up

_coil placed close to the sample. The output from this coil is dependent

upon the rate of change of magnetization, dM/dt, of the sample, and also
upon the rate of change of fieid dli/dt. By removing the dH/dt component,
it is péssible to integrate the remaining signal to find the magnetization
of the specimen. |

To remove the effect of the applied field, a second identical
pick-up coil is wound in series opposition to the first. Therefore in the
absence of a sample the total output should be zero. However the two coils
are in different fields, the first one being in the maximum field position.
This results in a non-zero signal which can be balanced out electronically
by adding part of the signal from the H pick-up coils,.

As in the case of the H coils, the above system would be sensitive
to the position of the coils. To overcome this the second pick-up coil
is split, and each half placed symmetrically above and below the first coil.
A complete circuit for the M and H detection system is shown in figure 4,6,
With the H dependence removed from the M pick-up goils, the signal can be
integrated using the circuit shown in figure 450

Ideally, with no sample, the M against H dieplay should be a

horizontal straight line. However, because of eddy currents, the trace is
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found to have an elliptical shape. The amplitude and phase angle of

the ellipse can be minimised by adding a correction signal of equal

and opposite amplitude and phase. This.aignal is obtained from a pair

of coils called the Phase Shift Coils (figure 4.6), and is added to

the M signal. The required phase shif£ is obtained by varying the

potentiometer P2, and the correct amplitude by varying potentiometer

P3. When taking measurements these potentiometers were adjusted to

give a no sample trace which was as close to the horizontal aé possible,
To allow for residual eddy current noise, oscillograﬁs with and

without samples were obtained af identical applied fields. The noise

components could therefore be subtracted off,

The Centring Coils

To be sure that any calibration hoids for all samples, it is

| imperative to ensure that all the samples are measured in the same field

position.s This in fact should be the maximum field position.

Tollocate the sample accurately at this point, a pair of coils
called the centring coils are employed. These are wound in opposition
and placed symmetrically above and below the maximum field position.
When centring the sample, the M integrator is switched from the moment
coils to these coils, When the sample is half Qay between the coils, in
the maximum field position, the output is zero. If the sampie is

anywhere else, a hysteresis loop is produced. This then is a simple

method of centring the specimen.

Calibration of the M signal

The saturation magnetization of iron is known accurately and this
was used for calibration purposes. Several powdered iron samples were
used in the magnetometer, and the resulting hysteresis loops pbtained.
The size of the saturation signals Ms' in millivolts was plotted against

the mass of the samples (see figure 4.7).
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The gradient of this graph is given by

AMs signal inmv = 167 = 1.67
/\ mass of sample 100

The specific magnetization of a sample is given by

k x Msignal in mv
mass of sample
in mgm

o

For the iron standard

OB(Fe) kog

... k

g_(Fe) = 218 e.meu/V
—-'BE'—' 1037

Thus for any sample

O (sample) = 130.5 x Msignal in mV
mass of sample in mgm

The units of U are then e.m.u/gm

Using the pulsed field magnetometer it is thus possible to measure
magnetization and coercivity for different sampleé. However for the
. particles ﬂﬁder investigation there is soﬁe doubt on the accufacy of
the magnetization results obtained by this methode The reasons for this
are two fold although they may appear to be synonymous.

Firstly, the amount of material was small and the errors in
weighing were greater than if a larger sample had been available. In
addition there was a limit to the amount of material which could be put
in the sample holder. This was because the packing efficiency of the
partic}es was low, and the volume was filled with a comparatively small

—~

mass of powder,

The second reason was that with such small amounts of material,
the signal was small, and in some cases was comparable to the size of
the noise component.

The samples under investigation generally had high Curig

temperatures. This meant that even the room temperature magnetization
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was on the upper, more constant part of the Briilouin curve.
o \
Therefore although the measurements were made at 77 K the

magnetization results should not differ too much from thos=

-expected at room temperature.

THE FARADAY BALANCE MAGNETOMETER

Princinle of Operation

A Faradey Balance Magnetometer for susceptibility and
nagnetization measurements was designed and constructed in the
laboratory. The principle of operation relies upon the fact

that for a specimen magnetized in a field Hz and field gradient

de/dz, there exists a force F, on the specimen.,

This force is proportional to the susceptibility per unit

mass of the specimen, In the experiment, an electronic

balence was used to measure this force, The balance had a

direct pen recorder cutput. This made it possible to display
on an X-Y recorder, traces of force versus field and force
versus temperature. A blcck diagram of the gystem is shown

in figure 4.8.
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Construction of the Magnetometer

In order that the wagnetometer be versatile, that is,
that it could be uéed for a variety of oxperiments, it was
designed to take different demountable fittings, So that low
temperature work could be carried out the system was designed
to accept a cryostat. This enabled materials under investi-
gation to be cooled to liquid helium temperature. At room
tenperature the cryostat could be left in place, or removed
sc that & simpler arrangement could be employed. These two
modifications of the magnétometer are shown in figures 4.9a
dnd 4,9b,

1. Solenoid, gradient coil, and power sunpliss

The magnet used to produce the field HZ was an oil
coocled solenoid. - Originally, thé solencid hed been cooled by
water but this led to electrolytic decomposition of the copper
windings. This had the effect of producing locelized hot spots
due to thinning. Paraffin was tried as a céolant but this
tended to perich the rubber seals, which had to be replaced
periodically. Finally, transformer o0il was adopted as the
coolant, A table comparing the different ccoling agents
relative to water, is shown below (2). (The values given afe

average values)

Transformer
Water Paraffin il

‘Specific Heat 1 0.51 0k
Viscosity 1 0,50 S

Conductivity 1l 0.20 0.22
Density 1 0.80 0.88

" Latent Heat of
Vapourization 1 0.065 0,067
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The transformer oil was pumped throuvgh the solenoid
within a recirculating system. Since the cooling efficiency
of the oil was inferior to.that of water, the closed
circulating system was jacketeg by three additional heat
exchangers, These were cooled directly with water from the
main.

It was also found that the rubber seals perished to a
lesser degree when transformer oil was uszed. The solenoid
itself was wound with cépper strip in the form of 'pancakes',
Within each pancake, one turn of copper was insulated from the
heit by nylon fishing line which had been twisted round the
copper strip, Alternate pancakes were oppositely wound and
interconnected alternately at the centre and cutside. This
ensured that when they were all connected, ihe field due to
each one wasg in the séme direction. ZEach panceke was insulated
from the next by the insertion of thin tufnol spacers. The
solenoid was enclosed in a brass cylinder which had tufrol end
pieces, The terminals for the solenoid were breought out through
these end plates, '

The power for the solencid was derive& from a Brentford
Stabilized D.C. supply. The solenoid had a ncominal resigtance
of 1 ohm, The voltage across the solenoid could be swept up to
120 volts for a current of 120 amps. However, the magnet could
only be run continuocusly at 50 volts. Continucus running above
this voltage led to excessive heating, .The supply had two
modes of operation. These were the current.stabilized and the
voltage stabilized modes. For the purpose of.this experinent
the supply was operated in the former. The current

stabilization overcomes any variation of field due to
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resistance changes which may have resulted from heating effects,
The magnetic field due to the solenoid was calibrated using a
fluxmeter and Hall probe. Details of the calibration togetiier
with the granhs are given in APPENDIX A,

At a constant current, and hence a constant field, the
field gradient at any given point inside the solenoid was
constant, However when the ficld was varied, the field gradient
changed. This variation of the field gradient for different
values éf magnet current is shown in figure 4,10, For force
measurements, it was desirable to have as few variable parameters
as poésible, i.es to have only the field varying at constant
temperature; or the temgérature changing at constant field. To
overcome the changing field gradient, it was necessary to inseri
a supplementary gradient coil into the centre of the solenoid.
This produced a constant field gradient, It will be shown latesn,
in the section dealing with the interpretatidn of meagurement,
that the gradient due to the main solenoid can then he subiracted
out. The power for the supplemerntary coil was derived frem the
24 volt D.C. wall suﬁply which had an A.C. ripple of about
2 volts amplitude. This was smoothed to about 0.2 volis using
the circuit shown in figure 4.1l. 1In order that the current
through the gradient coil could be controlled, a large rheostat
wvas placed in-serieé with the coil. This also acted as a
current limiter, ensuring that the current through the ceil was
well below the safety level. A meter was included in the
circuit to monitor the coil current, which was kept below five
amps.

