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ABSTRACT

Large iron whiskers were grown by the reduction of ferrous
chloride and domain structures in unstrained and strained
whiskers were investigated. Tensional stresses we#e applied
along the whisker axis and the resulting domain patterns
observed by means of the Bitter technique.

In the case of whiskers with axes inA[loq directions and
faces (001) éross-magnetised domalns were observed to disappear
upon the application of stress, either by the gradual reduction
of their volume or by the sudden mutual annihilation of
neighbouring domains. Calculations of the energy values for
these sudden changes agree with the model postulated and visual
obsérvation of the movement conflirmed the theory.

For whiskers with axes at an angle to the [10@ direction
and faces (001), calculations were carried out upon a number
of different closure structure types to determine the equilibrium
spacing for each pattern and these were then compared with
observations to confirm the type of closure structure present.
A method of estimating magnetostatic energy contributions for
areas of free pole separated by neutral regilons was developed.

Whiskérs with axes [llﬂ and faces (211) and (110) were
also studied. Calculations showed that the main wall was
a normal zig—zag wall. The main structure was observed to
- consist of six 90O domains and two different types of closure

stucture were observed on alternate main domains. The effect




of stress on this structure was explained as being due to
the change in energy of the complex wall structure in the

two different closure structures.
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CHAPTER ONE | 1.

INTRODUCTION

l.l ﬁerrpmggnggiem ‘

An_important property of a fefromagnet is that its bulk
intensity of'magnetisation can be made large by relatively
Small anplied magnetic fields. By the action of suitable
magnetic:fieldS'it may either retain a significant intensity
of magnetisation or be completely demagnetised in zero applied
magnetic field

| The origin of ferromagnetism 1s the same as the origin of
paramagnetism'i.e,-the magnetic moment of certain electrons of
“the material due-to their orbital or spin momentum, In a para
magnetie.matemial‘the fesultant magnetic moments of the atoms
are fandemly.drientatedito produce a zero resultant moment in
in any direetion'in Zero applied field. To produce alignment
in thefmaterial‘and henceian intensity of magnetisation
eompafable with that exhibited by some ferromagnets an applied

6

fleld of the order of 10° oersteds is necessary at room temper A
atufe.mln ferromagnets this degree of ordering of the individual
magnetic moments occurs naturally with no applied field.

To explain the above effects Weise (1907) postulated the
.exiStence of afetrong internal molecular fileld which aligned

the individual magnetic moments parallel. This ordering will

~ be perfect at absolute zero but as the temperature is raised
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2.

the di'stii’rbing effects of thermal vibrations countract this
alignment and gradually reduce it until a critical temperature,
called the Curie temperature, is reached at which the ordering
'breaks down and the material becomes paramagnetic From the
‘value of the. Curie temperature of a. material an estimate of
”the internal field can be made. This explains why ferromagnets
can be. easily magnetised but not why they are usually found
with a nearly zero magnetisation, To account for this, Weiss
.also postulated the subdivision of the materials into domains.
| | In each of- these domains ‘the magnetic moments are aligned parallel
.but the individual domains have magnetisation directions spread
| over a range of nossible directions The bulk intensity of
magnetisation is then‘the vector‘sum ofnthe individual domain
magnetiSations; The resaltant magnetisation_can therefore range
from zero, when the domain magnetisations are distributed in
all directions, to the maximum possible when the magnetisations
of all the domains-are aligned in one direction. o
| Weiss did not specify the origin of the alignment Drocess
A'but he showed that the -value necessary for the effective
internal field of lO7 oersteds was .beyond the limit for normal
' magnetic 1nteractions Heisenberg (1928) provided an‘explanation
for the origin of this field by showing that there is, according
to Quantum‘theory, an electrostatic term arising from the

‘overlap of the orbital waoeifunction which gives the necessary




force.by the mechanism‘of exchenge interaction and leads to
an»effective Spin1~ spin couplingl lt can be shonn that the
exchange energy'between two atoms 1,j is given by'

1 Si .85 | C(1.1)
where Si i1s the spin of atom 1, and J 1is the exchange inte sral.

Eex = -2 Jy

If J is 0051tive the mlnwmum energy configuration is with the

’ two spins parallel so that ferromagnetic behaviour will occur.

"The magnetic behav1onr‘has been”shown in the transition metdls

to be mainly due to the soinof the electrons, the orbital motion

. being almost quenched. The oartlcular electrons responsible

for the'magnetisation are those in the unfilled 3d band of

the tranSltlon metals rather than the valence electrons. (Van

. Vleck. 1952)Thus for a substance to be ferromagnetic there must

- be some overlap of these unfilled inner shells of adjacent

atoms and this is most likely to occur if a substance with an

‘unfilled inner shell of large radius forms a crystal of small

interatomic spacing. It has also been suggested that the inter—
aetion‘is due to some of the 3d electrons moving through the

crystal and hence providing interactions between the various

atoms. A discussion of these theories is given by Herring(1960).

The_molecular fields in ferromagnets are so large that the

effect of external magnetic 'fields onrthe magnitude of the

~ spontaneous magnetisation can be neglected for temperatures

well below their Curle temperature
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The spontaneous magnetisation is temperature dependent due
“to the thermal vibratlons as descrlbed above and it varies
from materlal to material However if the variation is plotted
 3331nst'temperature,lnvreduced units as in flg.l.l, then a
general:curye wnicn is appPOXimately correct for all ferro -
magnets is obtained.i B |

The_Second of the»weisS'postulatee is the subdivision of
the matefial into_domains with differing directions of magne
tisatione} There'are in the. magnetised material certain crystal
directions;:known as ”easyV directions, in‘which the intrinsic
magnetieation_settles.under the»influence of magnetocrystalline
anieotfopYL.The domain-diréétions of magnetisation are therefore
11mited to these: easy directions and are separated by relatively
narrow regions known as domain walls On‘appllcation of a
magnetlc fleld,to suchva subdivided material the domains
'magnetleed'nearest to'the applied field direction grow at the
expeneevof'the'othefs; initially by reversible, then by irre-—

versible bOundary motion, and‘finally'by the rotation of the

'_ magnetisatlon direction 1nto the fleld dlrection Such processes

ras; these can be used to explain the magnetisation curves of
materlals. |

The fife observatlon of domains was by Bitter(1931) using
a c01101d to make the boundary walls visible. This work only

observed.bomains on a scrained surface bearing no relationship




to the bulk'domain structure. In 1935 lLandau and Lifshitz
proposed theoretical domain structures usingua geometrical
technique. They conslidered the domain structure to be a system
of_minimum energy and considered the various energy contributions
in detail. This method computes the energy states of a system
and obtains a minimum. Such theoretical work however must

always be in some doubt (Brown 1957) as there are always the
possibilities that either a model of lower energy could be
prodﬁced by greater ingenuity orvthe model arrived at is separated
from the previous state by an energy barrier so that the expected
transition is impossible. In arriving at the eﬁergy of a

system the factors to be taken into account are wall area,
magnetostriction, stress (applied or internal), and magneto--
static energy. The constituent energy contributions will be

dealt with in the following sectilon.

1.2 Energy Contributions

1.2.1 Exchange Energy
Summing equation 1.1 over all values 1i,j gives

T
B.=-275 % i d. 1.2
ex‘ 4:7‘; ﬂtd
where %23 is the angle between the spin vectors. In a domain
ij is zero glving the minimum value for the exchange energy.
However in the transition regions of the walls there 1s an

excess of exchange energy since neighbouring atoms no longer
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have their moments aligned parallel. In subsequent calculations
it will be assumed that the exchange energy in the domains

is the zero level so that only the excess in the walls need

be considered. To obtain a value for this we need to know the

value of 2J82, or more often the energy density A given by

A - 2J8° where a is the lattice constant. J was evaluated
a

for iron by Kittel (1949) obtaining a value of 205k where k

is Boltzmann’s constant. .

1.2.2 Anisotropy Energy

If the magnetisation curves for a ferromagnet are studied
as a function of the crystal orientation, it is found that the
appligéfggzessary to produce saturation varies and has a
minimum in a certain crystal direction. This direction is known
as the easy or preferred direction and additional energy must
be supplied to rotate the magnetisation direction away from
this directlon. This energy is knowm as magnetocrystalline
anisotropy energy. The easy directions are [1OQ] in iron, [llﬂ
in nickel, and [0001] in cobalt.

The value of this additional energy can be expressed as a
function of the direction cosines Ei,dz #;) of the magnetisation
direétion relative to the crystal axes. For cubic crystals like

iron and nickel, symmetry requirements allow all but the even

powers of & to drop out and the expresslon for thelnisotropy




becomes:

- Tt A, A1 L.t .
Ean— K, + K,(a(,o(b Ky ol 9(30(,3 + kzo(‘o(l_,(;.;. ..... 1.3
where Ky, K;, K5, are constants depending on the material.
Higher powers can be neglected as the constants become very

small. The values for these anisotropy constants for pure iron
are Ky — 4.2 x 10° ergs/cm.3 and K= 1.5 x 1056rgs/cm.3 at
room temperature.
1.2.3 Magnetoelastic Energy

When a crystal undergoes mechanical strain there is an

additional energy term due to the interaction between the mag -

netisation and the mechanlcal strain. This is known as the
magnetoelastic energy and is zero for an unstrained lattice.

It is the inverse of the magnetostriction, the change in length
upon magnetising a ferromagnet.

Becker and ﬁoring (1939) developed the formal theory for mag-
netostriction by mimimising the total energy of a éfystal i.e.
the anisotrdpy energy, the magnetostrictive energy, and the
‘stress energy.mThus if a state of constant stress is considered,
the change in length in a direction specified by direction

cosines [/3'/343,] with the magnetisation specified by [, «, ]

is: ):‘:l, _ b i :F: oy i - El) ¥ }\L(le(.dl_/}”@'_ + Dot s B, B, + Zv‘ﬁ,ﬂ,ﬂ.)h...
1.4

where h, and h, are constants depending on the material. In

general higher terms are necessary in this equation but for

iron theyAcan be ignored. It 1s more usual to express the constant:
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hl and h2 in terms of the longitudinal magnetostriction coef--

ficents \,, and )\,, , the fractional changes in length

100
measured along the magnetisation directions with the magnetis. -
ation in the [100] and [111] directions respectively. We have:
2his dee 5 ks M 1.5

In a similar manner the magnetoelastic energy can be calculated.
This is done by considering the contribution to the free energy
arising from the magnetostrictive distortion when the body is
in a stress field. If the stress is defined by- a stress tensor

TE;)( and the strain by a strain tensor ﬁ,;k , then the magneto—

elastic energy is given by:

4. =|
lq k. can be expressed as a power series of [, oty] the

magnetisation direction cosines. Discounting terms above second

order gnd:saetul-ng bhe magnebostricbion coefficients grves:

Egp= .- I Moo [T, ot 477;o<,+ - 3) 3),“(4-: T« ot T +o(o¢1u71,)

In the following sections the type of stress used 1s a pure

tension of ¢~ dynes/sq.cm. If this has direction cosines[X¥¥;]

then ‘
Tl;hzfx,;yk and 1.7 becomes
£ o2 T (L ekl ) N (R k1 4 Y]

If the magnetisation is in an easy direction we have for iron:
¢<,;=ti;o<¢-=eg-o and so

3 A,
c ,-—’—_-G‘A,,,,Cv-sg . 1.9

-
where & is the angle between the magnetisation and the
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tension directions. Also if the magnetisation is isotropic

then
) 110

. -3
whatever the direction of magnetisation.
1.2.4 Magnetostatic Energy
This energy term is the energy of a magnetic vector in its

own field. The energy 1s given by:

E = "[]f.H ol 1.11

Ens® T2

where I is the magnetisation and H is the field arising from
the magnetisation, the integration being over the total volume
of the specimen. One of the most important cases in domain
theory has been worked out by Kittel (1949). This case is when
the structure consists of parallel strips of alternate polarity.
In the case of the magnetisation normal to the surface and
strips of width D, the result 1is

E g :: 0-8521"2 D /unit surface area. 1.12
If the magnetisation vector makes an angle d with the surface,
then the pole density is given by Isind and then

En = O-952 LD 4T 1.13
It has been shown (8hockley 1948) that in the surface, the
magnetisation can move slightley from the easy direction giving

an effective‘permeability/p‘. In the stress free case this is

given by 2
" ,.fﬁ_"_zs

/# = K, 1.14

for a (100) surface of a cubie system. This affects the
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magnetostatic energy and gives a correction factor to the value
of equation 1.13 of;;%; , 8o that the final expression for

the magnetostatic energy is:
En = L 0952 b ac*

1+p* .
T -2
’t?‘I;bAw J : 1.15
1.2.5 Iotal Energy
The energy terms described in the preceedlng sections are

present in a given domain structure, and to determine whether

\
a particular structure is stable, the individval energy terms
must be determined. The different terms appear from different
parts of the domain structure. The exchange energy and anis—
otropy energy appear only in the domain boundaries where neigh—
bouring atoms do not have tqﬂér magnetic moments parallel or pJ
in easy directions. The energy assoclated with domain walls ‘
(Bloch walls) will be considered in the next section. Magneto—
elastic énergy occurs in all of the domains themselves and
is given by equation 1.8. The closure domains of a structure,
or any small domains magnetised at right angles to the main
domain direction have a magnetostrictive contribution to their
energy because they have their magnetostrictive change in
length perpendicular to the main domain magnetostriction. This
produces a strain in the materlal giving an energy which is
magnetoelastic in origin of

ez £ G, b - 1.16
where cqq 1S an elastic constant.

R
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To distinguish between this energy term and the term due to
applied or internal stress, in the rest of this work it will

be referred to as magnétostrictive energy. Thé final energy
contribution 1s the magnetostatic energy arlsing from the surface
distribution of magnetisation.

1.3 Bloch Walls

If a ferromagnet is not saturated but consists of an
arrangement of domains, between the individual domains a
transition region where the direction of magnetisation changes
between one easy direction and another. This transition 1s
known as a domain wall and in bulk ferromagnets is a Bloch
wall in which the rotation occurs in t/he plane of the wall.

In thin films, below a certain critical thicknegé this type
of wall is unfavourable and a Néel wall forms. This has the
rotatlon occuring normal to the plane of the wall. For the
work on iron whiskers the walls are Bloch walls and these only
will be described here.

To have the minimum possible wall energy, Neel (1944a) has
shown that the component of magnetisation normal to the wall
must be continuous from one side of the wall through to the |
other side. If this is not so, free polarity will be produced
at the wall and a large amount of magnetostatic energy 1s

invdlved. For example, if the wall makes an angle ©® with the

%
- !
zero pole position, the pesulting energy willl be 27F11A4~9.




