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ABSTRACT 
Large i r o n whiskers were grown by the reduction of ferrous 

c h l o r i d e and domain s t r u c t u r e s I n unstrained and s t r a i n e d 
whiskers were I n v e s t i g a t e d . Tenslonal stresses w.ere applied 
along t'he whisker axis and the r e s u l t i n g domain patterns 
observed by means of the B i t t e r technique. 

I n the, case of whiskers w i t h axes I n [lOO] d i r e c t i o n s and 
faces (OOl) eross-^agnetlsed domains were observed t o disappear 
upon the a p p l i c a t i o n of stress^ e i t h e r by the gradual reduction 
of t h e i r volume or by the sudden mutual a n n i h i l a t i o n of 
neighbouring domains. Calculations of the energy values f o r 
these sudden changes agree w i t h the model postulated and v i s u a l 
observation of the movement confirmed the theory. 

For whiskers w i t h axes at an angle t o the flOOj d i r e c t i o n 
and faces (001), c a l c u l a t i o n s were c a r r i e d out upon a number 
of d i f f e r e n t closure s t r u c t u r e types t o determine the e q u i l i b r i u m 
spacing f o r each p a t t e r n and these were then compared w i t h 
observations t o confirm the type of closure s t r u c t u r e present. 
A method of estimating magnetostatic energy c o n t r i b u t i o n s f o r 
areas of f r e e pole separated by n e u t r a l regions v/as developed. 

Whiskers w i t h axes [ l l l j and faces (211) and ( l l O ) were 
also studied. Calculations sho\<jed t h a t the main w a l l was 
a normal zig-zag w a l l . The main s t r u c t u r e was observed t o 
consist o f s i x 90° domains and two d i f f e r e n t types of closure 
s t u c t u r e were observed on a l t e r n a t e main domains. The e f f e c t 



o f s t r e s s on t h i s s t r u c t u r e was explained as being due t o 
the change i n energy of the complex w a l l s t r u c t u r e i n the 
two d i f f e r e n t closure s t r u c t u r e s . 
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CHAPTER ONE 1. 

INTRODUCTION 
1.1 Ferropaagnetism 

An Important property of a ferromagnet I s t h a t i t s bulk 
i n t e n s i t y of magnetisation can be made large by r e l a t i v e l y 
small applied magnetic f i e l d s . By the a c t i o n of s u i t a b l e 
magnetic f i e l d s i t may e i t h e r r e t a i n a s i g n i f i c a n t i n t e n s i t y 
of magnetisation or be completely demagnetised i n zero applied 
magnetic f i e l d . ;' 

The o r i g i n of ferromagnetism i s the -same as the o r i g i n of 
paramagnetism i . e . the magnetic moment of c e r t a i n electrons of 
the m a t e r i a l due t o t h e i r o r b i t a l or spin momentum. I n a para 
magnetic m a t e r i a l the r e s u l t a n t magnetic moments of the atoms 
are randomly o r i e n t a t e d t o produce a zero r e s u l t a n t moment i n 
i n any d i r e c t i o n i n zero applied f i e l d . To produce alignment 
i n the m a t e r i a l and hence, an i n t e n s i t y of magnetisation 
comparable w i t h t h a t e x h i b i t e d by some ferromagnets an applied 
f i e l d of the order of 10^ oersteds i s necessary at room temper 
at u r e . "In ferromagnets t h i s degree of ordering of the i n d i v i d u a l 
magnetic moments occurs n a t u r a l l y w i t h no applied f i e l d . 

To e x p l a i n the above e f f e c t s Weiss (1907) postulated the 
existence of a strong I n t e r n a l molecular f i e l d which aligned 
the i n d i v i d u a l magnetic moments p a r a l l e l . This ordering w i l l 
be p e r f e c t at absolute zero but as the temperature i s raised 

1h fer-^w^;' 