The field signal for the X-Y recorder was obtained by

tapping off the voltage across the current reading meter of the
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Brentford power supply. The impedance of the recorder was 1 H()
and that of the meter 20Q), so no appreciable current was drained
from the meter.

The solenocid, together with the gradient coil, was mounted

" upon a metal framework which fcrmed part of a hydraulic jacking

system, This enabled the sovlenoid te be raised or lowered to any
height, and alsc nade it easier to remove the glass dewars. The
tota’l movement of the magnet was 48 cm.

2o The Balance and Electronics

The force on a specimen was measured using an g¢lectronic

microforce balance. The model used was the 2CTS, made by

C.I. Electronics Ltd. The balance head was mounted ir a detachable
glass envelope. This was fitted with two male B34 joints, which
enabled the envelope to be sealed up and evacuvated., It could then ;
be laeft under vacuum, or repressurized with helium gas.

The basic bélance head construction is shown in figure 4,12,
The balance arm or beam was made of an a1uminium-berylliﬁm~copper

alloy. It was thus strong as well as being light. The beam
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carried a shutter which was positioned between a lamp and a
pair of silicon photocells. These cells electronically
detected the balance condition. The centrc of the beam was
attached to a movement coil. This was free to rotate in a
magnetic field when a current fliowed through its windings.

The bvalance condition was maintained by an electronic
servosystem which acted in such a way as to maintain equal
illuhinaﬁion on the photocells. These phctocells form part
of a sensitive bridge circuit. The actual electronics are
not shown but the principle is illustrated in the simplified
circuit in figure 4.1%. In equilibrium, the photocells have
equal resistance, and so no bridge curreant flows. A slight
displacement of the beam upsets the balanée conditions This
results in unequal illumination of the photocells, causing
their.resistance to change. ‘This in turn produces z bridge
‘current which flows through the movement coil, giving rise to
a restoring torque. The torque is sufficient to return the
beam to its original positiqn minus the slight deflectiocns
inherent in any servosystem.

Associated with the balance head is a ceontrol bex and a
matching box. These contain most of the electronics, and enable
- an electrical output to be applied to the pen recorder. The
control box could be switched to operate off a battery or off
the mains, In the present experiment it was mains overated.
The primary functions of the control box are to zero and
calibrate the balance output. The zero facility enables
eiectrical taring of up to 21.79 mgms by the use of the coarse,
medium and fine controls. The balance is calibréted by
vieighing known standards and adjusting the output., There is

a calibration control for each of the five ranges.
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" The matching.box is placed between the control box and thé
.‘péh-recorde¥; fhe ﬁaiﬁ.rqle of this is to match the output of
the bﬁlance to the input of tﬁe recorder.

. The matching box has three controisa: The ratio c&nﬁrol
is really a poﬁential divider and effectivély increases the
| scale déflections intermediate between those normally obtained
from the recorder.. This increases the accuracy of the device.
The rétio control also ens;res that an impedance of 5000 ohms is
presented to the balance. The second control is the set gain
control, which provides a vqriable calibration facility for the
pen recorder. The third control is for démping. By means of a
_ swiich, diffqreni amounts of damping could be introduced to reduce -
the.'noise‘ levels The switch simply iﬁtroduces more capacitance
into thé network; the larger the capacitance,.the greater

the damping. The higher levels of damping were found to be
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unacceptable in the present experiment since these led to an
increase in the response time of the balance. Therefore the
electrical damping was kept to a minimum.

3. Mechanical Considecration

The glass envelope which contains the balance head was
mounted on a trolléy. The platform of the trolley was
constructed from 'dural', and was mounted on stainless steel
bearings which were used as wheels, The trolley was free to run
iﬁ tracké at the top of a heavy duty metal frame.- The purpose
of the trolley was to simplify the loading of the balance.

As can be seen from figures 4.9a and 4.Sb, for room
temperature work, the speéimen tube was simply a glass one which
mated up with the B34 fitting on the balance envelope. It was
then held in place by means of an édjustable slider. For low
temperature work, a more elaborate system was requireda This is
shown in figure 4,14, The brass header shown is in two main
pieces. These bolt iﬁ place on the lower pliatform to provide
vacuum sealing for the specimen tube and the inner dewar, The
speeimen tube is fixed in placé by means of the gland nut and
'0' ring, The inner dewar seats on the rubber gasket shown, and
is secaled on the outside with a rubber sleeve, DBetween the brass
header and the balance is a jointed semi-flexibvle coupling. This
incorporates a.bellows system which serves two important purposes.
Firstly, when depressed it provides more room for loading and
unloading specimens. Secondly, it ensures that no undue strain
is exerted on the glassware should there be any misalignment.

- Another gland nut is incorporated in the top header plate. This
allows the insertion and sealing of a stainless steel half

"transfer syphon, The lower platform to which the brass header
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£

bolts, ig elso made of brass. Being large and thus heavy this
helps fie stability of the systen. The platform is slotted so
that the header can be slid out of position, and also to allow
some horizontal adjustment for alignment purposes.

For the low temperature work, thé specimen tube used was
made of a non-magnetiec cupro-nickel alloy. To ensure that the
specimen tube remained central and did not vibrate in the dewar,
a tufnol and perspex 'spider' was made to slide cver the end.
Into the lower.end of the specimen tube was soldered a double
electrical lead through.

L, Temperature Measurement and the Vacuum System

A copper~constantan thermoccuple was made by threading the
wire threugh P.T.F.E. sleeving. The junctions viere Tormed hy
welding the ends of the wire in a hot gas flame, The electrical
lead through nentioned above enabled one cf the junctions to be
mounted inside the specimen tube. The fhermocouple wires ware
also soldered into lead throughs in the brass header, This
allowed the reference junction to he placed in an external
nitrogen dewar., This method of temperature measurement is not
really satisfactory for twe main reasons., Firstly, spurious
temperature diffefences inside and outside the brass header
prodﬁce a thermal gradient across the lead throughs. This can
result in larger e.m.f.s. being abserved. The second and most
important reason is the fact that the thermocouple junc?ion is
not in direct contact with the sample. This leads to a
difference bhetween the observed temperature and the true
tehperature of the specimen. Since the thermocouple junction is
lower than the sample it would be expecied that the observed

temperature would be on the low side. It may however be
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necessary to consider such factors as the relative heating and
cooling rates, and also the heat capacities of the materials
used. For the present, a simplified approach has been adopted.
Obéerved transition temperatures for different rare earth
materials were compared with the true temperatures. This
enabled a plot of observed temperature against true temperature
to be mwade. (Figure 4.19) |

The vacuum system allowed separate evacuation of the
syphons, dewar walls, balance and specimen tube, and the inner
dewar. It was also possible to flush with helium gas. A
bloék diagram of the vacuum system is shown in figure 4,15, 1%
should be noted that the talance head and sbecimen tube could bhe
isolated from the inner dewar. This enabled either to be let.up
to air jndependently.

5« Specimen holders and suspensions

The basic specimen holder used in the Faraday balance was
a small fused silica bucket. This was light in weight and small
enough to fit inside the specimen tube. The bucket was suspended
by a fine fused silica fibre, .The top of the fibre was connected
to the balance via a light chain of stainless steel fibres.

For investigations on loose particles the plain bucket was
used. In the case where fixed particles were studied, secondary
specimen holders were made., These were fabricated from perspex
rod into one end of which a small hole was drilled. The
partiéles were introduced into the hole, and fixed in place
using wax. (Wax was used since this would not produce too much
stfain on the particles). The small perspex holder then fitted

easily into the silica bucket,
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6. Consideration of Undesirahble REffects

In setting up the wmagnetometer the effect of external
influences had to he considered, It was required that the
balance be as sensitive as-possibles To retain meximum speed of
response the electrical damping was reduced to a minimuwae
Therefore any effecis éoﬁtributing 'noise' had to he eliminated
or at least reduced to an acceptable level,.