12.

In the case of iron this is approximately 2x107sin69ergs/cc.
To meet this condition we can have two main types of boundary
in iron, a 180° boundary between antiparallel domains with
its normal in a (100) plane, and a 90O boundary between
pefpendicularly magnetised domains with its normal in & (110)
plane.

The energy terms involved in the transition region are
anisotropy and exchange energy. The former term would give
a minimum for the change occuring over one lattice sife and
the latter would give a minimum-for the change occuring over
an infinite number of lattice sites, so that these terms
counteract each other to produce an equilibrium wall width
when the total energy is a minimum. This occurs when the two

energy terms have equal values, hence the wall energy is given

by: Y= ZfEu_Jx = leemeIx.

1.17
Detailed calculations of wallenergy and wall width have

been made by Lilley(1950), Bealing with walls with normals

in the [100], [110], and [llﬂ directions. The results for

wall energy are given below in units of Yo the energy perunit

ares of a 90° wallwith its normal in a [100] direction.
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Values of Wall Energy per Unit Aeeax
in Units of){ for Iron
A"

Type of / Normal

Boundary / Direction [ 100] [110] [121]
(o]
90 | | 1.000 1.727 1.185
o .
180 2.000 2.760

A general expression for the energy of a 90o wall in terms
of the orientétion of its normal has been determined by a
number of workers, Chikazumi and Suzuki(1955), Graham(1957),
and Kaczér and Gemperle(1959). The energy of thé wall, expressed
as a function of({/, the angle between the wall normal and the
[100] direction is, from Kaczér and Gémperle:

Y. 1-71.71, - 12299 ca ¥ + 05015 cn 1.18
The va?Lue of Yo has been determined by a number of workers
and is given by Stewart(1954 page 99) as

Y, - f/%ﬂ& 1.19

neglecting K2 which, in the case of iron, alters the value by
a few percent, A being the exchange energy density as given
in section 1.2.1. Using the value of J determined by Kittel(1949)
glves A as 2.Oxlo6ergs/cc. and Yo as O.9ergs/cm2. for iron.
NEel(1949b) using a different method obtains a value for Xo
of 0.7ergs/em®, in iron.

1.4 Domain Structures

Tn iron there are six easy directions of magnetisation

along the cube edge directions determined by the anisotropy

S
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.enefgy. The domain structures present therefore consist of
domains magnetised along these directions. The basic structure
consists of main 180o domains magnetised antiparallel along
one of the cube edge directions. At the surface of the specimen
there are closure structures present to reduce the magneto—
energy of the system. The form these closure structures take
and any distortion of the main domains depends on the surface
orieﬁtation of the specimen. The closure domains vary from
simple triangular prisms in the case ofA(loo) surfaces, to
highly complex arrangements of interpenetrating domainé when
the surface 1s not a simple crystallographié plane. In the
case of iron whiskers similar variations from very simple to
very complex closure structures have been observed.

1.5 Observation of Domains

The two technlques most used to observe the intersection
of domain walls with the surface of an opaque material are

the Bitter technigue and the Kerr magneto_optical effect.
In the Bitter technique a colloidal suspension of magnetite

is placed on the surface of the specimen. The particles are

then attracted to regions of strong magnetic field on the surface

and show these up as dark lines. If the .surface is sufficiently

wellprepared these stray fields are mostly present at the inter—
section of Bloch walls with the surface, so thet subsequent
observation of the surface through a microscope shows up the

domain boundaries in the surface as dark 1ines. If the surface
|

]
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has smalllscratches normal to the magnetisation direction then
these also collect the magnetite particles and enable the
magnetisation direction to.be determined..This technique has
the disadvantage that after a short time the collold, which is
usually acidic, attacks the surface and stains. it so that further
observations are impossible. To overcome this different types
of colloid have been devoped with Celacol (sodium carboxymethyl
cellulose) as the suspending solution. Craik(1956) using this
technique with a celacol based colliod allowed the film to

dry on the specimen, removed it from the surface and observed
the. pattern under an electron microscope. Another disadvantage
of the Bitter technique is that on materials with low anisotropy
and hence wide domain walls, the stray fields are too low to
attract the magnetite particles so that it is impossible to
obtain patterns on these materials.

In the Kerr magneto—optical effect, the rotation of the
plané of polarisation of a plane polarised beam of light upon
feflection from a magnétised surface is used. The direction
of rotation depends on the direction of magnetisation in the
surface so thet adjacent domains magnetised in different
directions produce rotations differing in either sign and/or
magnitude. If the surface is subsequently viewed through an
analyser arranged at the extinction angle for one particular

rotation i.e. one particular surface magnetisation direction,
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'then differently magnetised domains will show up as regions
of differing intensities. This method therefore has the
advantage that it renders visible domains rather than domain
boundaries, as in the powder pattern technique. Unfortunately
the amount of rotaﬁion 1s small, the maximum being only about
5' for iron at the most favourable angle of incidence. Also
the system uses crossed polariser and analyser so that the
light intensities are low. Nevertheless it is being used now
quite extensively both for steady state and moving domain
patterns, it being especially suitable for fheilatter as there
is no delay befofe the new pattern is formed, as occurs using
the Bltter pattern technique while the colloid particles re—
arrange themseives. In the case of bulk specimens, where tne
surfaces have to be prepared by electropolishing, small irreg-

~ularities are still present, comparable in size to the domains
uhder investigation, and these produce a large amount of surface
noise. In fact observation through crossed Nicols is a
technique used to observe surface structure. To overcome tﬁis

- Fowler and Fryer(1954) superimposed the positive photograph
of the satureted specimen upon the negative of the state of
interest. By this means they were able to remove the surface
sﬁructure effects. Fer bulk materials therefore this method
is rather tedious. Howeverlin the case of whiskers and thin

films the surfaces obtained during the production of the

O
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specimens are good mirror-like surfaces with few irregularities
so that the surface domain patterns can be viewed directly.

The contrast between domains using this technique is nét very
good but 1f can be increased by 'blooming' the surface with
layers of transparent dielectric as first described by Kranz(1956)
A discussion of this technique and also domain observations

in general is given by Prutton(1964), and a general survey

is also given by Craik and Tébble(i96l),(1965).

1.6 Previous Work on the Effect of Stress on Domain Structures

Though 1little work has been done on the stress effects on
domain structures in whiskers, there has been quite a considerable
- study of the case of bulk materials, notably by Dijkstra and
Martius(1953), Kirenskii, Dylgerov, and Savchenko(1957), Bozorth,
Williams, and Shockley(1949), mainly in a qualitative way,
and by Corner and Mason(1963,1964) in a quantative way.

In the case of iron whiskers, DeBlois and Graham(1957)
applied axial pressure to floQ] whiskers and observed a zig—zag
wall running down the whisker edge. This was explained by
‘Kaczér and Gemperle(1959) as being due to the positive magneto-—
stiction of iron turning the magnetisation perpendicular to
the whisker axis. In this structure the walls become 90o walls
and it has been shown that this particular type of 90° wall
has a minimum energy state cbnsisting of sections of zig—zag
wall(Chikazumi and Suzuki 1955). DeBlois and Graham.also applied

stress by bending their whiskers. This produced a serrated

e
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or zig—zag 90° wall running along the length of the whiskers.
In the zig—zag alternate parts were not observed on the powder
patterns. An explanation of this étructure was also given by
Kaczér and Gemperle in terms of a complex internal structure

to the wall wibh the apparantly missing portion being due to
two 900 walls meeting in the surface. They also calculated

the effective wall energy of this combosite wall and obtained

a value of 4.15) .

1.7 Object of Investigétions

THe absence of any systematic work on stress effects on
iron whiskers, coupled with the previous investigations carried
out by Corner and Mason on the stress effects on bulk silicon
iron led to the start of this work. Whiskers have distinct
advantages over bulk material in that they grow with smooth
shiny surfaces requiring no treatment before domain patterns
can be observed, and they are also largely internal stress
free, producing no distortion of the results from unknown
internal stresses. In genéral they grow with their axes as
simple crystallographic directions and their faces also are
usually simple cystallographic planes. They are small in size
ranging from a few microns to about a millimetre across at
méximum, so that there are only a few domains in their width.
This means that their internal structure should be fairly easy

to determine, compared to bulk crystals where the stucture
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determination is little more than an enlightened guess.
These conslderations therefore led to the following work
being carried out 1in an attempt to produce a reasonable survey

of the effects of stress on iron whisker domain stuctures.




CHAPTER TWO . 20.

Experimental Techniques

2.1 Production of specimens

For the effect of stress to be studied large iron whiskers
were needed, a width of 100microns being necessary to ensure
that thefe is more than one domain across the width of the
specimens, and a length of 2 — 3 cms. to facilitate handling
and bonding of the crystals. In addition to the size require_
ments, the whiskers must be single crystals with surfaces which
are,smooth simple crystal planes to make the observation of
domains possible.

Iron whiskers are produced by the reduction pf ferrous
chloride in a stream of hydrogen af a temperaturé in the
range 700-750°C (Brenner 1956). Previously the technique had
been used with ohly a few grammes of ferrous chloride to
produce small whiskers. The method was modified followlng a
paper by Wayman(1961) to produce whiskers of the required size
by using a scéled up version, l.e. large quantities of ferrous
chloride in a large diameter furnace. The furnace was based
on a design of Morganite Electroheat Ltd. for a 43Y internal
diameter furnace tube and a hot zone 24" in length. The furnace
was designed so as to be suitable for the growth of these
and other crystals too and to reach temperatures of 150000
using six Crusiliﬁe elements, but for the growth of the iron

whiskers it was found that only four elements gave the most
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satisfactory conditions using a maximum power of five kilowatts.
The temperature control was by a West Instruments Stepless
controller. This uses a chromel/alumel thermocouple as the
temperature sensing'element and a saturable reactor as the
power control device gilving a continuously variable power output
up to the maximum 5Kwatts.(figure 2.1) |

About 250 grammes of reagent grade of ferrous chloride were
used at a time, these being placed in an iron boat in the
centre of the Vitreosil furnace tube. The boat was made of
16 s.w.g. steel sheet rolled to a semlcircular cross—section
with steel plate end pieces brazed on. The furnaqe was heated
up to the reaction temparature of 74000 wlth a slow stream
of nitwogen passing through to flush out the system and to
prevent the ferrous chloride being reduced before the réquired
temperature was reached. This took about two hours. When the
reaction temperature was reached, the nitrogen was replaced
with hydrogen flowing through the system at the rate of five
litres per minute. The reaction took about four hours to
complete after which the hydrogen was replaced by a slow stream
of oxygen free nitrogen. This was passed through while the
furnace was cooling down to prevent oxidation of the whisker
faces. The gases were passed over phosphorous pentéxide to

dry them before they passed into the furnace tube. After

leaving the furnace tube the exhaust fumes passed through a
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water trap bo absorb hydrochloric acid gas and pro&ide an
isolation between the atmosphere and the hydrogen in the
furnace. The flow rates were monitoréd by a thermistor on the
iInlet side of the furnace connected in one arm of a bridgé
network. The bridge was balanced for zero gas flow and the
change of resistance of the thermistor when the gas.was
flowing caused an unbalance. The change in resilstance depends
on the rate of flow of the gas so the out of balance current
across the bridge was used as an indication of the flow rate.
The circuit is shown in fig.2.2 and an out of balance current
of 59pa corresponded to the required flow rate of hydrogen,
the gas flow being adjusted to give this v&lue. The thermistor
was mounted in the centre of a length of 1" internal diameter
pipe with the ends coned down to prevent tﬁrbulent flow at

an angle of 10° to pipes of +" I.D. and 4" I.D. at the inlet
and outlet respectively. a

2.2 Selection of Specimens

v Using this method iron whiskers of the required size were
grown and a typical boat of crystals is shown in fig.2.3.

Fpom such a collection suitable specimens were then obtained.
By simple visual inspection the majority of the whiskers

weee rejected because of either irregular growth and poor

surfaces, or sudden changes in their direction and side growth
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reducing their useful size. The few that remained from this
preliminary inspection were then examined further under a
microscope(magnifiéation lOOx), which enabled specimens with
growth steps or twins to be discarded.

2.3 OHservation.of Domains

For the observation of the domain structures, investigations
were carried out into the use of the Kerr magnetooptical effect.
By this method the actual domains show up as light and dark
areas since the direction of rotation depends on the direction
of the magnetisation in the reflecting surface. In certain
cases therégopefthis method can provide additional information
to that given by the colloid technique since the latter method
can meet situations where domain boundaries do not show up,
i.e. where two boundaries of opposite sense meet in the surface
to give zero net effect and hence no collold deposit. If the
surface under observation is irregular then the Kerr effect

will not show up the domain structure due to the scattering
of the light destroying thelcontrast between adjacent domains.
In these circumstances the colloild teéhnique will often still
give results. The Kerr effect on iron whiskers was studied
using an optical bench arrangement but it was found that the

light Intensity available for photography was very low compared

with the colloid %lkchnique and hence much longer exposures
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were necessary. In addition, it was estimated that the time
neededto convert the Kerr effect apparatus to use on a microscope
in conjunction with the apparatus for applying streés to the
whiskers would be too long for it to give any contribution
to this lnvestigatilon, so that despite its potential usefﬁlness
it was not continued with, and the magnetic colloid technique
used for the rest of the investigation.

The magnetic colloid gsed was prepared by the standard
method of E1more(l938), except that it was made to a concentra—
tion four times greater than Elmore gave, as this was found
to give clearer Bitter patterns on the whiskers than the standard
concentration.

2.4 Apparatus and Observation of Domain Patterns

The apparatus used to applj stress‘fo the whiskers is shown
in fig.2.4. It was mounted under an dptical microscope in
place of the stage on slides so that it could be moved in
any direction relative to the microscopelbody. The right--hand
end was free to rotate about the centre line of the apparatus
and also slide in and out a short distance. The centre of this
piece was bored out and one end of the whisker bonded into
1t. The position of the Whisker was adjusted so that a good
surface was seen through the microscope and then the surface
was immersed just below the surface of a pool of magnetic

colloid on a glass slide, rendering the domain boundaries

visible. After this the whisker position was further gdjusted
+—
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either by horizontal movement t§ anpther part of the same face,
or by.rotation to a different whisker féce in order to obtain
the best domain pattern and the mount then clamped. Some of
the selected whiskers did not give a visible domain pattern
and so.these were discarded at this stage. The ones that did
show a pattern were then bonded to the left hand end of the
- apparatus. This was a piece of +" dlameter brass rod, the end
of which had the top half removed, the end of the whisker being
bonded onto this flat region. The brass rod was attached to a
spring, the other end of which was attached to, and moved back
by, a micrometer movement. The spring and brass rod moved in
a channel to support their weight and prevent bending of the
- whisker. The channel also provided a guide to keep the tension
acting along the centee line of the abparatus. A calibration
of tension against extension is shown in fig. 2.5. The bonding
of the whiskers to the apparatus was done using diphenyl carbazide.
This is a substance obtained in powder form thet melts at 17200
and re—solidifies to form a glass—like material around the
whisker. On solidifying it is strdinfree so there are no initial
strains in the whisker due to the mounting, as occur with a
number of bondling materials.