• 2. 
the d i s t u r b i n g e f f e c t s of t h e m a l v i b r a t i o n s countract t h i s 
alignment and gr a d u a l l y reduce i t u n t i l a c r i t i c a l temperature, 
c a l l e d the Curie, temperature. I s reached at which the ordering 
breaks down and the m a t e r i a l become^ paramagnetic. From the 
value of the.Curie temperature of a m a t e r i a l an estimate of 
the i n t e r n a l f i e l d can be made. This explains why ferromagnets 
can be. e a s i l y magnetised but not why they are u s u a l l y found 
w i t h a n e a r l y zero magnetisation. To account f o r t h i s , Weiss 
also postulated the subdi v i s i o n of the materials i n t o domains. 
I n each of these domains the magnetic moments are aligned p a r a l l e l 
but the i n d i v i d u a l domains have magnetisation d i r e c t i o n s spread 
over a range o f possible directions.. The bulk i n t e n s i t y of 
magnetisation I s then the' vector sum of the I n d i v i d u a l domain . 
rflagnetisatlons. The r e s u l t a n t magnetisation can therefore range 
from zero, when the domain magnetisations are d i s t r i b u t e d i n 
a l l d i r e c t i o n s , t o the maximum possible when the magnetisations 
of a l l the domains are aligned- i n one d i r e c t i o n . 
. Weiss d i d not specif3^ the o r i g i n of the alignment process 
b u t he showed t h a t the value necessary f o r the e f f e c t i v e 
I n t e r n a l f i e l d o f lo''' oersteds was.beyond the l i m i t f o r normal 
magnetic I n t e r a c t i o n s . Helsenberg (1928) provided an explanation 
f o r the o r i g i n . o f t h i s f i e l d by showing that there i s , according 
t o quantum theory, an e l e c t r o s t a t i c term a r i s i n g from the 
overlap o f the o r b i t a l wa^e f u n c t i o n which gives the necessary 



3. 
f o r c e by the mechanism of exchange i n t e r a c t i o n and leads t o 
an e f f e c t i v e s p i n " - spin coupling. I t can be shown t h a t the 
exchange energy between two atoms i , J i s given by 

..Eex== -2 J i j . Si . Sj. , (1.1) 
vjhere Sj_ I s the spin of atom 1, .'and J I s the exchange I n t e g r a l , 
I f J i s p o s i t i v e the minimum energy c o n f i g u r a t i o n i s w i t h the 
two.spins p a r a l l e l , so t h a t ferromagnetic behaviour w i l l occur. 
The magnetic behaviour'has been shown i n the t r a n s i t i o n metals 
to be mainly due t o the splnof the electro n s , the o r b i t a l motion 
being almost quenched. The p a r t i c u l a r electrons responsible 
f o r the magnetisation are those I n the u n f i l l e d 3d band of 
the t r a n s i t i o n metals r a t h e r than the valence electrons.(Van 
"Vleck. 1952)Thus f o r a substance to be ferromagnetic there must 
be some overlap of these u n f i l l e d inner s h e l l s of adjacent 
atoms and t h i s i s most l i k e l y t o occur i f a substance w i t h an 
u n f i l l e d Inner s h e l l of large radius forms a c r y s t a l of small 
Int e r a t o m i c spacing. I t has also been suggested t h a t the i n t e r ­
a c t i o n i s due t o some of the 3d electrons moving through the 
c r y s t a l and hence p r o v i d i n g i n t e r a c t i o n s between the various 
atoms. A discussion of these theories I s given by Herrlng(l960). 
The molecular f i e l d s i n ferromagnets are so large t h a t the 
e f f e c t of e x t e r n a l magnetic f i e l d s on'>the magnitude of the 
spontaneous magnetisation can be neglected f o r temperatures 
w e l l below t h e i r Curie temperature. 



o 

o 
3 

<» 
3 

3 o 
3 

a 
N 
O 

3 

^ " 3 o 

o 

3 

r> 
o 
3 

3 
<V 
T 
O 

-J 

o 
-1 
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The spontaneous magnetisation i s temperature dependent due 
t o the thermal v i b r a t i o n s as described above and i t varies 
from m a t e r i a l t o m a t e r i a l . However i f , t h e v a r i a t i o n i s p l o t t e d 
against•temperature I n reduced u n i t s as i n f i g . 1 . 1 , then a 
general curve which i s approximately correct f o r a l l f e r r o ­
magnets I s obtained. 