The framework supporting the balance was fairly heavy and
stable, This was bolted to the floor to help the rigidity. The
siting of the magnetometer was in a part of the laboratory fairly
freé from vibration from generators., The vacuum pump was placed-

well away from the balance head. The tempecrature of the

laboratory was fairly constant over a particular run of the

experiments. In order to avoid draughts, windows-in the
neighbourhood were kept closed. Since the balance depended on
light to function, changes in background illumination had to be
avoided. This was achieved by covering the balance head with a
sheet of semi--opaque mylor. Loading the balance couvld produce:
noise., It had to be loaded gegtly to avoid shock and reduce
pendulum effects. Air currents can cause beam motion due to
buoyancy changes.- For this reason evacuation and flushing of
the system had to be done with the utmost care. With practice
it was possible to reduce appreciably noise from most sources.
However the pumping of the coolant through the solenoid still
produced somé noise. It is envisaged that this will be
eliminated by the use of a super—conducting.solénoid.

Setting up and Operating Procedure

It can be said that the Faraday Balance Msgnetometer was

designed to work in two principal modes of operation. Firstly
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to measure magnetization versus fiecld at constant temperature,
and secondly to measure susceptibility versus temperature at
constant field. Initially though, the system had to-be set up
and calibraterd,

By the use of spirit levels and plumb-bobs, the ﬁalance
and magnet were aligned during thes construction. The solenoid
was calibrated and these results are given in APPENDIX A.
Before taking measurements the balance had to be zeroed and
calibrated. Also the optimum positicn for the -sample in the
solenoid had to be determined,

An empty spgcimen pan and counterweight pan were attached
to the balance beam, and the head sealed up. Thi% was then .
evacuated. The balance was switched on and allowed to warm up
for about twenty minutes. The zero adjustmgnt controls werse
turned fully anticlockwise, and then the fine control advanced
about five turns clockwise. By advapcing the coarse and medium
controls about four or five turns clockwige, the balance was
zeroed first on the least sensitive range, and then successively
on the more sensitive ranges.' The most taccurate! zero was
obtained on the most sensitive range, and this was then valid
for each of the other ranges. Once the balance had been
zeréed, it could be calibrated, This entailed placing standard
weights (2, 5, 20, 50 and 100 mgms) in the specimen pan.
Depending upon the range, the observed weipght could be matched
with the true weight by altering the calibration controls on
the side of the cabinet. Between calibrating each range, when
a different weight was in the pan, the vacuum in the head was
allowed to 'settle', This ensured a reduction in the noise

level, It was important that once a range had been calibrated,
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the corresponding control associated with that range was not
touched again except when re-calibratling. Thé balance was
found to remain calibrated over long periods of time.,

The efféct of the zero contrel is not.quite so critical,
Once calibrated, the balance need not remain zeroed. It is the
difference in weight due to the action of the magnetic field
which is important. In fact the zero control can be used for
electrical taring.

Viith the balance calibrated, it was ready for use in the
megnetization measurements. |

The position of the sample in the solenoid for magnetiza-
tion measurements was different to that for svsceptibility
measurements. In each csse, the position of the sample for
maximum signal strength was found., The relevant suspension
lengths and position of the solenoid are shown in figures L.16a
and 4.16b. |

1. Magnetization vs Field

For magnetization versus field measurements, the solenoid
was jacked into the ﬁpper posi%ion and bolted in place, The
position of the sample was chosen such that the field gradiént
due to the solenocid at that point was a minimum, and the field
a maximum, The constant field gradient Qas obtained from the
supplementary coil thch was inserted in the solenoid.

With the power to the solenoid and coil switched off; a
sample was suspended from the balance and the specimen tube
fastened in place. For the purpose of calibration, an iron
sample, whose mass and nagnetization were known, was used. The
beam was approximately balanced by carefully loading weights

into the counterweight pan and observing the meter needle



122 cm. 86.5¢m.
=I1BRI
i
ey [
R L
1] 1y
| - L]
bl »
(a) T (b)
Susceptibility Room Temperature -
Versus Magnetigzation
Temperature _ Measurements
Measurenents -

FIG. 416

SUSPENSION LENGTHS



70

deflection, IT it had been nccessary, absoluile zeroing could
have been accomplished by.electriral taring. The balance head
was then sealed up and evacuated. Power was applied to the main -
solencid only and the current increased to-give a field of ahont
2kOe. This produced a deflection on the pen recorder implying
the presence of a field gradient. The signal was reduced by
finely adjusting the height of the solenoid so as to give a
minimum reading. The supplementary gradient coil wes switched
on and a new deflection obtained., This was maximised by
carefully adjusting the ﬁosition of the c¢o0il ineide the solenoid.
The system was thys ad justed to give maximum ocutput., A plet of
the force acting on the specimen as a function of field was thu;
produced with and without the effect of the gradient coil. It
was found that to reduce vnwanted hysteres;s effects,; the
gradient coil should be switched in and oﬁt during one field
sweep. This is shown in figure 4.17. Of course the force
acting on a sample could be increased by increasing the current
through the gradient coil, but this would mean re~ca1ibrafion
at the new value of current. 'Plots were also made with ne
sample. These zero runs produced no background signal,
It was thus possible to produce magnetization versus

field curves in the first quadrant. In order to obtain
information in the second quadrant it was necessary to reverse
the polarity of the main field, and leave the gradient field

as it was. Ccercivity values could therefore be determined for
the particles, In the third and fourth quadrants the
magnetizafion becomes negative., To observe the resulting
'negative' force, it was necessary to 'back off!' the bhalance.
-As a result it was possible to produce a complete hysteresis

loop for a particular sample and also to measure remanences
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due to different magnetic histories.

[ad

2. Susceptibility vs Temperature

For measurements of susceptibility against temperature
the dewars and brass header have to be incorporated into the
system. This makes it possible to operate the magnetometer
in the temperature range 4,2%K - 300°K° The essembling
pfocedure for this system is outlined in APPENDIX C., This
time the sample is placed in a different position.. The field
is kept constant and hence the field gradient is constant.
Therefore there is no need for a supplementary gradient coile.
The position of the sample is chosen such that the wroduct of
field and field gradient is a maximume. The reason for this
can be geen frém section 4,7.3., A graph éf deHz is shiowm

Tdz
in figure 4,18, Fine adjustment of the specimen position is
more difficult in this case. TIirstly there is a maximum
height to which the solenoid can be raised due to the dewars,
and secondly there-is a limit as to how far the speciman tube
can be lowered into the inner.devar. It is possible however
to locate the sample in the operatin;; position, taking care not
to allow the silica bucket to touch the thermocouple junction.
In fact it was found that the graph in figure 4,19 holds very
well whether the bucket is close to the thermocouple or up te
4_cm from it. The additionallefror in the observed temperature

only being about 2 degrees.

INTERFRETATION OF MEASUREMENT

Jt was stated earlier that a specimen magnetized in a

field H2 ol gradient dH?/dz, experiences a force F .
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This force is given by

F = Q [¢

jon

=

1 coscsssovscsoveco (4.751)

(=3

2

where Qy is the dipole meoment in the z direction (4.).

For a paramagnetic sample,

QZ = mXHZ eMPoO e OO LORCONS (’4.702)

where m is the mass of the sample, and X is the susceptibility

per unit mass,

o.o F = mXH dH?. . desosoeeceacssoces (’+o703)

dz
Now the electronic balance produces an output which is
proportional to the force. If the balance is calibrated, then
the force can be simply expressed in terms of the deflection D
of the X-Y recorder.

iceo FZ = A-D. ’ PO RCOEODROOPOOIGTD (!"0701“)
vhere A is a constant,
Combining expressions (4.7.3) and (4.7.4) and

rearranging gives

X= D -_A__ c00080CPOG600QGRODC (40705:’
mH dH '
z _z
dz

. For susceptibility measurements HZ is kept constant. This

means that dHZ will remain constant., H” can be found from

dz
the calibration of the solenocid. By using a suitable specimen,
it is possible to find the constant

c = A

It is therefore possible to determine the
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susceptibilities of différeﬁt samples. The method can also

be uscd to obtain the variation against temperature of the.

initial susceptibility of férromagnetic materials,
Expreasion (4.7.5) can be rearranged to give

D = mXHZ de svesoseesscesceone (l+5706)
L dz

This shows that the signal will be a maximum when the preduct
Hz dHZ/dz is a maximum. (Sincern,x, and A are constant for
a yarticular sample)e.