When a suitable'whisker had been fixed 1n the apparatus, the
domain pattern was photographed usiﬁg Pan F 35mm film in a

Pentax camera mounted on top of the microscope. The microscope

had a 5x objective and a 20x eyepiece and the camera used with

o
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its lens removed in the Pentax microscope adaptor.

- A tensile stress was then applied along the whisker axis
by extending the spring a known amount using the micrometer,
and the corresponding pattern photographed. The stress was
increased in sméll steps and,after each, time allowed for ﬁhe
colloid to settie on the new pattern before it was photographed.
While the stress was being changed, the pattern was observed
using the reflex viewing of the camera. If any sudden fransitions
occured in the pattern, the stress was kept at the value
corresponding'fo the change and the new pattern photographed.
In addition to observing the change in the pattern as the
steess was incréased, photographss were also taken while the
stress was being released, unless, as sometimes happened, the
whisker broke or slipped out of the bonding material. The domain
pattern photographs were then printed in the normal way and
measurements made directly on the prints.

After a whisker had been used it was disconnected at the
left—hand end and its size determined. This was done under the
microscope using a iOx eyepiece and the 5x objective, the
eyepiece having a scale that had previously been calibrated
using a ruled slide marked in hundredths of a millimetre. Then
from the calibration of the spring and the cross—sectional areé,

the tension in the whiskers for each pattern could be calculated.
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2.5 Orientation of Whisker

The orientation of the whisker was next carried out. For
some of the whiskers this was unnecessary as the domain pattern
observed'was characteristic of a particular face and orientation.
For the rest, fprward reflectidn.xpray photographs were taken
and compared with strandard ones given by Majima and Togino(l927)
to determine the crystal orientation. The whiskers were then
re—orientated on the X—ray machine according to the results
from the photographs until one characteristic of a [10@
direction was obtained. Thils was done because a number of
different orientations of the crystal relative to the X—ray beam
give similar photographs, andﬂit was sometimes difficult to

determine just which was the correct one.
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WHISKERS WITH SURFACES (001), AND AXIS [100] OR A SMALL ANGLE

TO THE [100] DIRECTION

3.1 Axis Exactly [100] Direction

This orientation leads -to the simplest possible domain
patterns;‘and as the whiskers usually grow with this orientation,
the characteristic patterns are often seen and a large amount
of‘work has been carried out on them. The patterns usually
consist of two domains along the 1engthiof the whisker with
one 180o wall between . &éthem and a éimple closure structure at
the ends.(Coleman and Scott 1957) This simple structure can
be modified by the addition of'domains magnetised across the
width of the whisker i.e. at right angles to the main domains.
(Coleman and Scott 1957, Isin and Coleman 1965) These cross
magnetised domainsg can be single rectangular ones as shown in
the references above, or they can form patterns of their own
as seen in blgte 3.1.

Thé'patterns seen in plate 3.1 are simply the running
together of a number of cross magnetised domains, the resultant
system being in essence only a more complex pattern of thetppe
mentioned above, i.e. the structuré is the same all through
the thickness of the whisker, the pattern seen on the whisker
face directly below being exactly the same as that on the top
face. This was observed during the mounting of the whisker,

the face selected and subsequently photographed being the one




FIG 3.l Surtace patterns on the faces of the whisker shown in plate 3.2
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that gave the clearest domain pattern.

A different type of structure to the 6ne above is shown
in plate 3.2 with a diagrématic representation of the structure
in fig. 3.1. In this system the patterns observed on all the
whisker facés are different and instead of the cross magnetised
domains being confinuous thfoughout the thickness of the
whisker,they only occupy about two thirds of the wldth and no
corresponding patterns are'observed on opposite whisker faces.
Nevertheless the effect of stress on this type of structure
should be similar to that observed for the other patterns.

Other more complex structures are shown in plate 3.3. In this
whisker the basic magnetisation consists of two domains
magnetised along the whisker axis with two 180° walls betwwen
them similar to those in the whiskers described above. At two
.points along the whisker the positions of these walls change.
The changes involve the appearance of the main 180° walls in
different segments of the whisker passing from one side of the
crosé magnetised structure to the other. These chénges in
orientation involve complex domain structures magnetised
normal to the whisker axis and are illustrated in fig. 3.2.
: The change at the left hand end of the photographs of plate 3.3
involve 'V! line structures on two of the faces similar to
those shown by DeBlois and Graham (1958). At the common face

of the two cross mégnetised domains there is a short piece of




FIG 3-2a Internal structure tor domain patterns shown at [¢éft hand end of plate 3-3

Wall ABC is a zig-zag wall
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FIG 3:2b Surface domain patterns on whisker surtaces at

right hand end ot whisker shown in plate 3-3.

Magnetisation shows discontinuities where walls are apparantly

absent indicating additional internal structure
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zig—zag wall which shows up at the corner of the whisker. The

apparently open sides of the domains on the two adjacent
surfaces separated by the zig—zag wall are in fact closed by
900 walls which intersect with other 90O walls in the surface.
This gives a much reduced field gradient at the surface and
hence colloid does not collect in large enough amounts to be
plainly visible. The change at the righﬁ hand end of plate 3.3
is more complex still and in the explanation in fig. 3.2 only
the surface directions of magnetisation of the structure are
shown as it was not possible to obtain a complete internal
domain structure to fit the observed patterns; The internal
domain structure from the bottbm apparantly uﬁcompleted square
domain on the front surface is similar to that from the top
one and it is proposed that these structures also have the

V! line configuration on the adjacent whisker faces. The
apparent absence of some of the domain bondaries on the surface
is againfdue to the intersection of two walls in the surface
giving a reduced collold deposit.

The whiskers shown in both plate 3.2 and 3.3 were too short
to be mounted in the apparatus described in chapﬁer two for
the application of stress, so that oﬁly the zero stress patterns
are available. However it 1s expected that the structures seen

in these two whiskers under a tensile stress would be similar

to that of other stsuctures on similarly orientated whiskers
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i.e. the domains magnetised along, or nearest to, the stress

direction should growwat the expense of the others.

The simplest pattern with only two domains magnetised parallel
to the whisker axis has.the lowest energy of all, the other
systems being in positions of energy minima, but having a
larger energy value in absolute terms than the simple pattern.
These other structures therefore will changé over to the
simplest structure if a disturbance is produced, either by the
application of & suitable magnetic field or the application
of stress to the system to overcome the energy minimum between
the two states. These changes can take place either as a series
of abrupt steps involving the sudden disappearance of complete
domains, or as é gradual process as the cross magnetised domains
slowly decrease in volume, or as a combination‘of both of these

methods.

3.1.1 The Effect of a Tenslle Stress along the [100] Direction

In general the effect of a tensile stress along the axis
of a whisker is to make the easy directions of magnetisation
nearest to the axls energetically more favourable than the
others. Because of this the usual end result of applying such
a stress on a [100].whisker is to produce the simplest domain
pattern referred to in the previous section. In practice however
the value of the stress that has to be applied to overcome the

energy maximum between the two domain systems can b® very
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large and’above the yleld point of the whisker so that the
changeover cannot in fact be produced by this method:

An example of this is shown in plate 3.4. The domain structuré
present consisted of antiparallel domains magnetised along.
the length of the whisker with only one cross magnetised
domain, apart from the closure domains at the ends. A schematic
drawing is shown in fig. 3.3. Whem a tensile stress .was applied
to this whisker there was no visible change in the pattern
observed up to a stress of lOKgms/sq.mm, the maximum that
could be attained with the apparatus. In this system with only
one cross magnetised domain there is not an equivalent domain
magnetised in the opposite direction with which annihilation
could occur. From the results which follow in later sections
it appears that in this type of domain structure changes occur
by the moving together and mutual destruction of two neighbouring
and oppositely magnetised cross domains. Thus, in this case,
whefe there is only one cross magnetised domain, there 1is
nothing with which it can interact and be destroyéd. If it
simply disappeared, then, as can be seen from the magnetisation
directions in fig 3.3, it would leave two oppositely magnetised
domains meeting in a single 180° wall with their normal
- ¢omponents of magnetisation in direct opposition on both sides
of the wall and hence have a very unfavourable system energeticall

The effect of stress therefore on this system is to leave it

unchanged despite the making of the cross magnetised domain
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a less favoured direction of magnetisation.

In contrast to this are the effects seen in plate 3.1 and
plate 3.5. The whiskers seen in these two plates h&ve domains
magnetised antlparallel along the whisker axis with complex
arrangements of domains magnetised across the whisker at
certain points, there being only the one such arrangement
shown in the platés in the appropriate whisker. The effect of
applying a tenslile stress along the whisker axis can be seen
in thevphotographs. The volumesof the cross magnetised domains
are graduallyAreduced as their energy relative to theAmain
domains increases. This reduction in volume follows the increase
in stress in a qualitative way until.. the cross magnetised
domains virtually disappear, when there 1s a sudden change
in the pattern as the maln domains rearrange themselves on
the disappearance of the cross domains. Due to the irregular
nature of the pafterns, especially in plate 3.5, it 1is impossible
to obtain a quamtitative agreement between the stress applied
and the resulting pattern.

Also appearing in plate 3.5 is a section of zig—zag or
serrated wall. A small length of this gradually appears at
one end of the whisker as the stress 1s increased, becoming
more clearly defined as the stress rises. On release of the
stress, ;his type ofpattern disappeared completely. DeBlois
and Graham(1958) have observed a similar type of wall to this
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on a whisker by bending it. This gilves a compressive stress
at one edge and a tensile stress at the other. A subsequent
explanation of this wall configuration was given by Kaczer
and Gemperle(1959) in terms of magnetisation perpendicular
to the whisker axis where there is compression, along the
whisker where there is a tension, and a complex closure structure
between. These are illustrated in fig 3.4.'The origin of the
zlig—zag wall in plate 3.5 therefore is probably due to slight
bending of the whisker, either from misalignment in the mounting
of thelwhisker, or the straightening out of a small growth
kink in the whisker at that point. This latter mechanism was
seen to apply to another specimen with{én oﬂvioudkink at one
point, which, on subsequent staightening out under tension,
caused a.similar zig—zag wall to appear.

In addition to these short lengths of zig-zag walls due to
local accidental bending of the whiskers, full length zig—zag
walls similar to those shown by DeBlois and Graham were produced
by bending the whiskers. Apart from the observation of this
type 6f structure no further work was done as the complex

domain structure at the wall is difficult to analyse mathematicall

3.2 Axis'at a Small Angle J to [100] Direction

In this orientation we have to consider the magnetostatilc
energy of the system. The'presence of this modifies the domain

stuctures and the way the system reacts to the application of
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stress. As in the previous section, the simplest pattern consists

of antiparallel domains magnetised in [106] directions. This
gives domains at an angle to the whisker axis and with no
closure structures present, a high vélue for the magnetoatatic
and hence the total energy of the structure. The result is a
domaln pattern with a very narrow spacing between domain
boundarfes. The pattern is shown in fig 3.6 and is the structure
all whiskers with a small value for J tend to upon application
of a tensile stress.

The total energy can be reduced considerably by the
introduction of small diamond domains magnetised in [OlO]
directions, i.e. across the whisker. This effect has been
observed on a number of whkiskers and the effect of stress on
the structure studied. One particular whiéker‘gave the simplest
case of this structure and will be considered in detail. It
is illustrated inﬂpbabe 3.6. On this whisker small steps
occured along the edges of the whisker and the cross domains
seemed to be pinned at them,i.e. they did not reach right to
the whisker sides. A simplified diagram is shown in fig 3.5.
Other specimens showed similar features but with complications
arising from the cross magnetised domains not beingsﬁngle
rectangles, double and treble triangles occuring quite frequently.

The following discussion therefore refers only to the simple

structure of fig 3.5.
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3.2.1 Initial.Structure

.This is the zero stress state and so the energy terms
involved are wall energy, magnetostatic energy, and the
magnetostrictive energy of the cross magnetised domains
relative to the other domains.

Refering to fig 3.5, the total wall energy for one complete
pattern is Yy, hat + i—?l’ Y so jjl‘ Vs

3.1

Assuming that __, the energy of a 90° wall is half

90 180’
the energy of a 180° wall, the wall energy per unit length

is given by
)/l?ﬂf[jm-*zi’ (61)‘—\)}_ !
0‘ S d ot J J’ 3.2
The magnhetostatic energy per unit area of the whisker side
is 2 o852 Tl alT
/ ¥
Vi : - 3.3
a L |
where /p = h4-2 for iron.

Taking account of both sides of the whisker gives the magneto—

static energy per unit length as
2 LTI dbald = Sl 3.4
L +pur
For the cross magnetised domains, their magnetostrictive

energy per unit volume 1s

/ 2
Z’ /\,“ ]
Thus the magnetostrictive enegy per unit length is
/ Z
LNl YoM 3.5

2 o ok
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2

where V — a"t is the volume of one of the cross magnetised
domains, a being one quarter of the perimeter of one of the

cross domains since J is small.

Then:
Total energy per unit length = ;L\ﬁ/ + S?l v I

3.6
To obtain the equillibrium spacing, d,, for this structure,
we have to minimise equation 3.6 with respect to d.
We then have
o ol 22 e
34T Autd

}’/z

3.7

For the whisker under consideration the following values
were obtained:

-3 -5
a=0.0lems, q=0.975x10 cms, ¥18O=1.8dyn.cms"2, A Lo 19-5%10°

311:2'41x1012ergcms_3, 15:1.7x103e.m.u., x~J2a for J'small,J3f5°
Inserting these values in equation 3.7 we obtain a value

of dg= 3.5x10_20ms. The measured value of do from the whisker

photographs is 3.3x10_2cms. so that the agreement between

theory and experiment is quite good. Any disagreement may be

due to the crossvdomains not being compleﬁely regular, giving

uneven areas of free pole along the whisker sides, and alsoi

to the presence of steps on the surface at the edges altering

the wall and magnetostatic energy terms slightly.