The,second of the Weiss postulates i s the subdivision of 
the m a t e r i a l i n t o domains w i t h d i f f e r i n g d i r e c t i o n s of magne 
t i s a t l o n s . There are i n the, magnetised m a t e r i a l c e r t a i n c r y s t a l 
d i r e c t i o n s , Imown as "easy" d i r e c t i o n s , i n which the i n t r i n s i c 
magnetisation s e t t l e s under the i n f l u e n c e of magnetocrystalline 
anisotropy.- The domain d i r e c t i o n s of magnetisation are t h e r e f o r e 
l i m i t e d t o these easy d i r e c t i o n s and are separated by r e l a t i v e l y 
narrow regions knoxm as domain walls.. On a p p l i c a t i o n of a 
magnetic f i e l d t o such a subdivided m a t e r i a l the domains 
magnetised nearest t o the applied f i e l d d i r e c t i o n grow at the 
expense of the others, i n i t i a l l y by r e v e r s i b l e , then by i r r e ­
v e r s i b l e boundary motion, and f i n a l l y by the r o t a t i o n of the 
magnetisation d i r e c t i o n i n t o the f i e l d d i r e c t i o n . Such processes 
as these can be used to explain.the magnetisation curves of 
m a t e r i a l s . • . 

, The f i r s t observation of domains was by B l t t e r ( l 9 3 l ) using 
••. a c o l l o i d - t o make the boundary walls v i s i b l e . This work only 

observed,boraalns on a s t r a i n e d surface bearing no r e l a t i o n s h i p 



5. 
t o the bu l k domain s t r u c t u r e . I n 1935 Landau and L i f s h l t z 
proposed t h e o r e t i c a l domain s t r u c t u r e s using a geometrical 
technique. They considered the domain s t r u c t u r e t o be a system 
of minimum energy and considered the various energy c o n t r i b u t i o n s 
i n d e t a i l . This method computes the energy states of a system 
and obtains a minimum. Such t h e o r e t i c a l work however must 
always be i n some doubt (BroiAm 1957) as there are always the 
p o s s i b i l i t i e s t h a t e i t h e r a model of lower energy could be 
produced by greater i n g e n u i t y or the model a r r i v e d at i s separated 
from the previous s t a t e by an energy b a r r i e r so t h a t the expected 
t r a n s i t i o n i s impossible. I n a r r i v i n g at the energy of a 
system the f a c t o r s t o be taken i n t o account are w a l l area, 
m a g n e t o s t r i c t i o n , stress (applied or i n t e r n a l ) , and magneto-
s t a t i c energy. The c o n s t i t u e n t energy c o n t r i b u t i o n s w i l l be 
dea l t w i t h i n the f o l l o w i n g section. 
1.2 Energy Contributions 
1.2.1 Exchange Energy 

Summing equation 1.1 over a l l values i , j gives 

where is the angle between the spin vectors. I n a domain 
^ I j I s zero g i v i n g the minimum value f o r the exchange energy. 
However i n the t r a n s i t i o n regions of the walls there I s an 
excess o f exchange energy since neighbouring atoms no longer 
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have t h e i r moments aligned p a r a l l e l . I n subsequent c a l c u l a t i o n s 

i t w i l l be assumed t h a t the exchange energy i n the domains 

i s the zero l e v e l so t h a t only the excess i n the walls need 

be considered. To o b t a i n a value f o r t h i s we need t o know the 
2 

value of 2JS , or more o f t e n the energy density A given by 
A where a i s the l a t t i c e constant. J was evaluated 

a 
f o r i r o n by K i t t e l (1949) o b t a i n i n g a value of 205k where k 
i s Boltzmann's constant. , 
1.2.2 Anisotropy Energy 

I f the magnetisation curves f o r a ferromagnet are studied 

as a f u n c t i o n of the c r y s t a l o r i e n t a t i o n , i t i s found t h a t the 
f i e l d 

appliecynecessary t o produce s a t u r a t i o n varies and has a 

minimum i n a c e r t a i n c r y s t a l d i r e c t i o n . This d i r e c t i o n i s known 

as the easy or p r e f e r r e d d i r e c t i o n and a d d i t i o n a l energy must 

be supplied t o r o t a t e the magnetisation d i r e c t i o n away from 

t h i s d i r e c t i o n . This energy i s knowm as magnetocrystalline 

a n i s o t r o p y energy. The easy d i r e c t i o n s are J^lOO] i n i r o n , [ i l l ] 

i n n i c k e l , and [OOOlO 1^ cobalt. 