For a ferromagnetic sample the dipole moment is expressed
by

Qz = mO an.sacoevoocooooao ;-"}0707)

where J is the speciiic magnetization. Tlhat is the
magnetization per unit masse. For ferroumugnetic svbstances
one of tﬁe most important characteristics is the saturation
magnetization. This means sweeping the field until the
material saturates? Varying Hz however, causes de/dz to
change., For this reason the supplementary gradient coil is
utilizeds The field gradient-due to this coil is dhz and
dz
this remains constant even as the main field iz swept.
A ﬁgasure of the magnetization can be found by sweeping the
field with and without the additional gradient. The difference
between the two signals gives a true indication of the
magnetization,

Taking expressions (4.7.1), (4.7.4) and (4.7.7) gives

0= _‘1____1_). oecDBsOLEOCOC OO ORE O (’-i.7-8)
n dH7

dz
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In the presence of the additicnal field gradient this hecomes

modified to

m [ aH dh
-z, 2
_dz © dz

]
where D is the new pen recorder deflection. Rearranging and

d: 99600000 ussDO (11"-7-9)

>

subtracting these two exrvressions gives,

' -
(D -D)= Om JaH . dh_ aH
A &z t T T 4
= _g__m dhy
A dz

o.: d= (D' -D) A s000COOBOCORQROOTDC <l+a7010)
m dh_/dz

Again by using a suitable calibration specimen it is

possible to find the constant

A

dh

—Z
{dz }

For this purpose a powdered pure iron sample was used.

k

s k= m(Fe) O(Fe)
AD{Te)
where AD= D' -D (in mV)

using a gradient coil current of 5 amps and

3
i}

15.20 1‘ 0005 rigm

218  e.m.u/gm

>
S Q
oo

10¢l‘|‘ .t Oa2 mV

then k = 320 e.m.u/V.
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Estimation of errors

Let the error in k be Ak, then
Axl®= (Anl? (Ag 1% | [AAD
k m g K D
For a standard calibration
Ax)2 fo.05)® (112 [o2]?
k ) 7~ 15 200 *Yio :

This gives Ak ~_ 2.5%
. ‘ k -

N

For other samples the mass and signal ere different therefore

the errors will be different.

At worst, Am = 0.05
m

MR SR R G

This gives AT  ~_ 5.5
' a
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CHAPTER 5
RESULTS AND DISCUSSION - 1

PHYSICAL CHARACTERISTICS

Micropowders of iron, cobalt, iron-cobalt alloys and
nickel were prenared by'the evaporation technique at pressures
of Argon between 3 and 20 Torr. At these pressures the material
evarorated from the filament as a grey smoke which circulated in
the bell jar due to the gas fiow. This 'smoke' settleii on the
substrates in the chamber and appeared to-cénsist of a black
'soot!'. Tor iron, cobalt and their alloys the particles formed
into gtrands which settled like 'cobwebs'. The structure,
morphology, and size of the particles were then investigated by

X-ray diffraction and electron microscopy.

CRYSTAL STRUCTURE:

In order to establish the crystal structufes ;f the
particles, X-ray powder photographs were obtained for several
fibre deposits. The 'd' values were then computed. The results
for iron, cobalt and nickel are shown in Tables 5.1, 5.2, and
5.3 respectively. It can be seen'that the measured 'd' values
agree very well with those of the powder file index.

Oxides do appear to be present but to a lesser extent in
cobalt and nickel. It is difficult to say when the oxidation
took place. It happened either during the evaporation or later
when the particles were exposed to the air, The material was

photographed again after geveral months, but no further
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oxidation was observed. The feason for this may be that only
the surface of the particles oxidised. This would then act és
a protective shell, preventiﬁg any further oxidation.

An interesting result is that of cobalt. The f.c.c. to
heCops transformatipn has been suppressed, This confirms the
findings of Kitchen (1) and Wada et ai (2)« Sebilleau and
Bibring (3) have proposed a dislocation model to account for
the f.c.ce to h.c.p. transformation. The suppression of this
transformation in small particles may then be due to there being
no suitable dislccation centres. The transformation is in fact
a Martensitic one which occurs at 388°C. An attempt has been
made to induce the h.c.p. phase by annealing and quencaing (4)
'but subsequent analysis has shown this to be unsuccessful. As
far as the magnetic properties are concerned it would have been
desirable to have both phases of the material. This would have
enabled a comparison to be made between the effects of cubic and
uniaxial anisotropy.

All the iron and iron-cobalt alloy particles investigated,
exhibited the b.c.c. latfice.- Therefore scmewhere between
Fe3oCo70 and pure cobalt there is a discontinuity of crystal
structure. The nickel particles produced all showed the normal
room temperature f.c.c. structure. Lattice parameters have
been calculated for all the metals and alloys, and these are
shown in Table S.4. The observed values are in good agreement
with the standard valuez. Broadening of the X-ray lines was
observed, but this is thought to be due to strain rather than
alloy inhomogeneity.

In addition to the particles produced in argon, iron

particles were produced in air at 15 Torr. The results are
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shown in Table 5.5, This time the particles show a much

greater degree of oxidation. The two oxides Fe,0, and
r

3

Y - Fe203 both appear to be.present. How this affects the

magnetic properties will be discussed in Chapter 6.

PARTICLE MORPHOLOGY.

To investigate the shape and Bize variaticn of the
particles, several samples were studied with the aid of the
electron microscope. Electron micrographs were obtained, and
these show the particle morphologies in Fige. 5.1. 41l the
rhotographs are for particles produced at a pressure of 15 Torr,
Thfeé things are immediately apparent in the micrographs.
Firstly the pafticles appear to be almost perfectly spnerical,
Secondly they form necklace like chains, and thirdly the siza
of the parficles is not constant, Instead ;hey have a particle
size distribution.

'The effects of particle size and shape upon the magnetic
properties will be discuésed in Chapter 6., For the present it
is reasonable to suggest that the origin of the particle chains
is due to magnetic attraction, -This chaining effect would
itself be expected to affect the magnetic prdperties of an

assembly of particles.

"PARTICLE SIZE DISTRIBUTION

From enlarged micrographs particle diameter distributions
were obtained for cobalt powders prepared at 5 and 1C Torr; and

for Co, Fe Fe, Co, ., Fe, and Ni powders all prepared at
60~°h0 P

300090+

15 Torr. These distributions are shown in Figs. 5.2, 5.3, and

5.4, Tt was attempted to {it a known distribution to the
observed ones, Without going into the details of a )(2 fit, it

geemed that a normal distribution gave the best fit to the
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observed data,

Table 5.6 gives further information concerning the
maximum and minimunm diametegé in addition to the mean diameter
for each particle. It would seew that as far as cobalt is
concerned,_evaporation pressures between 5 and 15 Torr have
little effect on the particle size., For all the particles
produced at 15 Torr, the maximum observed diameter is not more
than 15003 and the minimum not less than about 80:. For each
sample, approximately 200 particles were measured. This gives
a standard error of the mean of gbout 5% at the most,

The magnetic implications of the above results are

discussed in the next Chapter.,
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JRON 'd' VALUES IN A

THIS WORK FROM ASTM POWDER FILE INDEX
Sample Intensi.ty Fe I/Io ¥ Fe203 Fe30 I
2.928 V.V.W. 2,950 2,966
2.508 V.. 2.521 2.530
2,267 | v.v.w. | 2.419
2.oi7 V.S. 2.027 100 2,089 2.0%6
| 1.702 1.712
1,608 1.614
1.432 W 1.433 19 1483
1.168 M. 1.170 30
1.013 MW 1.013 9
0.906 | M. 0.906 12
0.827 6

V = VERY, VW = WEAK,

M = MEDIUM, S = STRONG

TABLE 5.1




COBALT 'd' VALUES IN A
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THIS WORK FROM ASTM POWDER FILE INDEX
Sample | Intensity | f.c.c.Co I/, | hecep.Co I/Iol Co0
2.460
2,165 - 20 2.130
2.041 S. 2.047 oo 2,023 60
1.910 100
1,767 M. 1.772 4o
1.506
1.285
1.250 M. 1.253 25 1.252 80
1.149 80
1.083 20
1.068 M. 1,069 30 1.066 8o 1,065
1,047 60
1,022 M/ 1,023 |12 1.015 20
" 0.977
0,953
W - WEAK, M - MEDIUM, S =- STRONG