3.2.2 The Effect of Stress on the Domain Structure

When tension is applied to the whisker there is an additional

energy term to consider 1.e. the magnetoelastic energy due to
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the applied stress. This gives an additional contribution
per unit volume to the energy of the cross magnetised domains
of g}wod‘ where 6- is the applied stress in dynes cmsfz. Thus
the energy of the system can be altered by the application
of stress and changes, from one state to another of lower energy
at that stress value,'normally prevented by an energy maximum,
can be brought about.

In the system dealt with in this section the sequence of
events as a tensile stress was applied to the whisker along
its axis 1s shown in p1ate_3.6. The initial structure remains

unchanged until a stress of 5x@©7 dynes cmfe was applied.VAt
this value alternate adjacent pairs of cross magnetised domains
moved together and anihilated each other so that the pattern
spacing was doubled. As the stress was further increased the
remaining cross domains altered their shape somewhat and the
separation changed slightly. At a stress of 15x107dynes e 2
another sudden change occured. All the cross magnetised domains
disappeared and an apparantly simple set of-domains magnetised
in the easy direction close to the whisker axis was formed.
This pattern is shown schematically in fig 3.6. The tension-
was further increased and then released slowly down to zero

with no other changes occuring. If the energy of this final

'state is compared with the energy of theAinitial structure,

both at zero applied stress, 1t 1is found that the energy of
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the fimal pattern is greater than that of the initial structure.
It is however 1n an energy minimum state and is conseduently
stable, and a return to the initial structure is prevented

by the absence of any suitable magnetised regions from which
cross magnetised domains could nucleate.

The anihilation mechanism for the cross magnetised domains
seems to be, as stated above, the coming together of two
oppositely magnetised cross domains, rather than the simple
disappearance of the domains. Evidence for this comes from
the photographs shown in plate 3.7. In these, which relate to
a different whisker from the one under consideration here, the
changes occur in a similar manner and the motion of the cross
magnetised domain at the left of the photographs can be clearly
seen. The subsequent motion was toorapid to photograph but
this first step gilves evidence for the mechanism that can be
seen to occur.

3.2.2.1 Energy Values for the First Pattern Change

In the following the energies of the system are calculated
both before and after the change. At the changeover stress
the energy of the initial and stress induced structure should
be equal.

The spacing of the pattern lncreases from doto dl’ where
do=.3.3x10—20m and d1:.6.5xld-2cm,'as measured on the photographs:

The thickness of the whisker is © which is 6x10 cm.




L4o.

The increase in magnetostatic energy per unit length is

l:/{l: . 1-7,7':/5(;\107.(0("‘Ja)f 3.8

| =5
= 2860 x 10 “erg/cm
The other energy terms all decrease after the changeover.

The decrease in wall energy per unit length is

* y f e + 2 x ( )
Ito 2 /S’L—.%- J 0‘ 3-9
= 1630 x 10 5erg/cm
The decrease 1n magnetostriclive energy per unit length is A c
/|1 JASNAY ’
2 Ao GV (I, ,,(,) 3.10

= 400 x 10—56rg/cm

3

The decrease in magnetoelestic energy per unit length is

:Z-/\,WG‘V(J" ,1,) 3.11

-5 ’ :
- 1220 x 10 “erg/cm

Total decrease in energy per unit length is 3250 x 10—5erg/cm.
At the changeover the iﬂcreasé in magnetostatic energy

should equal the sum of the reduction in the other energy

terms due to the disappearance of half of the cross magnetised

domains, aﬁd it can be seen that the agreement between these

is approximately correct, the increase being 12% lower than

the decrease. This discrepancy is probably due to the additional

eneréy needed to start the domains moving and provide any

extra energy that may be needed during theaRnihilation process
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while the domains are moving to changelthe domain pattern to
the new equilibrium state.

3.2.2.2 Energy Values for the Second Pattern Change

As the stress was increased further pattern changes were
expected to take place. The general form of the pattern remained
the same but the actual size and shape of the cross magnetised
domains changed. This can be seen in plate 3.6. This change
altered the actual domain spacing along the length of the
whisker, but as can be seen from the photographs this change
was small compared with the actual pattern spacing, and so
together with the change in the silze of the crosé domains,
it wlll be discounted in the following approximafe calculation.
The effect of these changes will be considered at the end
of the section.

At a stress of 15x107dynes/cm2 the cross magnetised domains
disappeared and left a stucure as showm 1n fig 3.6, the spacing
of the domain walls along the axis of the whisker now being
a,= 32x10 “om.

The inceease in magretostatic energy per unit length is

2 e tT (4 ) F 3.12
o
= 22800 x 10—5ergs/cm

The decrease in wall energy per unit length is

Y?o ﬂa‘t—j Y l’} [mef )
[4,( I MJ) s | T dod B

-5 .
= 420 x 10 ergs/cm
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The magnetostrictive and magetoelastic-energyfof the cross
domains completely disappears. |
The decrease of magnepostrictive energy per unit length ds

2
R S Y

2 4 3.14

= 420 x 1d—5ergs/cm

The decrease in magnetoelastic energy per unit length is

3
7 Mooy 3.15

oA

_ -5
= 3990 x 10 ergs/cm

The total decrease in energy per unit length is 483Oxld_5

ergs/cm.
Comparing this with the increase'in magnetostatic energy

that occurs does not give'any real égreement. The energy

after the change should be equal to or less than the energy

before the change. In this case however there ié apparantly

a large increase in energy after the change. Consideration

of ﬁhe actual pattern changes up to ghe suddeﬁ disappearance

of the cross domalns even further increasesthe energy gain.

This occurs becauée the cross domains have in fact been reduced

in volume before the change and hence the reduction in their

wall,vmagnetostrictive and magnetoelastic energies 1s less

than that calculated above. Similarly the slightly reduced

pattern spacing before the change reduces the value of d1

in equation 3.12 and so increases the change in magnetostatic

energy.
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This pattern change therefore is not as simple as the first
one. As the energy changes for the farst pattern change are
in good agreement, it seems likely that the calculations
for the domain structure before the second change are reasonable.
The difficulpy must therefore lie with the assumption that
the final pattern is as simple as it is shown in fig 3.6.
Further evidence for this is seen if the equilibrium spacing
for the final pattern of fig 3.6 is calculated assuming it
consists only of a set of domains almost parallel with the
whisker axis, as the above calculatidns.assume.

In fig 3.6 the area of one domain wall is XE%; . If d is
the separation alohg the whiskar edge between two walls, and
the walls are 180° walls, then the wall energy per unit length
of the whisker is Eﬁiﬂf |

o A d

The only other energy is the magnetostatic energy and is
given by equation 3.4. Then minimising the total energy with
respect to d gives the equilibrium spacing of

ds = [_,__——l‘——YM“(‘* ')] h 3.16

34T, Aw'd
Inserting values in this for the whisker under consideration
gives d3==8.5x10_20m‘compared with the observed value of 32xld:?cm.
for this spacing. This discrepancy is far outside the exper—
imental error and so the simpie model is not good enough.

On the photographs of the final domain structure, the

domain walls appear to be denser in some parts than in others.
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This is probably due to theiwalls being alternately left hand
and right hand Bloch walls. The presence of small stray fields
at the surface of the whisker polarizes the colloid slightly
and it is then preferentially deposited on either'left or
right hand walla, depending on the fileld direction, leading
to the dashed structure seen in the photographs. Calculations
on this type of wall structure have been performed by Shtrikman
"and Treves(1960) and Bhide and Sheroy(1963). The latter workers
obtain a value for the energy of this type of altérnating wall
approximately twice that for a simple Bloch wall. If this
valuenls now used in equation 3.16 we obtain a value for the
equilibrium spacing of the pattern of leld_Qcm. This however
is still a factor of 2.5 different from the observed value.
Unfortunately it was not possiblebto observe the pattern
on the whisker sides so no evidéhce is available for the
structure present on these surfaces. It would appear from the
preceeding work that some kind of closure structure must be
present on'thé'whisker sides in order to reduce the total
energy of the‘system. One type of stucturé that has been
observed by previous workers using bulk material consists
of daggers of reverse magnetisation at the surface reducing
the magnetostatic energy. The equilibrium spacing for the
pattern occurs when the wall energy and the magnetostatic

enérgy are equal, so if regions of reverse polarity were
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present these would have the effect of reducing the magneto—
static energy and hence the wall energy per uﬁit length at
equilibrium. Also the introduction of an additional area of
domain wall around the daggers necessarily reduces further
the energy available to form tThe main boundaries. Thus theA
presence of these daggers of reverse polarity should increase
the spacing of the domain structure considerably. Unfortunately
calculations on these structures are not possible unless the
structure is known accurately and lack of any infdrmation
about the patterns on the whisker sides prevents anything

other than the qualitative explanation given above.




CHAPTER FOUR . 16,
WHISKERS WITH SURFACES (001) AND AXIS AT A LARGE ANGLE TO

) | B | _ .
* {THE_[100] DIRECTION . . )
4.1 [possible Domain Structures with Different Types of, — -

Closure Structures

There are a number of possible types of‘domain stucture
that can exist in this orientation with main domains magnetised
at an angle across the whisker, each type having a different
kind of closure structure at the whisker edges. Each type
- of domain pattern has an energy minimumat a different domain
separation, and it should be possible to predict this minimum
energy spacing and hence distinguish between the different
- structures. The various types of structure considered in
this section have main domains magnetised at an angle to the
whisker axis and:

a) no closure structure,

b) single closure domains magnetised in [0101 directions,

¢) echelon closure structure with magnetisation in [100] and
- [01d directions,

d) single closure domain magnetised in [001] directions

4.2 Ccalculations of Domain Energy with Different Types of

Closure Struecture

4.2.1 No closure Structure

In this type of pattern the main domains reach to the edge

of the whisker as seen in fig 4.1. The energy considerations
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FIG 4] SIMPLE DOMAIN STRUCTURE WITH NO CLOSURE STRUCTURE




involved here are wall, magnetostatic, and magnetoelastic

energy, and these are given by:

Wall energy per unit length Ym wk b1
—_/
dru 6
Magnetostatic energy per unit length
2 175 a0 L& b2

Ir/u’

Magnétoelastic energy per unit length

-3 \ 424
;“"L’ too €0 for (1) in fig 4.1 .
: .3

- fowff\m Al for (2? in fig 4.1

Total energy per unit length

2

Yook 2 17730 Jt—if‘\)f"\wa /wfﬂ‘ 4= 01 I b

dian® 1 Aw e for (2)
Differentiating with respect to d and equating to zero

ate = Q to find d,, the zero stress spacing, gives

(‘lo: X‘w(lffr)Ul’L = C __‘\_)_)'IL '
YA T A0 .0 *e5

where ¢ = (Xli'o (’*Z'))'b'

34
substitutinga(-—e for (1) and 90+& =€ for (2) gives:

do= [ ) o 00 wnd e c(;i;;)"‘/.* (1) 4.6

Aol
0
Because for& = 45  the two patterns are equivalent, the

spaciﬁg should be the same for both cases at this angle,

and the above theory predicts this. For other values of &

h7.
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the two cases are différent. In the range 0<#<L5, case (1)
has the 1a£gest separation, and in the range U45<«¢<90, case (2)
has the largest separation. The variation of do for both
cases is shown in fig 4.,2a, and as expected it can be seen
that the domain spacings of (1) at an orientation A is the
same as that for‘(e) at an orientation of 90—A.

If the above values fof éhe pattern spacing are substituted
back in the energy equation 4.4, we obtain:

Total energy per unit length
= u—[:-z.l}u«;a( ¥, w} Y WP

o 2 for (1)

= 22400~ Yo es'd b

Total energy per unit length
= .21‘[3-& Tgeon ok Yoo w] I"__ 3o~wd A, A A for (2)
lty*

= 22 oy - Yoalta

Foro™= 0; a) 0<=#<45, (1) has the smalles} energy,
b)<=45, (1) and (2) have equal energy, (fig 4.2b)
c) 45<M<9b, (2) has the smallest energy. |
Thus for all values of« , the case with the domains magnetisedv
nearest to the axis of the whisker has the lowest . energy,
and should be the favoured one. However if the previous history
is such that magnetisation in the direction farthest from
the axis of the whisker has been produced, it should be a

stable state as it is an energy minimum and there are no
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suitably magnetised aomains from which the other structure
with the alternative orientation could grow.

There should be no effect on the spacing of,either of
these two patterns due to stréss since the magnetoelastix
energy term does not differ from one domain to the next. This
appears to be true from equation ﬁ.5 which does not include
a contribution from the stressﬁr,'since the maghetoelastic
energy term does not depend on d. The effect of stress is
simply to alter the energy difference be%ween the two cases,
making the favoured one more favourable,(fig 4,2c), without
altering the domain spacing for minimuﬁ energy. |

This type of structure 1s not usually obtained as the
lack of closure domains leads to large amounts of magnetostatic

energy, despite very narrow domains at the energy minimum.

For the whisker shown in plate 4.1, with the following values:

2

L=1.7x103e.m.u., Y. . =1.3dynes/em®, (1+p*)=46.7, w=12x10 —cm,
/J-

180
the equilibrium spacings calculated using equation are:

d = 7.707 x 10 %em for (1)
do: 3.38 x ld_ucm for (2).

The measured value is 9.86x10—30m, which is a factor of 10
out, showing the large effect on the domain spacing of the

closure strucure, which gives partial closure of the flux

and a large reduction in fhe magnetostatic energy term.

o
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452.2 Single Closure Domain Magnetised in the [010] Direction
In this pattern the flux pafh is closed by a single domain
magnetised at right angles to the main domain, but the closure
domain itself has some magnetostatic energy since the magnet—
ation is not parallel to the whisker side but makes an angle
of 90+ with it. In thils type there are a number of variations
depending on the closure domain shape, and the three types
shown in figs. 4.8, 4.4, 4.5, will be considered. The first
one (type A) in fig 4,3a is the simplest with the élosure
domain walls being,at'MSO to the magnetisation directions.
In the second (type B) and third (type C) configurations as
in figs. 4.4:, and 4.52, the walls of the closure domain are
not at 450 to thevmagnetisation directions. The third type
has closure domains at alternate ends of the main walls, whereas
the other two have closure domains at each end of the main
walls.

0
4,2.2.1 Type A with Closure Structure Walls at 45 to the

Magnetisation directions

The energy contributions involved in this structure are
wall, magnetostatic, magnetostrictive, and magﬁetoelastic
energy.