The value of t h i s a d d i t i o n a l energy can be expressed as a 

f u n c t i o n of the d i r e c t i o n cosines ^, <^3_ c^^~\ of the magnetisation 

d i r e c t i o n r e l a t i v e ij:(> the c r y s t a l axes. For cubic c r y s t a l s l i k e 

i r o n and n i c k e l , symmetry requirements allow a l l but the even 

powers of t o drop out and the expression f o r the;^nisotropy 
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becomes: 

E ^ - i^,Uo<i. ^ k^<<X^i ̂  1.3 
an 

where KQ, K^, Kg, are constants depending on the m a t e r i a l . 

Higher powers can be neglected as the constants become very 

small. The values f o r these anlsotropy constants f o r pure i r o n 

are K^ ^ 4.2 x 10^ ergs/cm.3 and Kg- 1.5 x lO^ergs/cm.^ at 

room temperature. 

1.2.3 Magnetoelastlc Energy 

When a c r y s t a l undergoes mechanical s t r a i n there I s an 

a d d i t i o n a l energy term due t o the i n t e r a c t i o n between the mag 

n e t l s a t l o n and the mechanical s t r a i n . This i s known as the 

magnetoelastlc energy and i s zero f o r an unstrained l a t t i c e . 

I t i s the Inverse of the magnetostriction, the change I n length 

upon magnetising a ferromagnet. 
Becker and Doring (1939) developed the formal theory f o r mag­
n e t o s t r i c t i o n by mimlmising the t o t a l energy of a c r y s t a l i . e . 
the anlsotropS!^ eneggy, the magnetostrictlve energy, and the 
str e s s energy.mThus i f a state of constant stress i s considered, 
the change i n length i n a d i r e c t i o n s p e c i f i e d by d i r e c t i o n 
cosines [/g./Ŝ ySj] v j i t h the magnetisation s p e c i f i e d 'bYi'<,oi^o<^ 

^ 1.4 

where h-ĵ  and hg are constants depending on the material.' I n 
general higher terms are necessary i n t h i s equation but f o r 
i r o n they can be ignored. I t i s more usual t o express the constant! 
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h-ĵ  and i n terms of the l o n g i t u d i n a l magnetostriction coef-

f i c e n t s X,^^ and A„, , the f r a c t i o n a l changes i n length 

measured along the magnetisation d i r e c t i o n s w i t h the magnetis- • 

a t i o n i n the [lOO] and [ l l l j d i r e c t i o n s r e s p e c t i v e l y . We have: 

J ^>~- '̂ '00 j J Am 1.5 

I n a s i m i l a r manner the magnetoelastic energy can be calculated. 

This i s done by considering the c o n t r i b u t i o n t o the fr e e energy 

a r i s i n g from the magn e t o s t r i c t i v e d i s t o r t i o n when the body i s 

i n a stress f i e l d . I f the stress i s defined by a stress tensor 

T]^it and the s t r a i n by a s t r a i n tensor 4, then the magneto­

e l a s t i c energy i s given by: 

can be expressed as a power series of L'^M^'^•!,1 the 
magnetisation d i r e c t i o n cosines. Discounting terms above second 
order qMesncLu Jin ^ tk* -^cL^netoSttitt, ceefhotntt yves: 

I n the f o l l o w i n g sections the type of stress used i s a pure 

t e n s i o n of cr dynes/sq.cm. I f t h i s has d i r e c t i o n Q.o^\xiez\)^)(^^ 

then 

i^iW^^^*-^^ and 1.7 becomes 

I f the magnetisation i s i n an easy d i r e c t i o n we have f o r i r o n : 

- / ; ' ^ j -~ O and so 
£^ . c^'-e 1.9 

where ©- i s the angle between the magnetisation and the 
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t e n s i o n d i r e c t i o n s . Also i f the magnetisation i s i s o t r o p i c 
then 

1.10 

whatever the d i r e c t i o n o f magnetisation. 
1,2.4 Magnetostatic Energy 

This energy term i s the energy of a magnetic vector i n i t s 
own f i e l d . The energy i s given by: 