NICKEL 'd' VALUES
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THIS WORK FROM ASTM POWDER FILE INDEX
Sample |Intensity Ni I/ Io Ni 203
2423
2.80
2.30
2,033 V.V.S. 2.031 100
2014 V.W, 2.02
1.753 | W/s 1.762 42 1.77
1.62
| 140
1.241 | M/ 1,246 - 21
1,115 | v.v.o. | 1.11
1,0609 | M/S 1.0624 20
1.01%0 M. 1.,0172 7
0.8810°
- 0.8084
0.7880

V = VERY, W = WEAK, M = MEDIUM, S = STRONG

TABLE 5.3




SAMPLE ‘STRUCTURE OBSERVED STANDARD
(o] . (o]
a INA a INA
[e] [o]

¥ 0.002
Fe BoCoC| 2-861 2.8601
Feg,Co, B.C.C. 2.858 2.8607

-Fe, Co

60740 B.C.C. 2.859 2.8542
Fe3000'70 B.C.C. 2.9%6 - 2.0384
Co F.C.C, 3-537 3-5370
Ni F.C.C. 3,514 3,5166

* VALUES TAKEN FROM "HANDBOOK OF LATTICE SPACINGS" (5)

TABLE 5.4

LATTICE PARAMETER FCR
DIFFERENT SAMPLES




¢}
TRON + OXIDE 'd' VALUES IN A

THIS WORK FROM ASTH FOWDER FILE INDEX
Sample | Intensity Fe I/ I, 25-1“e203 Fe304
2,931 M. 2,950 | 2.966
2,509 M. 2.521 2,530
2.368 VW, 2.419
2.027 V.S. 2,027 100 2.089 2.096
1.705 M/ | 1.702 1.712
1,621 V. W, : _ 1.608 1,61k
1.480 M/ 1,483
1.433 M. 1.433 19

' 1.170 Se 1.170 | 320
1.015 | M. 1.013 9

0.906 12
0.827 6

V = VERY, W = WEAK, M = MEDIUM, S = STRONG

TABLE 5.5
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SAMPLE PRESSURE | MAX. DIA. MIN. DIA. | MEAN DIA.
. ) (o] (o] o
IN TORR IN A IN A IN A
Co 5 1420 ko L66
Co 10 1810 90 486
Co . 15 1300 90 Lk
Fe 0o, 15 610 90 328
: }
Feg,Coyq 15 1430 150 353
Fe 15 1000 220 500
Ni 15 720 130 306

TABLE 5.6
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CHAPTER 6

RESULTS AMD DISCUSSIONS - 2

In this chapfer, the magneﬁic measurements will be
presented first together with comments when appropriate.  In the
latter half of the chapfer, the overall implications will be
discussed, and an attempt will be made to fit these results to a
satisfactory model.

Using both the Faraday Balance Magnetometer and the Pulsed
Field Magnetcmeter, such measurements as magnetization, coercivity
and remanence have been made., Hysteresis loops have also been
investigated.

SATURATION MAGNETIZATICN

using the Faraday Balance. Even in these fields, it was cometimes
Tound impossible to saturate samples. In these cases though, th=
magnetization was starting to "level off', The saturaticn value
was then found by plotting the magnetization &, at épplied field

0) (1). The

H, against (1/H2), and extrapolating to (1/H2
saturaticn magnetization was found for a number of samples
produced at different pressures. The results are shovwn Tor four
compositions in figure 6.1l. The full lines represent mean_values.
This shows that the saturation magnetization is fairly constant
over the range of evaporation pressures. The scatter ahout

the mean is greatest for Fe and least for Co and Ni., This is
thought to be due to the fact that more variable amounts of oxide
are present in Fe than in Co and Ki,

The saturation magnetization of large samples of iron-cobalt
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alloys were also measured., These are compared with the mean

" values for the particles in figure 6.2. The results from the

Faraday Balaﬁce and the Pulsed system are shown separately.
The observed saturation magnetization of fine particles is
somewhat lower than for large samples, aithough the trend with
composition is similar. The values obtained by tﬂe Faraday
Balance are higher than those by the Pulsed Field systém. The

reliability of the latter is expected to be lower, for the

- reasons outlined in section 4.6.6. The uncertainty in the

Faraday Balance results is about 6% compared with 12% for those

using the Pulsed Field System.

The decrease in the saturation moment of fine particles
compared to large samples is believed to be due to the partial
oxidation of their surfaces. Iron appeared to oxidiée the most,
and was expected to suffer the most. However, the mean
saturation value of Co is 70¥% whilst that of Fe is 80% of the
bulk values. On reflection this does not seem unreasonable.

Consider a particle consisting of a ferromagnetic core surrounded

. by an oxide layer., If the oxide surrounding the core is anti-

ferromagnétic it will not contribute any additional magnetization
whereas if it is férrimagnetic it will,

In the-case of cohalt, the Bxide is antiferromagnetic.
It can then be shown that the depth of the oxide layer is

approximately 10% of the radius of the particle. In the case of

iron, it was shown in the last chapter that both IFeB(),+ and FeZO3

are present. These are both ferrimagnetic at room temperature,
On this basis it can be shown that the Fe results can be
explained by a mixed oxide layer, the depth of which is again

approximately 10% of the radius of th: particle. (see APPENDIX D).
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Nickel which is the least reactive with oxygen has a mean
g

' saturation value 902 of that of the bulk value. These values

agree very well with those of Wada et al (2).
The magnetization of the heavily oxidised iron sample was

also measured. The-value obtained was in between that for
1)

e 0, and Fe,0y,-

3 -
For coercivity, remanence and hysteresis studies,
unoriented particles were fixed in wax., Attempts were also made

to align the particles before the wax had time to solidify.

Subsequenf results showed that this was unsuccessful, even-in

aligning fields of 4kOe. It is believed that this inability to
sa£urate or align the particles is due to demagnetizing fields.
Even so it was expected that chains of particles would align so
that their axes lay in the field direction. If the chains are
approximated to infinite cylinders, the axes are easy directions.
If, however, the particles are treated as isolated svheres, the
demagnetizing fields can be as high as 7kOe. These fields have no

effect on the coercivity although they do affect the remanence.

- CCERCIVITY MEASUREMENTS

Using the Faraday Balance, coercivities of random
assemblies were measured after the application of a field of
10kOe., As a check that this was in fact the maximum coercive

force, use was made of the following expression (3)

_}}%ﬁﬁ: _oap A ceiceciiiiiiiiiianniel. (601)
¢ »
where HAPP = Applied Field
Hc = Coercive force at field HAPP
a, = Reciprocal coercivity

A, = Conetant
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‘Therefore as H P tends towards infinity Hc = l/a

89

Rearranging (6.1) gives

AP 2

This function was plotted for different samples }n figure 6.3.

The vélues obtained were the same as those for a field of 10kOe.
The coercivity was also measured using the Pulsed Field

Magnetometer, after applied fields of 38kOe. The results from

both pieces of apparatus are shown in figure 6.4. It can be

seen that the observed coercivities are in good agreement

although the values produced by the Pulsed Field method are

-slightly higher than those for the Faraday Balance. This may

be due to the former measurements being performed at liquid
nitrogen temperature. It is difficult to assess the errors for
the Pulsed system although those for the Faraday Balance are
about 6%.

The coercivitiés of the nickel and iron oxide samples
were also measured using the Faraday Balance. Nickel was found
to have a coercivity of 260 Oe and the oxide coercivity of
360 Oe.

REMANENCE CURVES

The different forms of remanence that may be acquired
have been explained in section 2.,5. In the present work, the
static remanence and the d.c. demagnetization remanence have
been measured using the Faraday Balance. So that samples could
be saturated, fields of 14kOe were used.

In measuring the static remanence, it was.curious to find
that the ratio of remanence to saturation magnetization was

seldom greater than 0.25. Actual values of Ir(OCD/I~ are given
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later in the chapter. The results were surprising since the
theoretical valuve for a.réndom assembly is 0.5 (4). These
values cannot be due to incoherent reversals. They may however
be due to aemagnetization effects or to the presence of
superparamagnetic or multidomain partiéles.