In fig 4.3 wall AF is a 180° wall, walls AB and AC are

90 walls. The wall energy per main domain is therefore
2(pg+aQ) L%y +AFL Ko

Ada ol Al A

=Y, b { uLLm (148) v (a4)] v olres (2290 )E 49
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Assuming 2Y90- \(1 80

The wall energy per unit length is:

Y l—{ws('(-kf)+4¢(i—kﬂ«— w __)u..'(aat-%)} 4.10
i ol st At A

The magnetostatic energy per unit length is:
_;{ r7jiufJH%Where J =90+ 4,11
17:’
2 /.7_7_':.30410( Ak .
Lot

The maghetostrictive energy due to the closure domains 1is

iven b 2
g v /\ ¢,

i% oo /unit volume of closure domain.

The volume of closure domain per unit length is:

2. vodure ABC . ilf e (24-90)

A 2
The magnetostrictive energy per unit length is therefore
L . g
/\lab C“ clé’ /‘(‘: [’zd‘qo) l‘l’o 11

A

Magnetoelastic energy consists of two contributibns, one from

the main domainsdfifﬁﬁkwew}d per unit volume, and one from
the closure domains of:gcﬁwoAéfK per unit volume.

Magnetoelastic energy per unit length is:
36~ Moo j:{tdcu.lot -_'_alu.l(ﬂd-‘?o)ws.h} I.1p
By 2
2

Total energy per unit length is E1
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E = ;*'t{‘” (-4) o asi(4-45) - 24 (Ju-e) . & } PRI A .

A A daw A Lrpt
Vo Cadld - ¢ .
+ Nigo el 4 (94-90) - 36/\:.&{«)«:4 - Lol (2490 eos 24 4,13
L F) *

Differentiating this wilith respect to d and equating to zero

gives: '
WY _ 34 I:mzd *X.l;o Cu A«J(ZA-%) r Ao g (20-90) con 2u
dlM;d ‘f/‘I L(- ‘ L’. .
-2
e 3hIien h A N di (34-90)8 64 [N ls, + 30 con 2 4.1k

(HWQADGK, k w Yo

From this we get the zero stress spacing
-1

do = { 3.4 T5 wstd Au A, /\t.o (’..46(2#—90)44‘(‘{ 2
(‘7"‘) W Yoo Lo ¥Yise |

and the variation with stress of /d*as

,'l: ’I; + 3""\400 Ac(2-90) Aei & ot 24 4,16
J f//d L‘,U{/h .
which 1s a straight line graph of slope
31\100

LU ‘w :
This type of structure is limited to the range LU5<«< 90

Aa(3A-90) 4c o eor 1u

because for orientations ofA < 45 the closure structures as
drawn cannot exist. The domains magnetised in the directions

in which the closure domains would be expected to be magnetised
become the main domains, and vice versa for the expected

main domain directions. In the range 45<e4< 90 for which

this treatment is valid, the closure domains are magnetised

in directions closer to the applied stress, i.e. the whisker

axis, than are the main domains. The closure domains would
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therefore be favoured by the application of a tensile stress
along the whisker éxis and should grow at the expense of the
main domains. The spacing of the main domains should increase
as the closure domains encroach upon the main domains. The
value of'/JLshould decrease as the stress increases, l.e. the
slope of the graph of 7dl'aga1nst & should be negative. This
i1s predicted by the above theory as the value of cos 2« for
454 < 90 is negative, while the other terms are all positive,
making the total expression always negative.

This type of structure 1s not much different in energy
for the same spacing as thé stucture with no closure domains
considered in the previous section, because the magnetostatic
energy of the closure domains is the same as that for the
main domains of the lower energy case when there are no closure
domains. In fact the energy is higher as there is now a
magnetostrictive energy contribution due to the closure structure
together with some additional wall energy. The resuit of these‘
extra terms is to reduce the domain spacing for minimum energy
compared with the low energy pattern with no closure structure.
The spacing should be greater however than that for the high
energy case of section 4.2.1, as the magnetostatic energy
is reduced compared with that case. This is-bofne out in the
theory, the value of the zero stress pattern spacing for a
whisker of the size and orientation of the one in plate 4.1

A , U 4
being 5.84x10 cm, compared with 7.71x10 cm and 3.38x10 cm
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for the low and high energy cases of section 4.2.1 respectively.

This type of structure is less favoured than that of the
previous section and 1s not present in the simple form presented
above. It has to be modified in some form to explain the
observations of plate 4.1, which has a zero stress spacing
of‘9.8x10_30m and a decrease in this spacing, fig 4.6, whereas
the above predicts an increase.

In this whisker(plate 4.1) there is another factor to
consider which could alter the equilibrium spacing. The whisker
is not straight as the above treatment assumes, but has a
number of kinks which cause the whisker to change its direction,
while the orientation of the crystal relative to the axis
stays the same. This must introduce an additional stress
into the system and hence make the value of the magnetoelastic
energy term not zero at zero applied tension. The domainﬁpacing
would then be characteristic of this internal stress and
different from the value predicted above. In the system above,
a tension perpendicular to the whisker axis of 147 Kgm/mm2
would be necessary to producedthe observed value of domain
spacing. This is much above the yield point of iron so the
domain spacing in this case cannot be due to this process.

It will be seen later that the value of stress necessary in

the system considered in section 4,2,2,.3 is quite small and

could produce the observed results.
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<l

~ -.4.,2.2,2 Closure Structure with Walls not at 45° to the . —=.

Magnetisation Directlons

This structufe is similar to that consideréd in the previous
section, the difference being that the walls of the closure
structures are not at hSO to the magnetisation directions,
and 1t takes over from the above case in the range 0<+ < 45
where the other one could not exist since the wélls AB in
fig 4.4 would go towards the centre of the whisker rather
than the edge. As the examples of these types af domain structuréé
had orientations of approximately 300, simplifications used
in this and the_foliowing seétions are that the shorter of
the two sides of the closure domains is bérpendicular to the
- whisker edge, and the wall energy is the same as for walls
in a [110] direction. |

The enérgy terms are wall, magnetostatic, mgnetostrictive,
and magnetoelastic energy, and the total energy per unit

length E1 is given by :

- - . 2 +_’_‘ Y _C. ,-—‘—2--"7.Tle041,1['
El-‘b',,,t{/&ﬁ[l/‘zz] e &l%_d}*,y. ‘ .

b 3 N bl - 3 [l -l 2]
. a _

Differentiatihg with respect to d and equating to zero to

obtain the equilibrium spacing gives:

L. Thmawlentd At dip [} 6, - 30 er 2] 4.18
A Uop Ko 2%, -

From this the zero stress spacing is g%gen by
J, o [lafiscdasts Ai#f"“‘*&'f’} : 4.19
“*/‘) Ym:“ 2 %0 :
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and the variation with stress of '/t as

4. 4, 30dee Acasepcordd  L.2o
4 dg 2 Yoo v
Using the value taken from plate 4,1 oft= 300,p = 300,
W 12x10—3cm, gives dd: 3.529x10—40m and the slope of th
ks / o graph as 2. 34x10_4dyn—1 |

The value of dO is, as expected, close to that for the
high energy case described in section 4.2.1, as the diosure
domains are at a high angle to the whisker edge i.e. 60° ﬁhe
same as,previously{ If an internal stress due:to the kinks
in the whisker is the cause of the observed value-for doof
9.8xld—3cm, it would be necessary to have a steess of 300 Kgm/mm?
As in the previous case this 1s beyond the elastic limit of
the>iron‘so that it cannot be the 3§p1anation of the observed
value, and a different structure is needed.

4.2.2.3 Closure Structure at Alternate Ends of Main Domains;..-

" with Closure Structure Walls not at 45° to the'

Magnetisation Directions

The arrangement of this struéture'is shown in fig 4.5.
" "From this 1t can be seen that the direction of magnetisation
is the same along the whole of each side of the whisker, and
oppoSite in sign on the two edges. The magnetostatic energy
of the system 1s now independent of the separation of the

main domains along the whisker, and a constant dependent only

on the width and thickness of the whisker. In calculating the
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domain separation the magnetostatic energy term can be neglected.

The energy terms are:

Wall energy per unit length
bt [ (100 2 - e o] 421

ers b A A Aot
Magnetostatic energy is a constant=M

Magnetostrictive energy per unit length
2

’\m C,, rjl’ Mﬁ 4.22
4 .
Magnetoelastic energy per unit length
_ 30‘/\,0014'{1‘)@414( - _4 )u.'/gmﬂat} ' L,23
2 2 |

Minimising the value of the total energy per unit length to
obtain the equillbrium spacing gives:

J_z < ’\'0‘0 MPM A (/\loo ¢, + 30-6’12*) 4,24
2 R

-I/

l .
l\wo € e 4‘-"‘{
4 Yo

for the ‘/d*against

with a zero stress value of d,= {

3 Mo 8 g4 L ot A

and a slope of 4
P L ¥iso ©

o~ graph.

The values of these quantities, using the results from
plate 4.1, are a,= 165x10~-cm and the slope of the graph in dyn -
is 1.178x10—A. Again the zero stress value 1s greatly different
from the obeerved value of 9.8xld;3cm. In this case however
the value of the internal stress necessary to produce this

spacing is 9.02x10—1Kgm/mm2. This is not such a large value

and it is possible that this could be the explanation. From
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the actual photographs in plate 4.1 it seems however that
there 1s not much of this structure present, there being a
certain amount‘of an echelon type of pattern and not Just"
the single closure domain considered here. In plate 4.2,
which is a similarly orientated whisker, this pattern seems
to predominate, especially towards the thinner end of the
whisker. In the middle of plate 4.2¢c this type of structure
is very evident. The values of« and g8 are 350 and 25°respec—
ti&ely, and the width w is-ZU3XlO_3cm. Using these values
the above theory gives do: 131x10_3ém, and a slope of 1.29}(10_LL
for the'/d™ against ¢ graph. The measured value of do in this
case is 14.5x10_3cm. There 1s a large discrepancy between
these two values for the spacing, but if the value of internal
stress necessary to produce the observed vaslue from the predicted
value is caleulated 1t is only 3.7x10 ~Kem/mm-. This value
is quite low, and in view of the amount of distortion present
in the whisker 1t is very likely to bé the cause of the above
dlsagreement.

This result for the minimum energy domain spacing is a very
high energy state due to the neglect of the magnetostatic
energy, and although an energy minimum appears at the dbserved
spacing when internal stresggs are incorporated, the absolute

value of the energy makes igfapparﬁntly unfavoured arrangement

compared with the various other systems considered in the
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remainder of this chapter. Despite this objection, the result

for the whisker in plate 4.2, together with the éctual photo—
graphs of the domain pattern, makes the structure considered
above the most probable explanation of the obsefvations.
Further proof of the type of closure structure actually
present could have been obtained 1f it had been possible to
observe the pattern on the sides of the whisker. Unfobtunetely
this could not be done and a decision on the actual structure

present has to be based on the above results leading to the

conclusion outlined above.

4.2.3 Echelon Closure Structure

This type of structure is shown in fig 4.%. It consists
of The main domains at an angle £ to the whisker axis with

a series of smaller domains magnetised alternately anti-—

parallel and perpendicular to the main domains. It is similar
to that observed by Martin(1957) on (111) surfaces of a silicon
iron crystal, and by Corner and Mason(1964) on (110) surfaces
of silicon—iron subjected to stress. These-workers éonsidered
different cases to the ome shown here. Martin had the small
closure domains further subdivided while Corner and Mason

had additional structures at the surface with magnetisation

in the plane of the surface to reduce the magnetatostatic

energy to zero. Ffom the photographic results there 1s no

evidence of any finer structure at the whisker edge. The
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arrangement considered is therefore the one shown in fig 4.6,
and . a solution for the domain spacings obtained for all
values in the range o0 <« <o

The wall energy of ABCDEB 1s

Y40 bll'[l% (45rd) +240 A . A (L5+4) - cws(an-aQ} 4,25
2 AW LS )

Each subsequent pattern across the main domain increases

the wall energy by an amount equal to twice the energy of

DE compared with the previous pattern. For n complete patterns
across the main domain the total wall energy of the echelon

structure is
; (.2 (Q«Ll;-é j ABeE ISEG) + (”-'-'3(24\0,? 4(2&65)))

The energy of wall DE is osa & - ol es(ss +a)
AN

Total wall energy of one echelon structure is

n )’,gall’{,‘u(; Chsy 2) + 444 M(,,,,A)}‘L Y. o £fse
2 A 4SS “Q“’

As there are two echelon structures per main‘domain, and 1/D

uéénfyu.26
45 .
main domains per unit length of the whisker, the total wall
energy per unit length associated with the echelon structure is

'Y\xpwdj'{z&.«(hfnl) + M d _‘,J(..(kfr,()} + N K,le'{ _ M(h)’fo(?{
A LS A bss

Substituting n=D/2d in the above gilves
xlhb{ZM (“5’“—() A0 - M(‘*fﬂ)} \"”bf{#bs (o"(bsﬁfd)} }4. 27

Km LS

The energy of one main domain wall 1is
(2.4

Adu oL




61.

= {pwl’{w-ﬁ(%“__ M(AS}.!))M( S+ o) ;
4_.‘:—;- A—(:;.s’ . o d} }4. 28

This glves the energy of the main walls per unit length as

me'{ I Vig (T TPV I e,aix}
- A Py AmL
The total wall energy per unit length is

Yﬁ_j"{i‘:‘-“ e aelhse) ¢ D faadl m(z,m)} Q_{«_) . Mfdf 4,29
2 (Achs 2 (e by Ao A ot

The magnetostatic energy per unit length is given by

2 prziatT WA F
1o p?
In this case however the value of J is not the same for adjacent

domains, but £ and (90+nx) alternately. As an approximation

for the magnetostatic energy a value for sind of sin« +5in(90+ « )
2

will be used. The magnetostatic energy per unit length is now
2 1 7zi (s drema) ol b
17’“

. 7Tl (10 a0 24) 4.30

l(laﬂﬁ , |
Magnetostrictive energy is Iinvolved in the closure domains
magnetised in [010] directions, i.e. at right angles to the

main domains. The volumes involved are BCDE and equivalent

parts of the other patterns.