^ - . s . - -il^-^J" 1-11 

where I i s the magnetisation and H i s the f i e l d a r i s i n g from 
the magnetisation, the i n t e g r a t i o n being over the t o t a l volume 
of the specimen. One of the most Important cases i n domain 
theory has been worked out by K i t t e l (1949). This case i s when 
the s t r u c t u r e consists of p a r a l l e l s t r i p s of a l t e r n a t e p o l a r i t y . 
I n the case of the magnetisation normal t o the surface and 
s t r i p s of width D, the r e s u l t i s 

\ s ± O.852I4 D / u n i t surface area. 1.12 
I f the magnetisation vector makes an angle eJ" w i t h the surface, 
then the pole d e n s i t y i s given by IslnS^ and then 

E^, = O 'ib-X 6 ^^*«^ 1-13 
I t has been shown (Shockley 1948) t h a t i n the surface, the 

magnetisation can move s l i g h t l e y from the easy d i r e c t i o n g i v i n g 

an e f f e c t i v e p e r m e a b i l i t y y * " . I n the stress free case t h i s 1: 

given by ^ 

f o r a (100) surface of a cubic system. This a f f e c t s the 

LS 
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magnetostatlc energy and gives a c o r r e c t i o n f a c t o r to the value 
Of equation I.13 o f — - , so that the f i n a l expression f o r 
the magnetostatlc energy I s : 

-. J L Z Tlb^^'-^ 1.15 
1.2.5 T o t a l Energy 

The energy terms described i n the preceedlng se c t i o n s are 

present I n a given domain s t r u c t u r e ^ and to determine whether 

a p a r t i c u l a r s t r u c t u r e I s s t a b l e , the i n d i v i d u a l energy terms 

must be determined. The d i f f e r e n t terms appear from d i f f e r e n t 

p a r t s of the domain s t r u c t u r e . The exchange energy and a n l s — 

otropy energy appear only I n the domain boundaries where neigh— 

bourlng atoms do not have t l ^ l j ^ r magnetic moments p a r a l l e l or (\) 

i n easy d i r e c t i o n s . The energy a s s o c i a t e d with domain w a l l s 

(Bloch w a l l s ) w i l l be considered i n the next se c t i o n . Magneto-

e l a s t i c energy occurs i n a l l of the domains themselves and 

i s given by equation 1.8. The c l o s u r e domains of a s t r u c t u r e , 

or any small domains magnetised at r i g h t angles to the main 

domain d i r e c t i o n have a magnetostrictive c o n t r i b u t i o n to t h e i r 

energy because they have t h e i r magnetostrictive change i n 

length perpendicular to the main domain magnetostriction. This 

produces a s t r a i n I n the m a t e r i a l g i v i n g an energy which i s 

magnetoelastic i n o r i g i n of 

E = f C„ /\̂ ,, 1.16 

where c ^ i s an e l a s t i c constant. 
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To d i s t i n g u i s h between t h i s energy term and the term due to 

a p p l i e d or i n t e r n a l s t r e s s , i n the r e s t of t h i s work i t w i l l 

be r e f e r r e d to as m a g n e t o s t r i c t i v e energy. The f i n a l energy 

c o n t r i b u t i o n i s the magnetostatic energy a r i s i n g from the surface 

d i s t r i b u t i o n of magnetisation. 

1.3 Bloch Malls 

I f a ferromagnet i s not saturated but c o n s i s t s of an 

arrangement of domains, between the i n d i v i d u a l domains a 

t r a n s i t i o n region where the d i r e c t i o n of magnetisation changes 

between one easy d i r e c t i o n and another. This t r a n s i t i o n i s 

known as a domain w a l l and i n bulk ferromagnets i s a Bloch 

w a l l i n which the r o t a t i o n occurs i n t/he plane of the w a l l . 

I n t h i n f i l m s , belovj a c e r t a i n c r i t i c a l t h i c k n e s s t h i s type 

of w a l l i s unfavourable and a Neel w a l l forms. T h i s has the 

r o t a t i o n occuring normal to the plane of the w a l l . For the 

work on i r o n whiskers the w a l l s are Bloch w a l l s and these only 

w i l l be described here. 

To have the minimum p o s s i b l e w a l l energy, Neel (1944a) has 

shown th a t the component of magnetisation normal to the w a l l 

must be continuous from one side of the w a l l through to the 

other s i d e . I f t h i s i s not so,, f r e e p o l a r i t y w i l l be produced 

at the w a l l and a l a r g e amount of magnetostatic energy i s 

involved. For example, i f the w a l l makes an a n g l e d with the 

zero pole p o s i t i o n , the E e s u l t i n g energy w i l l be ^Tri.,^<i<9. 
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I n the caee of i r o n t h i s i s approximately 2xlo'^sin© ergs/cc. 