" In practice, Or(I-I), UD(H) and g were measured, and not

Ir(H)‘ ID(H) and I_. This presented no problems because

g_(H) I_(H)

b = r 7
Jg I

also O _(H) I_(H)
. r r

0,.(2) = Irzoo)

and OD.(H) _ I.D(H)
' OrZoo) Ir(°°)

Therefore values of 0 can be transformed guite readily to
fit expressions for I.
Recalling expression (2.27)

I(H) = I_(e2) = 21_(H)

and reérranging we obtain

Ir(H) _ .} 1-"'1D(H) coo-n-ntu---u-ooco..(6-£)

IrZoO) -2 Irioo)

This function is valuable because it eliminates absolute
values, and permits remanence curves of different samples to be
plotted simultaneously.

Figures 6.5, 6.6, and 6.7 show the remanence curves for
different samples. Ir(H) and iD(H) are plotted as functions

) Ir(0)

of IHI « It can be seen that in most cases, fields greater than
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7000 Oe were:required to produce saturation remanence,
indicating tﬁaf the samples-contained pafticles with intrinsic
coercivities'as high as 7000 Oe. (Intrinsic coercivity.of a
particle is that coercivity the particle would exhibit if the
direction of lowest magnetic anisotropy'énergy were parallel to
the field). '

From thesé results, the remanence coercivity caﬁ be
measured, and expression (6.2) may be plo?ted. H vwas estimated,

and plotted as a function of composition in figure 6.8. The

trend is the same as for the coercivity (see fig. 6.4). For a

" random assembly of uniaxial single domain particles of uniform

anisotropy the ratio Hr/Hc should be 1,09 (5). Observed values

are plotted against composition in figure 6.9. It can be seen

that the values are fairly constant with a mean value of 1.75.

" These increased values are attributed to anisotropy variations of

the compacts and also possibly to particle interactions.
Gaunt (6) found for a simple distribution of anisotropies a ratic
of 2,02. Higher values still may be due to superparamagnetism.,
Expression (6.2) is plotted in figure 6.10. It would appear
that there ére th linear portions to the graph. Oriéinally this
was thought to be due to the effects of cubic magnetocrystalline
anisotropy. To find the extent of this anisotropy, the initial
susceptibility of iron and cobalt was measured as suggested by
Wohlfarth (7). This was found to be temperature independent,
showing that shape anisotropy must be dominant. The;shape
anisotropy arises mainly from the chaining of the particles, and
to a lesser extent from the particles themselves since these

are almost spherical. If the chains have formed as a result

of dipole-divole attraction, then they will exhibit a uniaxial
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shape anisotropy along the axis of the chain,-

However the two linear portions may not be genuine. This

has been suggested by Wohlfarth (8) who thinks the deviation from

the theoretical line may be due wholly to interactions. If this
is so, it is most probably due to inteféctiqns between particles
in a chain rather than interactions between chai;s, because the

volumetric packing fraction has been estimated as 0.0é = 6%,

HYSTERESIS IOQO0PS

The theoretical hysteresis loop for a random assembly of
particles was first-predicted'by Stoner and Wohlfarth. This is
shown in figure 6:.11, The remanence to saturation ratio is 0.5
and the coercivity has a value of h = 0,479 where

h = HI

2

In the present work, samples were not taken to saturation
with the Faraday Balance, and so only minor loops were obtained.
Using the Pulsed Field sygtém, much higher fields could be
generatéd, thus saturating the samples, For Co, a fie}d of
aboﬁt 13.5 kOe was required to attain saturation. Hysteresis
loéps for different samples are shown‘in figures 6.12 to 6.16
inclusive, For the Pulsed Field loops, only the low field
magnetization is shown. A&11 the loops show the difficulty to
saturate in low fields. They also show that the remanence is
much lower than is to be expected for a random assembly of
pafticles.
DISCUSSION

These results can be used in an attempt to explain the
magnetization changes taking place in the particles. ' Before

doing sou, the results of the last chapter will be reconsidered.
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All the particles produced have a.cubid structure of .
one form or another, Thesé particles are believed to be single
crystals., Since the individual particles are spherical, it may
be expected that only magnetocrystalline anisotropy should be
present. However, because the pafticle; chain together, a
uniaxial shape anisotropy will be present. This'is believed to
be the dominant anisotropy. The formaéion of chains is thought.
to be due to the magnetic attiraction of fhe particles. If the
particles are considered as dipoles, opposite poles will attract
thus forming a chain, -the easy direction of which will be along
the axis of the chain.

As far as the reversal mechanism is concerned, there
would appear to be three possibilities,

1) Coherent rotation
2) Fanning in a chain of épheres
3) Curling.

For curling, a chain of spheres is approximated to an
infinite cylinder, This seems unlikely since the spheres in a
chain are not uniform in size, and the chain goes to zero
diameter at the point of interparticle contact.

Although coherent reversals may be present, the visual
evidence of the electron microgra%hs would seem to point towards
the fanning mechanism,

Perhaps the most important iuctor governing the reversal
processes is the particle size range; fhat is whether or not
all the particles are within the single domain range. It will
be recalled that for a mixture of-shape and magnetocrystalline

anisotropies, the upper limit for the radius of a single domain

particle is given by expression (2.22).
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b = 2TUkA
c 2
DbIs
Values of bc are only approximate since A can vary by
a factor of 4, Assuming A = 5 x 10_6 estimates of the critical
Fd ]

diameter are given in Table 6.1.

At the lower end of the scale,

by = | Z2kT 3
LTTK

This time k is Boltzmann's constant and T the temperature.
As a rough estimate T was taken as BOOOK and Kl =4 x 106 erg/c.c.
The size differs litile from sample to sample, and is approximately
150: for an infinite cylinder and 1202 for a sphere. (These
values are for the diameter, not the radius).

Although not all the particles lie in this range, a large
proportion do so., Therefore many of the particles should be
single domain in nature. Few of the particles are small enough to
be superparamagnetic, therefore this type of behaviour is
expected to be '"'swamped". _It will be shown later that the
controlling factor is the volume of particles of a particular
kind and not the number which influences the magnetic properties.

A summary of the magnetic results is given in Tabdble 6.2,
| It can be seen that the attempt to align the particles had little
effect on the remanence to saturation ratio or on the coercivity.
Also shown are the results for the nickel and the heavily
oxidi=zed iron samples. For the latter, both the coefcivity and
the magnetization are much lower than for pure iron. This is to
be expected if the.sample is composed primarily of XFezo3 and

Fe_jOL! .

Assuming different mechanisms to be present, values of
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Upper Lower Lower
Critical Critical Critical
Diameter Diameter in Diameter in
o o] o

Sample in A A for a sphere A for @ cylinder

Fe 470 1bo 70

Feg CoL0 420 (6o 70

Feg Coy 390 (Ve bo

Fe30C00 oo 170 bo

Co 660 280 9

Ni 1460 240 SO

TABLE 6,1

CRITICAL SIZE RANGE




H H s/ H
C% s I I O}4j 0}43 c c - u Cs e
s 8 s s |{in Ce | in Ce | T /. Lligned| Aligned
Sample Particles Bulk Particles] Bulk JF.B.M. P.F.M.}| F.B.M. | P.F.M. | in Qe “e F.B.M. F.B.M.
Fe 175 218 1370 1719 | 0.17 0.15 | 550 670 975 | 1.78 0.18 550
FeROCOEO 189 236 1520 1600 0.17 0.15 730 780 1350 1.85 0.17 7&0
FegnCoyn 201 2L 1670 2030 | 0.23 | 0.16 1050 1070 1780 | 1.70 - -
FeBLCo7O 190 235 1610 2000 | 0.26 0.18 1120 1160 |. 183C | 1.63 - -
Co 112 161 Q30 1400 | 0.20 0.18 610 690 | 1100 | 1.80 0.23 640
Ni kg sk LLo 489 | C.27 - 260 - - - 0.32. 270
Mixed
Oxide 77 - - - 0.16 0.19 360 670 “ 750 | 2.08 0.17 370
-1 -3
O _ is measured in e.m.u/gnm. I is measured in erg Ce cm.
F.B.M. Faraday Balance lMagnetometer. P, F.M. = Pulsed Field Magnetometer.

TABLE 6.2

MAGNETIC MEASURZMENTS

oy
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coercivity dpe to each process have been calculated. These are
shown for different samples.in Table 6.3, In each case the
assembly of garticles has been assumed te be random. No single
model satisfies the observed values, although in soﬁe cases, the
trends over the composition range are similar. It would seem
therefore that a hybrid model is required to expigin the
experimental results.