The volume of BCDE is otztf,u;d - ;'e«x(:.nx)fzu; (hs+ad Iy, 31
' Aw &S

and the increase in volume of domains magnetised in [010]
directions per pair of closure domains is volume CDEH which
L[ s «-'«»0«5**)} 4¢ (45+2) 4,32

Abwm h5™
O —

is equal to
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The total volume magnetised in {01o] directions per echelon

. pattern is
n (2 W‘[Au Ae)rs J-(h-l)\)a(au che H)
2

2
= "’(‘LM(hﬂ-‘)ﬂ . n’i‘l'{ﬁcau(x,cﬂo - M,u} 4.33
2 AC ks A P 2

" This must be multiplied by 2/D to obtain the volume per unit

k3
length. Then substituting n = D/2d and multiplying by Ao Cu
‘ 2
to obtain the magnetostrictive energy per unit length, we get

/\llao cﬂl'{lol M A A G S + 1)) { Mo A0 (4Sod) _ Con 24}( 4.3L|_
g A b5 A AT 2

for this energy contribution.
The magnetoelastic energy per unit volume due to the applied

stress is-3dm0ws®d for the main domains and the part of
3

the echelon structure magnetised in [100] directidns, and

—é&ﬁ%ﬁ&:? for the remaining parts of the echelon structure

magnetised in [OlO] directions. The volume per unit length

of the closure domains magnetised in [Qld] directions is

b ad g lased é_l‘{zu.‘d 4 (a0 _,en_-‘u}
2'&‘; Ls 4 AL hS 2

Therefore the magnetoelastic energy of these domains per

unit length is
~30 Mo l’/‘“' 1, {2»‘4«2 Laclhsed) | b{%"u# (hSra) oy 2a}f 4,35

g A hS A b 2

The volume per unit length of domains magnetised in [100]

directions ‘is

Lo [dbsus ac (hsre) | AL{M‘«M"- Cusrad _ M:«ﬁ
© z 2L ks AR ST 2

Therefore the magnetoelastic energy of these domains per
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unit length is

30"'\""17«.4 d!l,w olse s (u5+2) | b 44&&44;(;,:'4)_%__2,,‘{(
g ALLT A AT 2.

4,36

The total magnetoelastic energj per unit length is
_36~/\,“1-[Aw.,,&_ e da QAL A (4524 4 B AdACLhSe) Mixm 4.37
%

A IS A RS 2.

Summing all these energy terms gives the total energy

per unit length as £,=
“lwf{j_«_‘_( o AlSrO + _b {M.. 4 caa(l,;-,.,()} e 2V, M__J-df
ALY

e

T2 Lacks ad Bac 2
+L7d£_a‘b+442d)
2(:7‘)
Lelacasc (usea) + Bfav aaw (4sed) _ cn 24
’\woc t{ v 4 {/“' A “ Y jf 4.38

- 3_0'_'\_,5;_1-;4«»“1‘,4 ~ ¢oa 2 {2 ol s of 44, (45+a) +A[u.‘xxuam)_ cus :u“f
A b Achs a

This equation contains both D, the main domain spacing,
and d, the echelon domain spacing. To obtain the equilibrium
spacing differentiate it with respect to each of these
quantities separately and equate to zero to obtain the value
of them abt the ehergy minimum.

For D this gives:
o= ﬁfq;'?ui c»&fuﬂ

j X ),i.x..f{»uu{mﬂ _ sz}

ACLS” &Aud 2 A4S 2 L
y 039
+ 3'\aw°-l-¢,\ QA{M.J%(L;H) _C_op__i_g(j
e A ks 2
, -f-i = _ﬁ‘_‘;‘i) K’W i&_} ,M(’v)’nl)
e & ¥ise Al 4,40
+ /\mo M&M(hfv-—l) - CM '2“ ("loocl + 30‘6’520()}
e AN TS

g
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L Ascd L Bacd
ba" A w ol " YIW 4. 41

Ml o (450 4)

where A =

AL 4
B= /\—'2"{—‘_—_/&"‘( Aclhsrd) _ o 2“}(’\100('«: + 30‘(:01')0!)
'Y AL hS T .

For d this gives:
= ,“[-{ Y {M'( _ Maf-radgi + 117 1'1:(14%(.:24)

7_7. 2J ok ’) 4, 42
+ /\,w en 1' /“-' O(M;(b§+4) - 30\’\‘001. A 0‘/"-‘(4-‘}") o 2 “
A A4S & Pyyrs
LA 4 Aot M(h{‘r.()} /Lg t(-c,u..‘l.c)
dy B gl Acks 2(1op)
Moo Ar: d A G+ ()€, rzam«h)‘{L* 43
* A AW bs
U h ] c , i, 4l

where C = 1"7Z%, {lr/sa id-) Neoo At ot sk Sr) (/\,,,., wr 30-eon 1)

2(14—}:*) L A bsS
Solving equations 4 ﬂl and 4.44 for D and d gives
DY Bala _ A} c,e ALY, 2 A R ol
o = - T2 L =0
L\’L Y/N A‘*) {90 (5] \‘lw 4'45
i 3 2
dof Bai d +o(° Aud _ Au¥ea - o b, 46
Yo 4 16e*

Solving these equations for the whisker in plate 4.1 with

the previousiy given values for the orientation and width

rives _ -
& = 4,6x10 3cm ; do=-4.55x10 cm.

The measured value of DO is 9.8x10—3cm and the predicted
value above agrees quite well with this, compared with the

previously described systems. The value of dé is also quite
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good, being a factor of 2 out. This calculated value méans
there are five complete echelons across each main domain.
Observations on the actual whisker however do not give this
number, foﬁr being the maximum observed. The photographs
show that the echelon strucure does not in fact extend right
‘across the main domains, and in view of this the theory cannot
be accurate for the whisker considered. The value of Do for
the whiskef in plate 4@@a as calculated is 1.9x10—3cm. The
actual value is 4.1xld_30m, so there is again the factor of
2 between theory and observation. This is possibly due to
the magnetostatic energy term. This has a large effect on
the energy of the system and a small change in this can alter °
considerably the position of the energy minimum, so that the
approximagion made in this term could give this discrepancy.

This structure then appears to explain the structure in
the whisker shown in plate 4.1, despite the fact that the
structure is not a perfect echelon structure.

4.2.4 Single Closure Domain Magnetised in the [001] Direction |

Instead of the closure structure being magnetised in a
direction parallel to the top of the whisker, as in the previous
type of structure considered, it is, in this section, magnet—
ised in a direction perpendicﬁlar to the top and bottom surfaces
of the whisker. The structure is as shown_iﬁ fig.4.8, assuming

that the whisker has a rectangular cross—section. This type
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of pattern has a limiting size when the two triangular areas
of free pole on the whisker sides just touch, i.e. R and S
in fig ‘4.9a are the same point. The length PR is givén by
PQcos# , and the 1imit is when 2PR= PT, i.e. 2dcos{=t. Above
this 1imit the pattern must be altered to either of the
stfuctures shown in fig 4.10, and it is not obvious which
of thesestwo types will occur. The interaction of areas of
Afréeupole on the side with similarly situated areas is greater
than the interaction between areas on the side with areas on
the top for equal values of the component of magnetisation
_on these areas. However the magnetisation vector for the top
areas of free pole is normal to the surface, while fhat for
the sides is at an angle £ to the surface. There will,in any
givenﬂcase, be a minimum energy configuration, but this can
only be“determined in each case by detailed calculation and
not by simple inspection.

In a practical caée it should be possible to determine
which of these two patterns is present from the colloid
deposits. As there will be free poles at the surface, the
colloid collects over thése regions and\éreas of heavy deposit
will appear enabling the two types of structure to be detected
and distinguished. | .

In the foliowing section only the simple case of fig 4.8

which does not exceed the 1limit will be considerdd, as this
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structure is the most amenable to calculation for the general

~ case.

To obfain the equilibrium pattern size it is necessary
to find the total energy and then minimise this. The energy

contributions are wall, magnetostatic, magnetostrictive,

and magnetoelastic energy.

The wall structure consists of 90O walls in the closure
structure and 180° walls between the main domains.
The area of 90O wall per main domain is
2(ABC — FGH + ACGF + ABHF)

- ;‘_{f- 2t ot + Al s ] , £ {, 2ol Jfa(u.:d
2 2 enys” £

= 2dlemnd - 2t entu s AL 4o _ A 3 4, b7
Cor LS PP e

o
The area of 180 wall per main domain is
(main domain side wall — 90° part of side wall

+ main domain middle wall)
:_i"_f - Adl s d + 2odPems sl [ _é,'e[wgf
Al . Ad
 wl | Adtend FOtd rddo by, ek end 448
Ao

=Y :
Taking 2K§O 180 then

Total wall energy per main domain is ‘
¥ [wd»gf *dlﬁu—Jiaad+(h4¥4ﬁMu~4%J{{ 4. 49

1w i

AL A
Then wall energy per unit length is

X’w{k) 4—’7':1% - ,(Mz&v»{'eo&ol +(J;-|\{}A¢d—d__4%3—_d}-‘ 4,50
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The magnetostrictive energy appears in the closure domains.

The volume of the closure domains per unit length is

i{ ARC - angc A= {f,dl‘mo( +olleml.({,u;°(
L 2 2 -~

The magnetostrictive energy per unit length is

Noow C,,{l'lu; A - A A gt end s bf 4,51
A 2 2 a

The magnetoelastic energy 1s given in chapter one as

- .i_.o-j)-’dd(oz X,l * J:-X: + ’Z-)x:) + 2'\11- (’("tk‘lxl. +odyaly x"(‘ + 434'&)")]

where [« o4] are the direction cosines of the magnetisation
and[y,Y,¥%;] are the direction cosines of the applied stress.
In this case the main domains have [100] s the closure domains
[OOl] as the directilon cosines fot the magnetisation, while
the stress has direction cosines [cosx, sin<, O].

The magnetoelastic energy of the main domains per unit volume

is therefore - 35A,, tos2al
2

and the magnetoelastic energy of the closure domains is zero.
The volume of the main domains per unit length is

wl—-["l*“"‘ = ot s a _,_d‘mg,,g.?af
2 2 2

Therefore the magnetoelastic energy pei’ unit length 1s

2 ol [ s o d s daec 2 |
:%o"/)l”CMnl{‘J'( { 2 2‘2. Ma{;‘-— d§§ 4.52

The exact calculation of the magnetostatic energy is

difficult and tedious in this case, and so an approximation
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replacing each triangular area of free pole by a point pole
equal in magnitude to the total pole in the triangle will
be.used..The point pole is regarded as being at the centre
of gravity of the triangle it replaces. We therefore have
the situation illustrated in fig 4.9b of a collection of
point poles on a regular lattice. To obtain the energy of
~ this system, the potential at one pole due to all the others
is calculated and then multiplied by the pole strength under
consideration. This result is then multiplied by'JYi;3 to
obtailn the energy per unit length for a rectangulab crystal.

Ighoring the self energy, the potential at Z due to all

the other poles is

S I o S S S S S S o\,
- [a 2% 3a na 24 Ja'u b’ (2a) ~4* J(?a)l*lt \/(?m)'r&1

where P is the pole strength at each point, and a and b are
_ the lattice constants as shown in fig 4.9b.
Therefore the potential at Z is

2° - [-')"” 9P (") 4,53
[FEE i

Joor+4°

| S
The first temm, 2° < COMENNE U By
I nh a

To évaluate the third term it is written as
-1
(-n A
20 S {'*%zat

~and then expanded to

P > N PR AR B L ST j.L_ﬁir }
2 me -3 na)* 2 2 2! a0 22 2 3 fa)
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o 20 _:(-»)M—Lt L 3 (-I)h—dh s‘(:)"lc A
= 2P 2{ T ey g - {

g o) it e’

Since a> b, terms of higher order than the fifth can be neglected.

The expansion then becomes

PENY B 3 A e s A e | 3 4 )"
“é{ et Ao e
AP Z &) 2

[~5)) . _,& 2 : _— = ( - "") {)
25 00 % ol Ce R

 where g(p) is the Reinmann Zeta function. Obtaining values
for this Zeta function from tables gives the value of the

third term in equation 4,53 as

e 41 g ¢
ZP[-14“2+ é{“MOVé.-Oﬂuﬁﬁ *oawyﬂ_oaueéf.ﬁ
&

T

) & ay &‘ 67
Substituting back in equation 4.53 gives the potential at Z as
B p{ 1,2 [o~h>’vf'—é_’_ 03usLY | 03004 _ 02729 ir“ 4,54

4L e ¢

e’ o 2 a¥

2
We have a=d, b=t — 2dcos £ = t— kd, and P=-Id sin 2x .
== I8

Substituting for a and b gives the potential at Z as

-P{AL Tk _{o Lrvr(f £ -0 3u.r[£ g)‘r 83101 f_f&’)‘_ 0'171%_4)?;

o 2fe, 0k 08 0L o, b
A= 7aS & I R e Al
A} f_ 6, ¢, Mrﬁ

‘/( o/ d-’ ljr 4‘55

where Qo etc. are appropriate coefficients as given below.
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2 : .
= 0.4508k - 0.36451&4 - O.3102k6 - O.2729k8

Q= -0.9016k + 1.45801<3 - 1.86K 4 2,18k’

Q. =0.4508 - 2.187K°> + 4. 653k4— 7.65K°

2
Q3 = l.458k - 6.2041{3 + 15.3k5
Q4= -0.3645. + 4.653k2 - 19.11<l‘L

Qg=-1.8612k 15-3k3

=0.3102 +7.65K°
Q7= 2.181{
Qg= - 0.2729

The magnetostatic energy per unit length is now
- AP P{’L Z[Q"‘“ LLal, 0l 0t

Ay (Ao Lo dL
A N a,f’ e £ “
VIR
:-rim.-m{j [e dl. gL . o & cog ¢
4l1ep?) FAL _ . o A
ot et f ,a,»j’ . 4.56
LA g T
. —';r,;ﬁz«{d’ . 1//J)} b.57
A(u—/“‘) L-Kd
The self energy of each area is given by
I Ly
2 (/5/0 .

In the above derivation of the magnetostatic energy, the
potential at the reference point has been taken as negative

for opposite poles and positive for like poles. In calculating

a value for the self energy we are concerned with the interaction

of 1like poles, so the pptential is positive, i.e. the field
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FIG 4.11 Surface domain pattern used in computer

calculation of magnetostatic energy
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direction at Z due to its own field is opposité to the field

due to the neighbouring poles. Using thés sign convention

employed in equation 4.53 onwards, the self energy per unit

length becomes + 2‘.1‘1‘10[34«' ‘24
(1)
The total magnetostatic energy per unit length is
I,l,u.'zgx {J’{grr~,_i_}- 2/[,‘(){ ' 4,58
W1 ep®) A-Rd

Despite the fact that the above treatment i1s crude it
gives quite an accurate value for the magnetostatic energy.
To check its accuracy, integrations to find an accurate value

for magnetostatic energy were carried out on a'éomputer.'
This allows the interactions between any two of the areas
of pole to be calculated. The individual interactions then
have to be summed to get a value for the total energy of the
system. | |

‘The computer was used to obtain an arithmetical solution
for the magnetostatic energy contribution of a whisker of
known size and orientation. The interactton befween tﬁe two
elemental areas of pole, P and Q;along the whisker side,

shown in fig 4.11, is given by

I,z JX, a{ot, ﬂ/p,o/),_ )
[(‘Jc,_—)t ,)L+ (;;-},)1] /2

The total interaction between the areas of free pole is

Ix+2, Y-, '/ /‘47‘ .
/ [ f . obx, oy oy, . 4.59
[O6-2)' (. —;;)]Z ‘
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where X; Yy Zy are as shown in fig 4.11, and M-:Yl/x, the

expression having either a'positive or negative sign depending
on whether the areas have 1ike gr unlike polarity.