Bean has investigated the hysteresis loops of mixtures
of ferromagnetic microvowders (9). He calculated the resulting
loops by adding the magnetizations of the components for a given
field, weighting them in proportion to their volume fraction of

the total. The magnetization I of a mixture of N.types of

particles in a field H can be expressed by .

N
I(H) = I(HYf Y f
gEl n n n=1

where, fn is thé volume fraction of the nth constituent and
In(H) is its magnetization in field H. PRean used this method
for non-interacting particles, assuming that the constituents
were superparamagnetic, single domain and multidomain particles.

A similar method has been adopted in the present work, to
try fb explain the hysteresis loops for Co and Fe6OC°hO' These
hafe been chosen because the samples were saturated in each case.
In calculating the loops, various assumpticns were made based upon
earlier results, Since there are a small number of superpara-
magnetic particles, the volume contribution of these’is assumed to
be negligible.“‘in addition to the single domain and possibly
multidomain particles,; it is assumed that particlgs with an
incoherent reversal mechanism are also present. From the electron

micrographs, it wonld seemn likely thut famning would be such a
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Coherent

Incoherent

Sample : gbferqut
Cubic Uniaxial Rotation| Symmetric { . ~O% ot
Crystalline Shape in a Fanning ;n
Anisotropy Anisotropy| Chain ©
0.64K 0.958 W1 0.72Wi 0.54771
l/T 5 s s
-]

_ Fe 224 4120 3100 2320 550
A I '
Feg,Co., 185 4580 3460 _ 2580 730
Fe6QCohO 0 .5020 3780 2830 1050
i 1 ;
1e300070 171 1540 3640 2730 1120
Co " 555 2940 2200 1660 610
Ni 66 1330 965 750 260
Mixed o
Oxide - 1270-1450 950-1090| 710-810 360

TABLE 6.3

THRECRETICAL AND OBSERVED
VALUES OF COLRCIVITY
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process. In particular, the symmetric fanﬁing meéhanism in
randomly oriented infinite chains has been assumed to be
operative. Magnetization values for this process have been taken
from Table II of Jacob§ and Bean's paper on fanmning in a cha%n of
spheres (10). The magnetization values of.coherent rotation have
been taken from Table 6 of Stoner and Wohlfarth's paper (L), 1In
each case though the field parameter is different. Fér this

. ! .
reason a new field parameter H has been introduced where

: G- Ha3 Ay 2e5H for an infinite chain
|12Kn' TEIé of touching particles
and H' = SKh
T 2
5.

To simplify the multidomain contribution, it has bheen
assumed that the magnetizétion of such a particle varies linearly

/
between two field values -~ H , as shown in figure 6.,17. At other

A
field values the magnetizaticn is saturated. This is somewhat
oversimplifiecd as there will be some rounding near saturation.
It is believed that the difficulty to saturate samples iz duve to
thié multidomain component saturating only at high fields. From
the Pulsed Field experiments, the samples were found to saturate
at about 13kCe. This then gives the multidomain magnetization
in a given field.

The magnetization due to the fanning process can be
readily found since this depends only on the saturation
magnetization (10). The coherent contribution depends on the
anisotropy constant as well as the saturation magnetization.

Therefore a value for K must be chosen to start with. By taking
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b 1 LRI T T P

FIG. 6.17

- MAGNETIZATION VARIATION FOR MULTIDOMAIN PARTICLES

different values for the volume fractions, hysteresis loops may

be derived. The task is made easier knowing that at zero field,

z
\

only the coherent and incoherent mechanisms are contributing to
the remanence. Therefore the multidomain component can be found
immediately.

If a satisfactory fit is not found between the derived
loops and the experimental one, another value must be chosen
for K and_ the process repeated. The present calculations were
done 5y hand, but it is envisaged Fhat a conmputer nrogram
could be used to speed the analysis,.

Figure 6.18 shows two experimental loops together with
sets of derived foints. It must be emphasized that the method
is only approximate because of the various assumptiors. In
general, K will“ﬁét be single valued but will itself have a
distribution of values. Superparamagnetic effects were neglected,
and the multidomain magnetization is only an estimate,

Interactions were also neglected. T« points shown in figure
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FIG. 6.18

HYSTERESIS LOCES
WITH THEORETICAL FOINTS
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6.18 were obtained by taking approximately lS%ﬂfanning,

15% coherent rotation and 70% by volume of multidomain behaviour.

The "average" value of X was found to be 6.00 x 105.erg/cc.

Lgain it musf be emphasized that these vglues are only approximate,
It is interesting to note that the fanni?g process leads

to a higher coercivity than that of the coherent process. The

former mechanisﬁ gives a value of 1660 66 for cobalt, and the

latter a value of 560 Oe., This can be explained if the coherent

reversals are taking place in the individual particles rather than

in chains of.particles. Since the particles are nearly spherical,

the associated shape anisotropy may not be much'greater than the
magnetocrystalline anisotropy.

The demagnetizing factors may be found from K.

2
K = Kl + 1 Is (DB - Da)
2
For leGOCOHO’ Kl = 0. If the particles are assumed to

be prolate ellipsoids,

2D. + D = 4TT
b a .

This gives D~ 43 and D A 3.9, which is fairly
consisteﬁt with a particle which is almost spherical.

In the case of cubic cobélt however, where
Ky = ~-8.5 x 10” erg/cc, D, ~ 5.2 and D~ 2.3. This is more
consistent with an elongated single domain particle. The
electron micrographs do not provide'any evidence of such particles
being present. -~

The similarity between the two loops obtained for
cobalt in different fields.would appear to supporé thé belief that

the difficulty to saturatl: is due to the non-hysteretic component,

WAN UNIVE s
e BOIENOE Wi
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i.e, the multidomain process,

There is however, a rather discomforting dilemma.
The field required to accomplish total saturation is
approximately 13kOe. This is too high to be explained by simple
demagnetizing effects of multidomain particlés. At the most this
would amount tb about GkOe for cylindrical cobalt particles.
For spherical particles it would only be about 4kOe. The need
for such a high saturating field is puzzling.

It may however be linked with the field required to
remove a spike domain of reverse magnetization. This fieid has

been investigated experimentally in SmCo_ by Searle and Garrett

5

(11) and found to be several factors higher than the demagnetizing

field.
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CHAFTER 7

CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

Conclusion

To conclude this thesis, it may“be best to summarize the
results., Perhgps the most general statement th;t can be made
is to say that the evaporationmcondensétion technique can be
used Buccessfully to produce ultrafine particles of ferromagnetic
material. However, the nature and properties qf these particles
cannot be expressed quite so generally. ‘

All the particles produced appear to be nearly spherical,
ﬁut are not the same size,' Instead,.there is a distribution
of sizes., This in itself, complicates the magnetic processes
involved. Visual evidence from electron microscopy shows that
the particles join together to form necklace like chains. The
magnetization changes in an assembly of particles produced by
this technique would seem to be best explained by a mixture of
three different processeé;

The first of these is coherent reversal, This is believed
to take place in individual particles rather than in chains.
The former mechanism leads to a lower coercivity. Since the
particles are almost spherical, ihe nagnetocrystalline anisotropy
may contribute significantly to the toal anisotropy. Depending
vpon the extent of the coherent process, it may be possible thal
the effects of magnetocrystalline anisotropy would mot be
observed in experiment. (For example the temperature dependence
of the initial susceptibility).

The second process is that of fanning in én iﬁfinite
chain of spheres. This aedel was originally proposed to

explain incoherent reversals in elongated single domain particles.
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Even o, it would seem to apply equally well to actual chains
of sphares. The coérciviﬁy arising from this process depends
upon the number of particles in a chain, and the saturation
magnetization. For an infinite chain, this was found to be
higher than the coercivity produced by‘coherent rotation,.

?
(In the present work that is).

The third magnetization procesa is that of multidomain
behaviour., This is the least understood of the three.
Extremely high fields are required to saturate?the multidomain
particleé° This méy be due t6 the fresence of!spike domains
of reverse magnetization. lowever, for the présent, a siﬁplified
ﬁultidomain model has been assumed..