For the interaction between areas of free‘pole along the
.top edge with areas along the bottom edge, the expression
to be integrated is the same as that in equation 4,59, but
the limits of ihtegration have to be changed, and the inter—

action for these is

X AX+2y LY oMo, Y/ .
+ z“[ f f [ dads oy , 60
o Y, o e, [(x.-70) +(gey |

These two expressions for the interactions can be generallised

X +2, 1]

to take account of all areas along the whisker edge-to give

the following’,( px+2) + X

\/,-ﬂxl Y-t %
t _7/-‘1 f [ ‘ J'X,ﬁ/’)ctf/‘yldl,_
P [(7‘1')(,)7‘ (71,‘} 31] h

4 PIxy2) e X Y- 1 Y/
+ I:_J £ f f m[ 3 Ja«i»(""’(::"(ﬂ . 4.61b
(> 0 N

plx2) vy LO0ot)'+ ()] ™
where p=0,1,2, etc. To specify which two areas are being

4,6l1la

0 “plxr2) 0

considered. The case of p=0 in equation 4.6la corresponds
to the interaction of an area of free pole with itself, and
provided the case where xlzzxzand V1= %o is ignored by the
computer, i.e. the interaction of one élemental area with
itself but not with the rest df the main area is discounted,

provides a value for the self energy of one of the areas of

free pole.

These expressions were then solved numerically using
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Simpsons Rule for a particular set of values of X, Y, ¥ Y3
and Zl’ and a range of values for p from zero upwards, until,
considering subsequent areas, the'contributioniwas reduced L
to about 1% of its value at p= 1. This was found to occur
at p=10, so in future calculations a range of p from O to
10 qu used. Theseresults for these areas were then summed
taking account of the alternating sign of the interaction
as the sign of the free pole chenged (fig 4.9). The result of
this was then multiplied by |

’./‘CL/!.L%~_9_~_ . 4.44.'1
Uy

where d i1s the domain separation, @ is the angle the magnetisation
(] [

&)

makes with the surface normal, and the other factors of two
are to account for two layers of pole along each edge, two
sides to the whisker, and to prevent use of an area as both

source and affected area. This then gives a.value fop the

" magnetostatic energy per unit length of the whisker which

can be comparéd with values obtained from other methods.

In the evuluation of the individual integrals, the use
of Simpsons rule necessitates the division of the integral
into a number of equal regions. For the subsequent calculations
the integral has been divided into five parts. Trial evaluations
of the integral were made using a larger number of parts,
but the effect of doubling the number was only seen in fhe

third or later sigificant figure for integrals with p=1.
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For the integral with p= 0 the change was about 10%. In view

of these results and the amount of computer time needed to
evaluate the integrals, it was decided to limit the division
of the range over which the integral was performed into five
parts.

-2 —
For a particular system with d=10 ecm, t = 6x10 30m, and

fo) f
p elven by COSﬂ::co§30 i.e.f = 7312 , the value of magneto—

static energy obtained from equation 4.58 is 0.378 ergs/cm.
Using a computer to calculate the energy for all areas up

to a distance of 104 from the reference area gives a value
of 0.4 ergs/cm. The difference between these two results is

5.5% and shows that the approximation using the centre of

gravity of the areas is quite good in this case. The particular

values used in this comparison are very near to the 1limit
of the model, the separation between the apieces of the two

4
triangles, i.e. the distance RS in fig 4.9a, is 2.26x10 cm.

This result would be expected to show the largest discrepancy
between the approximation and the computed result since the

areas of pole are as close as possible giving a large inter—

action from the areas of free pole that are close together.

The expression for the total energy of the system is now
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This expression is then differentiated with respect to d
and put equal to zero to obtain the energy minimum postion.

If do is the equilibrium spacing then

0= Ylw{"‘“‘z’l —ﬁ_ - (Ji—l\éﬁ'_’;a(}

| ol a4 X
y Lac?24 {zan 2 atd) -2 Ay {AQ.J. ,ua,—zo,_:f
Al e pr) (- AL)* | A,

_ ket ol st et /M’/“ 4. 63
6(: ,[," o(.r l(o‘ oll

+ ;:‘ /\4“ ( -?ﬂlom od ada - 1’,44.. 21\(/\,,,@, + Zc-uAlaA

Solving this equatlon for d_ gives the pattern spacing at
equilibrium. |

In view of the high orders of dO that are present in
equation 4.63, it is impossible to solve the equation directly.
To obtain a value for do 'that corresponds to a minimum in

the energy of the system, values for the left hand side of




.
equation L, 63were obtained for-different values of d0 using
a computer. The value for dO necessary to satisfy the equation
was found by plotting the results obtained from the computear
against the value of do used, and reading of the value where
. the graph crossed the do axis going from negative to positive
in the computer results, 1.e. corresponding to a minimum
in the eXpression for the total energy of the system.

No actual results on this structure were calculated however
as it did not appear in any of the whiskers observed, and
consequently there was no possibility of checking the theory
against experimental results.

Calculations based on the above treatment to obtain a value
for the equilibrium spacing have to be treated with a little
care however to check whether the results obtained are consistent
with the model used, With the obtaiﬁed value for d,, the depth
of the trilangular area on the whisker side should be calculated.
The maximum value this can have for the above model to hold
is t/2, 1.e. half the thickness of the whisker. If it is found
that-this value is exceeded then the simple model 1s no longer
applicable and further calculations should be carried out
using a modification of this method, taking account of the

possible patterns shown in fig 4.10.

4,3 Interpretation of Structures with Apparant Gaps in the Domain

Wall Pattern

The structure under consideration in this section is shown

s ——
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in plates 4.3 and 4.4. In plate 4.3 the structure on the tdp
and bottom surfaces of a whisker under no applied stress
are seen. On each of the surfaces the walls are along one
of the easy directions of mgnetisation. The.walls appear to
break and suffer a displacement along the whisker axis
approximately at the centre of the whisker with no observable
wall between,the two halves remaining parallel to each other
and the other walls on their own face. If the top and bottom
surfaces are compared, the walls are found to be at right
angles to each other, i.e. invdifferent easy directions of
magnetisatioh, and also to be in register, the walls ending
at the same point in the centre of the whisker and 1ihkihg
the start of one wall at the whisker edge to the break at the centre
of the whisker of the next wall along (fig 4.12).
In plate 4.4 the same general type of structure can be seen
on one surface of a different whisker. In this case however,
the beeaks in the walls do show up by a wall which collects
éolloid to a lesser extent than the rest of the walls, and
there also appear to be sections of wall that are curved,
instead of walls meeting at a sharp angle. Fof this whisker
only the top surface was photogaphed as the effect upon this |
structure of appling a magnetic fleld along the axis was studied. 3

The sequence of events as the magnetic field was applied is

shown in plate 4.4,
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The proposed structure to explain these observations on
the two whiskers is shown in simplified form in fig 4.13.
There is a main 1900 wall running through the centre of the
whisker in a plane parallel to the top and bottom faces of
the whiskers dividing the whisker into two halves. The structures
in the top and bottom halves are similar consisting of anti-—
parallel domains separated by 180° walls, the domains in the
bottom being magnetised in the easy direction at right angles
to the magnetisation direction occupied by the top domains.
Providiné a link between adjacent antiparallel main domains
at the top and bottom, and also the structure at the top and
bottom, are closure domains magnetised alternately up and down.
These closure structures are essentially two roof-top shaped

domains placed with their bases together, and the two sloping

900 walls betwemn them and the main domains meet in a 'V! 1ine.
structure in the whisker surface linking together the opposite
halves of main domain wall. These are labelled AB and CD in
fig 4.13. As these two 900 walls are of opposite rotation they
give a much reduced field gradient at the surface and hence
have only low rates of collold deposition. In plate 4.3 they
are invisible and in plate 4.4 show up as faint lines.

In the simplified structure shown in fig 4.13 there are
areas of the bases of these rooftop structures where the normal

component of magnetisation is not continuous and so one would
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expect there to be free pole produced in these reglons with
an appropriate amount 6f magnetostatic energy. To counterbalance
this energy increase and reduce the amount of free pole produced
the walls in these regions become curved to improve the register
between the two rooftop structures. Evidence for this curvature
of the walls can be seen in plate 4.4 where the walls exhibit
quite considerable bending in the region at the ends of the
rooftop structures, where the free pole would be expected to
appear. The increase in wall energy due to the wall being
distorted is counteracted by the reduction in the magnetostatic
energy due to the disappearance of most of the free pole.

The effect of an axial magnetic field on this structure, as
seen in plate 4.4, follows from the above model if the movement
of the walls is such that the closure structure moves at right
angles to the whisker axis. Motion in this direction enables
the main domains with a component in the same direction as
the applied field along the whisker axis in both ftop and bottom
halves of the whisker to grow at the expense of the others.

The expected motion of the pattern is therefore the increase
of alternate domains along the whisker axis with the movement
of the'V! 1ine‘towards the whisker edge. This is initially
observed in piate M.ﬁ before the structure is destroyed by

the.closure structures reaching the whisker edge and so this

model seems'to £it the observations quite well.
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It was not possible to obser&e the effect of stress on these
two whiskers, the one shown in plate 4.4 was too short and
the pattern seen in plate 4.3 was accidently destroyed by
bending the whisker during the operation of fixing the whisker
into the stress apparattus. The expected result of applying
a tehsile stress along the axis to this structure is the
gradual elimination of the closure structures and the re—
alignment of the separated sectionsof the main domain walls.
If a sufficiently high stress could be applied then a further
change invol&ing the disappearance of the main domain system,
either the top or the boftom, that was magnetised in the easy
direction making the largest angle with the whisker axis.
This change would however lead to a large increase in the
magnetostatic energy of the system as the whisker side would
only be split into two areas of opposite polarity instead of
four. This occurs because this change is brought about by the
movement 1n a direction normal to its plane of the 180° wall
originally along the whisker axls parallel to the top and
bottom surfaces. One would therefore expect that a conslderable
reduction in the ddmain spacing would accompany this transition
in an attempt to reduce the magnetostatic energy. The first
change described above does not involve much change in magneto—
static energy as the 180° wall remains, but a reduction in

the amount of of energy associated with the rooftop structure




for the other types of energy present, so that a slight
increase 1n magnetostatic energy and hence domain spacing

could occur.
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FIG. 5.1 Basic Domain m:.cn:.:.n,

Dashed out line shows {lIO} faces only
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CHAPTER FIVE 83.
WHISKERS WITH AXIS [111] DIRECTIONS

5.1 Introduction

Whiskers with this orilentation have a basic spructure
consisting of main domains,rﬁnning the whole length of the
whisker. The difference between thié structure however and
that in whiskers with an axial direction of [100], as described
in chaptef three, is that each main domain 1s magnetised at
an angle of 90o to its neighbours and hence there are usually
six main domains instead of only two domainé magnetised anti—
parallel in the case of the [100] axis whiskers.

| The generallform of this type of structure has been described
and observed by Coleman and Scott (1958) and Kaczér and
Gemperle (1959). In a whisker with the axis [111]and side
faces (110), there are six main domains along the whisker
length boundéd by three‘90O walls in (110) plane$ which
intersect along the whislkr axis. The domains are magnetised
in the appropriate easy direction that 1lies in each of the

(110) faces ofthe whisker, i.e. the magnetisation is at an
angle of 55o to the axis of the whisker and parallel to the
~whisker face bounding the domains. This is shown in fig 5.1.
The domain walls meet the surfacelof the whisker at the junction
of the whisker faces, thus-there is no component of magnetisation

normal to the whisker face and hence no closure structure

is needed along the length of the whisker. At the ends of the
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whisker however, there would be a normal component where the
six axial domains terminate. Here a closure strucure 1s needed
and a suggested structure is given by Coleman and Scott (1958).
This structure is completed and analysed quantitatively by
Kaczér and Gemperle (1959) to provide a satisfactory explanation.
Thils consists of pairs of 90O walls meeting in the surface
and hence not attracting colloid to any noticeable extent, in
agreement with the experimental observations of Coleman and
Scott.

The main domain walls are 90° walls lying in (110) planes.
I t has been found that for this type of domain wall the
minimum energy state occurs when the wall takes a zig—zag
structure. (Chikazumi and Suzuki 1955). This happens because
the wall has no free poles along it proVided its normal lies
in a (110) plane. The wall energy however depends upon is
orientation, thus there is an equilibrium position where the
decrease in wall energy due to the wall orientation is balanced
by an increase in total area of the wall. The wall therefore
forms a zig—zag stucture with alternate pieces of it being
rotated right and left about the mean (110) plane of the wall.
The minimum energy orientation has beencalculated for the wall
segments by Chikazumi and Suzukil (1955) using an approximate
method, and by Kaczer and Gemperle (1959) using an analytical

approach. Thase give the angle the zig—zag wall segments make
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with the (110) plane as 62°, 1.e. the angle between the adjacent
parts of the zig-zags is 124°. This gives the energy density
of the zlg—zag walls as 1.425%,, where ¥,o is the energy of
a 90° wall with its normal in a [001] direction (Kaczér and

Gemperle 1959), compared with 1.7274X§ for the undisturbed
90° wall in a (110) plane (Lilley 1950).

5.2 Experimental Results

In the present work, the whiskers also had (211) faces
appearing. These are faces that occur mbdway between (110)
faces, so effectively cutting off the corners where the (110)
faces meet. The cross—section of such a whisker is shown in
fig 5.F. If the main structure is the same as that described
above, then on these new faces the main domain boundaries
should meet the surface and be plainly visible, instead of
meeting the surface at the junction of two faces and hence
not being easily seen, as in the simple case deécribed above.
This is in fact observed and examples of this can be seen in
plates 5.1—4. Also there is no visible stucture present on
the intervening (110) faces, showing that the magnetisation
direction is in the easy direction present in the surface(ﬁlateB.l)

5.2.1 Main Structure

The main walls seen in these whiskers are obviously zig-—zag
walls, as would be expected. The angle observed on the whisker

surface however differs from the equilibrium angle of 124° as




FIG. 5.3 Intersection of zig-zag wall with {12} and {IIC} surfaces
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the included angle of the zig-—zag since the surface cuts
the zig—zag structure obliquely.
The calculation of the zig—zag angle observed on a crystal
plane is perférmed using The following method. Refering to
fig 5.3, the actual zig—zag angle is ¥ and the observed angle

is w.
Ll Aatrdat e b = 26 (1-wa )
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This can be rearranged to give
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For the case being considered here,
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3

&

5.2

€l wi

o @ =

3
- 0
The observed value of zig—zag angle from plate 5.2 is 147+1 .
0
(-\) :730 5to.5
z
Substituting these values in equation 5.2 gives a value
of 125.5 tlo for y , the actual zlg-zag angle. This compares
very well with the calculated angle of 124°, showing that the

main domain walls are the normal type of zig—zag wall as previously

observed.
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In some of the experimental results small magnetic fields
were applied to the whiskers. The effects of these fields on
the domain structure is to favour domains with a component
of magnetisation in the direction of the applied field; the
movement of the walls enabling these domains to grow. The
observations of the movement of the main domaln walls agree
with this as suitably orientated main domains grow at the
expense of the others.

The simplest way in which walls could move under the
influence of an axial magnetic fileld is by rotation of the
walls about the axis of the whisker, adjacent main walls
rotating in opposite directions. This would however alter
the plane of the domain walls and increase their energy.
Hence this rotation should lead to a change in angle of the
zig—zag as the mean plane of the wall changes. Measurements
of variation of the zig-zag angle with wall position in plate 5.3
however, show no observable change. The spread of results
from this whisker is about * 5° so that a change of angle
of less than 5O might not be detectable against this spread.
If the walls do rotate from the (110) plane, then the zig—zag
segments of the wall would no longer have their normals in
(110) planes. Free poles would therefore develop as the walls
rotated with the consequent Introéduction of magnetostatic
energy along the walls. This process further increases the

wall energy and makes it more unlikely that the wall movement




FIG. 5.4 Effect of magnetic field applied along axis
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occurs by simple rotation. .

If there is no rotation of the main walls, the the motion
is probably as shown in fig 5.4. The two main walls of the
unfavoured domains move together in such a way that the
mean plane of the zig—zags stays constant, and the centre
of the whiéker is joined by a single new wall radiating out
from the'centre of the whisker in a (211) plane to the new
junction of the two zig=zag walls. This configuration is a
lower energy state for the walls compared with either the
initial state or the simple rotation of the domainiwalls.
If rotation occured then both the energy of the maiﬁ walls
and their agggygicreasa as the walls movedout of the (110)
planeﬂ With the structure suggested above (fig 5.4) then the
energy per unlt area of the zig—zag walls remainsconstant,
while their area decreases.The new section of wall in a (211)
plane has an area less than that part of the zig—zag walls
that have_disappeared and also a lower energy per unit area
S0 that the totaliwal energy is reduced in this type of .
change. <

For this type of structure the chagge_in the wall energy
can be calculated. Refering to fig 5.4, for the zero field
state the wall energy per unit length £, is

3.t 1.4275\’0

£y = 4.275 t ¥, 5.3
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For the field induced structure, the wall energy per unit

length £, 1s
2¢ 2
4730 XQH + ( ”—f:\_’é) \{14‘(’3“.(] 5.4

From equation 1.18
8o = Xo(/.n?k- 1.229% €04 19°30" + 0-5015 s 1§°30")

.qu - lois ¥, 5.5
S fer ;—f[l-d‘) - h-:?b’(;‘_’-ﬁl\/z}] LY, 5.6

The ratio of the energy of the field induced pattern to that of the‘

zero fleld pattern is

o' . x . .+ 275 -a?\/
fo ;‘-sz[”e’ L273/7€- 3)]
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The wall energy 1is therefore reduced for the field induced
pattern compared to the field free pattern. Comﬁaring this
type of change with the change by wall rotation this is
obviously energetically preferable since the energy of the
walls 1s actually reduceq, while rotation produces an increase
in energy. This reduction in wall energy must'be balanced
by an increase of the magnetostatic energy of the disturbed
surface patterns in the applied magnetic field.

The other possibility shown in fig 5.5 1s that the walls
move bodily through the whisker so that the domains magnetised
'in the field direction grow. This however leads to a volume

in the centre where the direction of magnetisation 1s unknown,
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FIG 56 EFFECT OF APPLYING A MAGNETIC FIELD NORMAL.
TO WHISKER AXIS.
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and the posslbility here is that one of the three directions
of7magnetisation-nearest to the field direction for a field
along the axis grows preferentially. Unless one particular
domain has some local anomaly so that it is prefered to the
other two, there seems no reason why the changes should occur
by this method since the wall energy here stays constant.

In the case of a field applied perpendicular to the whisker
' axis, the field favours three adjacent domains on one side
of the whisker to the three om the other side, and the centre v
one of the three favoured ones is even moré favourable than
the other two. The changes occuring in this system then, are
probably due to the movement of the three main walls bodily
through the whisker to make the domains in one half of the
whisker grow at the expense of the others. This is shown in fig 5.6.

5.2.2 Closure Structure

The magnetisation directilons oflthe main domain s are
in the (110) planes at an angle of 55°to the whisker axis.
Thus on the (211) faces of these whiskers there is a componeﬁt
of magnetisation from the main domains normal to the surface,
and there 1s no easy direction of magnetisation in the surface.
There would be therefore quite an appreéiable amount of free
pole appearing on these (211) faces giving a large magnetos@atic
energy contribution to the energy of the whisker, 1f the

pattern described above occured in its simple state with no
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surface closure structure.

To reduce this magnetostatic energy a complex closure
structure 1s formed on the (211) faces. Since there is no
easy direction.of magnetisation in the surface a network of
small closure domains is,formed magneﬁised in some of the
other easy directions. There must still be a large amount of
free pole on the surface, but the total magnetostatic energy
is reduced by subdividing the surface into very small areas
of different polarifgy. The actual closure structures are
very complex and it is not possible to aﬁalyse the pattern
into its individual components. Because of this only the
general features of this structure will be discussed here.

From the photographs it can be seen that there are two
different types of closure occuring, and they occur on opposite
sides of a main zig—zag wall on each face. Also adjacent
halves of neighbouring (211) faces have the same type of
closure structure, i.e. each main domain has the same type
of closure structure where it meets the whisker surface, and
adjacent main donaiinss have different closure structures, so
that each closure structure appears on alternate main domains.
If we look at the magnetisation dlrections of the main domalns
in fig 5.2, we can see that the components of magnetisation
along the whisker axis of adjacent domains are antiparallel,

but of alternate domains are parallel. Thus the same closure
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structure occurs on domains with components of magnetisation
along the whisker axis in the same direction. The reason for
the appearance of the two types of closure structure is probably
due to the relative directions df magnetisation present in
the closure. structure, that are needed to reduce the magneto—
static energy of the system. The direction and orientation
~of the walls of the closure structure between the magnetisation
directions present in the individual closure patterns are
different depending on the magnetisation direction of the
main domain, and so lead to the different types of closure
structure observed. Alternate domains have their magnetisations
In the same directions relative to their surfaces, so the
closure structures alternate as well.

5.2.3 The Effect of Stress

As the whisker axis is a [llﬂ direction, the directions
of easy magnetisation are all equally inclined about the
whisker axis, so the mailn domains and the closure domains are
ailimagnetised at an angle of * 55° to the whisker axis. If
a tensile stress i& applied along the whisker axis, the
magnetisation directions will all be equally inclined to it
so that there should be no effect on the pattern due to the
stress. The total energy of the system will chamge due to the
magnetoelastic energy introduced, but each domain should

change by an equal amount per unit volume and therefore the
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pattern should remain unchanged if the only mechanism is the
effect of stress on the magnetisation in the domains. This
ignores the effecf of the stress on the domain walls, which
depends on the relative orientation of the wall and the stress.
There will thus be some wall directions which correspond to
higher energies than others when the stress is applied and

it might be expected that the structure would change so as

- to reduce the area of wall of higher energy.

The zig=zag setions of the main walls are equally inclined
to the stress directions so the effect on these will be equal
and ppposite and simply an increase in the energy density of
these walls. As the angle of the zig—zag is a result of an
equilibrium between wall energy and wall area (see éection 5.1),
the increase in wall energy with applied stress would be
expected to affect this and lead to a change in the zig—zag
angle. This effect has been calculated previously by Chikazumi
and Suzuki (1955) using an gpproximate solution and by Corner
and Mason (1963) taking account of the effect of stress on
the 9OO walls. Corner and Mason found that the zig—zag angle
was approximately constant in the range 0-50 Kgm.mm_Q. As
the maximum stress used for the present work was less than
10 kgm.mm_g, the expected variation of the zig—zag angle is
zero. iFrom the results in plate 5.4 no change in the angle

of the zig—zag wall was observed up to the point where the
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structure changed, agreeing with the above mentioned theoretical
treatment. Any effect of stress on this structure cannot be
due to the main zig—zag walls.

In the case of thevclosure structure there are two differing
types, each with different wall arrangements. It is unlikely
that these two types would have the same response to the
application of a tensile stress, one of them is going to have
a lower energy when the stress is taken into account than the
other. The result of this is that the main domains with the
lower energy closure structure will increase at the expense
of the others, so the main walls will move to allow this to
happen, the main walls probably moving in a manner similar
to that observed when a magnetic field is applied along the
whisker axis since this reduces the energy associated with
the main domain walls.

The experimental results in plate 5.4 agree with this
explanation, but more complex changes also occur at low
stress values. The closure structure also changes its form
somewhat and at the higher stress values the main domain
boundaries seem to spliﬁ for part of their length and a
closure structure assoclated with the zig-zags appears. At
the highest stresses, the main walls are moved completely

from the (211) planes and a very lrregular closure structure
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appears. this new structure is fileld dependent and remains
when the stress is femoved in a slightly changed form, but
the main zig—zag walls do not reappear upon rémoval of the
stress, so that a completely new and more complex structure
has been formed.

After the results shown in plate 5.4 had been obtained
the whisker was subjected to random magnetic fields and applied
stresses and the original type of pattern was regained, but
~this was probably by a complete switch of the domain structure
back to the original state, and not a simple reversal pf
the changes that occured when the whisker was originally.

stressed.
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SUMMARY OF RESULTS

This work covers domain patterns in iron whiskers with
a varieyy of orientations. In the simplest case with the
axis a [100] direction and the surfaces (100) planes, a
number of different types of pattern, including cross
magnetised domains of various shapes, were observed and
the explanations for the observed surface patterns obtained
from the postulated internal domain arrangements. In most
of these a complete explanation was possible, but one pattern
defied explanation and only the general features were
understood. In this case the surface magnetisation directions
were obtained but an appropriate internal domain structure
cogld not be derived.

For whiskers with the axis at a small angle to the [100)
directiom the structural changes caused by the application
of a stress along the axis agreed well with the theory for
the initial changes, but the lack of agreement concerning
the Second major pattern change is unsatisfactory and the
domain patterns on the whisker sides need investigating
before a complete calculation of the energies can be made.
This would involve a more complex apparatus to enable some

or all of the other faces to be observed at the same time

as the top surface. A plece of apparatus to do this would
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prove very useful and enable a large number of difficulties
to be overcome in the analysis and explanation of domain
structures.,

When the Whisker is orientated at a large angle to the
[0 direction with the faces still (100) planes, various
different structures are possible differiﬁg in the type of
closure structure présent. To obtain reasonable agreement
between the observed patterns and the theory an internal
stress must be assumed to be present in the whiskers. In
view of the irregular growth habit of whiskers with this
type of orientation, the stresses present from the deformation
of the crystal structure could probably produce the observed
pattern since in the suggested structure the required stresses
are quite low.leKgm.mm"g). The cdnfiguration suggested as
the explanation for these results has a 1arge magaetostatic
energy as the magnetisation is in the same direction along
the full length of each of the whisker sides. If this occured
then there would be a very heavy colloid deposit along the
whiSker sides. From the photographs on this structure it is
impossible to tell whether this deposit occurs, and so here
agaln observation of the whisker edges at the same time as
the observations on the top would give invaluable additional

information. ,

A theoretical analysis of the echelon structure was also
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carried out to obtain the equilibrium domain spacing and
although a certain amount of echelon structure occurs in
some patterns, complete agreement is impossible as the amount
occuring seems to vary from one ddmain to the next. The
theory includes an approximate estimate for the magnetostatic
energy of the small domains of the echelon structure and
it could be further refined if an accurate value for the
magnetostatic energy could be found. It is expected however
that the change resulting from a more accurate determination
would be small in view of the small size of the echelon
domains.

Where the closure structure is magnetised in [Ooﬂ directions,
free pole appears in separated regions and the approximate
value for the magnetostatic energy obtained by considering
them as point poles on a regular lattice at the centre of
gravity of their respective areas seems to have reasonable
validity. The check performed usiné a computer to calculate
an accurate value for the magnetostatic energy in a particular

case almost on the limit of the model seemed to be very

satisfactory. This technique would seem to be of more general
application to complex patterns provided the regions of
free pole are not too close together.

The final orientation of whisker used i.e. axis [11]

direction, is not completely understood. The main features

R —
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of the pattern agree with previous observations on whiskers
with only (110) surfaces instead of the (110) and (211)
surfaces as observed here. This enables the main walls to
be observed easily and the zig—zag ﬁature of the walls to
be seen. The zlg—zag angle calculation shows that the maln
walls are the normal type previously reported. The effects
of applying magnetic fields parallei and perpendicular to
the whisker axis were studied, and the explanation glven
showing the reduction of the total wall energy of the main
walls by the introduction of new wall sections in (211) planes.
The two distinct types of closure patteen observed on these
whiskers were too fine and complex to be examined in detail.
Further work using the Kerr magneto-optical method to study
them needs to be carried out to determine the directions of
magnetisation present in the surface to enable the detailed
structure to be determined and to show how the different
magnetisation direct;ons that are needed in alternate domains
to reduce the magnetostatic energy interact to give the
final closure structures. This work would also enable a
quantitative explanation of the effect of stress on the
domain pattern to be given, since it is the intefaction of
the stress with the closure structure walls rather than with

the magnetisation in the domains that produces the pattern

changes.
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Whisker width is 0.12mm
Composite photograph of all four faces of a whisker.

Explanation of the patterns is given in figure 3.1
PLATE 3.2
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d) 1.08 Oersteds
e) 1.35 Oersteds

f) Zero field
Effect of applying a magnetic field along the axis of a

whisker with orientation and domain structure similar to
the whisker shown in plate 4.3.

Whisker width is 0.1 mm.
PLATE 4.4



