It may be possible to obtain a larger proportion of single
domain particles by reducing the evaporation pressure to the
submillimetre range. This however will probably increase the
proportion of superparamagnetic particles., FEven so, the
volumetric fraction may still be small. | |

On a laboratory scale, the amount of powder that can be
collected from one evaporation is small (at most SOmgm). In
its present form it is not therefore a commercial propcsition.
It may be possible to overcome the problem by adbpting sonie
sort of continuous feed process‘.

Even if this were so, it seems unlikely that these
pgrficles would find any widespread commercial applications
either in the permanent magnet industry or in the magnetic tape
industry. To be successful in these fields, the particles
should fulfil the general requirements for magnetic hardness.
That is, high coercivity and high remanence, Fof thé recording
applications, the material should also exhibit as Bquure a

hysteresis lcop as possible,



105

3

The present investigation may however, provide useful
information for workers using the evaporation method to observe

domains,

Supggestions for further work

It is perhaps easier to suggesf_things that other people
might do than those which one might attempt oneself. The work
which has composed this thesis has only touched at the tip of

/
the iceuerge. There are many more experiments thch could he
carried out in the future,

;

Perhaps one of the moet important of these is to try to
produce hexagonal cobalt particles. This may be possible by
using an alloy of cobalt with some other hexagonal non-magnetic
metal., The particles may then adopt an hexagonal structure.

Measurements of coercivitly over a range of temperatures
are important in that they give a better indication of the
presence and extent of magnetocrystalline anisotropy.

Anisotropy may alsc be measured using z torque
magnetometer. This requires the fixing in place of aligned
particlqsu When set, the assembly can tve formed into a disc
to account for shape anisotropy. The problems encountered here
are in the alignment and c¢oilection of the particles. Also,
the binder used in fixing must pfevent movement but at the same
time must not introduce stress. The alignment problem may be

overcome by using a strong aligning field during the evaporation

- H
i

Process.
P

Besides trying to align chains, it may bLe informative to
try to break them up completely so that the fanning mechanism
is jnhibited. This may be possible using an ultrasonic

cpritator,
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Measurement of the other remanence curves w0ula
provide invaluable information for comparison with Wohlfarth's
expressions, and possible evaluation of interaction effecis.

Particles should also be produced at very high
pressures to try to obtain an assembly compbsedawholly of
multidoﬁain particles.

Tinally attempts should be made to produce fine particles
of other permanent magnet materials such as Alnico. The
magnetic hardness of this is due to isolated i%lands of
ferromagnetic material within a non-magnetic matrix. These
islands are believed to consist of single domain particles.
Fine particles of Alnico would then have totally different

magnetic properties.
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APPENDIX A

- CALIBRATION OF THE OIL COOLED SOLENOID

In order that the field be known at a particular point on the
axis of the solenoid for any given cuifent, the following method of
calibration was adopted.

Using a fluxmeter and probe, the maximum field produced in the
solenoid was found for various values.of current. The results are showq
in Figure A.1. Next, a Hall probe which had been zeroed, was placed at
different points in the solenoid. The Hall voltage was measured whilst
the magnet current was kept conétant. This was repeated for a rahge'of
currents. The results are shown graphically in Figure A.2. From these
latter results, the maximum field position can be esti@ated. The Hall
probe was fixed at this position, and the voitage recordgd for different
solenoid curfents. The results are shown in Figure A.3. It was assumed
that the field at this position would correspond to the maximum field
obtained from the fluxmeter. Therefore using Figures A.l and A.3, the
graph of Hall voltage vérsus field was plotted (see Figure A.4).

Using Figures A.2 and AJ4 it was thus possible to map the fie;d.
inside the solenoid.for different values of magnet current (see Figurg As5).
Finally, it was possible to derive one more graph. That is, a.plqt of
field versus magnet current, for any position inside the solenaid. This

is shown in Figure A.6.
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APPENDIX B

ILVEPRNAC DPTIONS(MATN) ¢
DCIL PolL) gL 29PigP2 X229 X1y Sy THyDHKL 4Q(M,K) F_LDAT;
GET LIST(P,LY,L2,P1,P?2); '
/%P 1S HOLE SEOARATION
L1 1S WAVFLEMGTH OF KALPHA!
L2 TS WAVELEMGTH NF KALPHAL
P1 1S PERCFEMTAGE TRANSHMISSTION OF LY
P2 1S PERCENTAGE TRANSMISSION OF L2%/
L=(P1l¥LI)+(P2%L2) 3
PUT EDITUYLINE MCo 'y "DHKL', 'LOGDY, 'O 1)
TUPAGS SKIP{Z) o X(15) g Ay XTT2Y 3 AX({12Y, 2, X {12),A)
DO M=1 TO 2;
GET LIST(M)3
DO K=1 TO M3
GET LISTI(X2,X1);
/%X2,%X1 ARE SCALF PNSITINNS NF CORRESPDOMDING ARCS*/
S=x2~X13 . '
/%S 1S THE AFC LFENGTH%/ _
PY=3,1415629 ; : .
TH=(PY%S)/(axpP) 3
/7TH 1S THE ANGLE THETA IN RADIANS®/
IF M=1 THEN D03
DHKL=L/(2%STH{TH)) 3
/*THIS 1S THE CONDITINN FOR BPAGG REFLECTION AT LOW THETAx%/
END 3
I M=2 THEN DO
DHKL=L/ (2*CCS({TH) )3
J%THIS 1S THE CONDITION FOR RRAGG REFLECTION AT HIGH THETAX/
ENN s
QUMyK) =1/ (DCHKL®DHKL )
/*Q 1S DEFIMED AS 1/DHKL SQUARED®*:/
PUT EDIT(My¥,DHKL,LOGI(DY,Q(2,K )
(SKIP(2) X188y FIL) g F{31 )19 X{12V4F{12+12)eX(4),F(R,5)X{8B),F(2,7))3
END3 : ' '
END; .
END;
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SEMBL.ING THE FARADAY BALANCE FOR

1OV TEMPERATURE EXPERIMENTS

2o

3o

b,

5e

6.

7o

8

9.

10,

11.

12,

Refer to figures 4.9a and k4.14.

With the solenoid as low as possible insert the inner and outer
dewars together with the seating ring.
Lower the specimen tube and spider through the top piate into the
dewarso -
Place the brass header over the top of the spacimen tube énd through

" the top plate. Make sure that the sealing ring and sleeve are on the
header.
Connect the thermocouple wires to the lead throughs in the hréss
header, |
Iower the top part of the header carefully over the specimen tube so

. that it passes through the gland nut and '0' ring. |
Bolt both parts of the header to the platform by means of the clamping
ring.
Tighten the gland nut on the spe¢imen tube so that the reference marker
is just visible.
Carefully raise the solenoid and lead the inner dewar into the brass
header.
Fasten the inner dewar in position by attaching the springs from the '
platform of the dewar cradle.
Ensure that a small gap exists between the dewars to allow 1iquid
nitrogen down into the tail.
Chock the solenoid in position.
Insert and lower the half transfer syphon into the header and seél in

position with the 'O!' ring and gland nut.

The system is now ready for use, and the same method applies for

loading a specimen as for the room temperature system.
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LSTTHATION OF THE OXIDE DEPTH

Imagine & particle to consist of a metallic core of

volune Vn’ surrounded by a uniform oxide layer of volume Voo

If Im is the magnetization of the metal and Io that of
the oxide, then the observed magnetization of the particle is

given by

I = IV + 1V
m m 0 0

Vv +V
m o
This assumes that the field due to the netal is adequate

to align the magnetization in the oxide.

In the case of cobalt I = 980, I = 1400, and I, =0

/ .
o°o V ’ = 98 = 097'
T//}Vm + Vo) //140

This is the volume fraction of the metal core. The

ratio of the radius of the core to the total is simply

r?//; = \;/6:;~T ~~ 0.89
T :
Therefore the depth of the oxide layer is approximately
11% of the radius of the particle.
In the case of iron, a mixed oxide layer surrounds the
'core, Suppose that FGBOH contri?utes all of the oxide
magnetization. Then I = 1370, I = 1720, and I_ = 480
. v / = = z
. "V(vm ) ?7124 0,72
Again the depth of the oxide iayer is appro&imately 11%
of the radius of the particle,
Actually, if Fe203 had been.assumed to contribute all
the oxide magnetization, I = 420, and the depth of the oxide
Jayer would still have been about 16% of the total particle

I‘D.d'i.u“ L]
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