To meet t h i s c o ndition we can have two main types of boundary 

i n i r o n , a 180° boundary between a n t i p a r a l l e l domains with 
, . o i t s normal i n a (100) plane, and a 90 boundary between 

p e r p e n d i c u l a r l y magnetised domains with i t s normal i n a (110) 

plane. 

The energy terms involved i n the t r a n s i t i o n region are 

an i s o t r o p y and exchange energy. The former term would give 

a minimum f o r the change occuring over one l a t t i c e s i t e and 

the l a t t e r would give a minimum f o r the change occuring over 

an i n f i n i t e number of l a t t i c e s i t e s , so that these terms 

counteract each other to produce an eq u i l i b r i u m w a l l width 

when the t o t a l energy i s a minimum. This occurs when the two 

energy terms have equal values, hence the w a l l energy i s given 

y - ^!^'^'^' - - ^ J f — 1 . 1 7 

D e t a i l e d c a l c u l a t i o n s of wallenergy and w a l l width have 

been made by L i l l e y ( l 9 5 0 ) , Stealing with w a l l s with normals 

i n the £l00], £llo] , and t i l l ] d i r e c t i o n s . The r e s u l t s f o r 

w a l l energy are given below i n u n i t s of VQ the energy perunit 

a r e a of a 90° w a l l w i t h i t s nonnal i n a [lOO] d i r e c t i o n . 
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Values of Wall Energy per Unit AEea)( 

i n U n i t s of / f o r I r o n a-fy 

Type of / Normal 
Boundary / D i r e c t i o n [lOO] [ l i o ] [ i l l 

90° , 1.000 1.727 1.185 
180° 2.000 2.760 

A general expression f o r the energy of a 90*̂  w a l l i n terms 

of the o r i e n t a t i o n of i t s normal has been determined by a 

number of workers, Chikazumi and Suzuki(l955), Graham(l957i), 

and Kaczer and Gemperle(l959). The energy of; the w a l l , expressed 

a s a f u n c t i o n ot{^, the angle between the w a l l n o m a l and the 

[100] d i r e c t i o n i s , from Kaczer and Gemperle: 

= l lxlif - I ca^i/-t-o irai^co^'^ly 1.18 

The value of j has been determined by a number of workers 
0 

and i s given by Stewart(1954 page 99) as 

n e g l e c t i n g Kg which, i n the case of i r o n , a l t e r s the value by 

a few percent, A being the exchange energy d e n s i t y as given 

i n s e c t i o n 1.2.1. Using the value of J determined by K i t t e l ( l 9 4 9 ) 

g i v e s A as 2.OxlO^ergs/cc. and as 0.9ergs/cm^. f o r i r o n . 

Neel(l949b) using a d i f f e r e n t method obtains a value for% ^ 

of 0.7ergs/cm . i n i r o n . 

1.4 Domain S t r u c t u r e s 
I n i r o n there are s i x easy d i r e c t i o n s of magnetisation 

along the cube edge d i r e c t i o n s determined by the anisotropy 



14. 
energy. The domain s t r u c t u r e s present therefore c o n s i s t of 

domains magnetised along these d i r e c t i o n s . The b a s i c s t r u c t u r e 

c o n s i s t s of main l80° domains magnetised a n t i p a r a l l e l along 

one of the cube edge d i r e c t i o n s . At the surface of the specimen 

there a r e c l o s u r e s t r u c t u r e s present to reduce the magneto-

energy of the system. The form these c l o s u r e s t r u c t u r e s take 

and any d i s t o r t i o n of the main domains depends on the surface 

o r i e n t a t i o n of the specimen. The c l o s u r e domains vary from 

simple t r i a n g u l a r prisms i n the case of (lOO) s u r f a c e s , to 

h i g h l y complex arrangements of i n t e r p e n e t r a t i n g domains when 

the s u r f a c e i s not a simple c r y s t a l l o g r a p h i c plane. I n the 

case of i r o n whiskers s i m i l a r v a r i a t i o n s from very simple to 

very complex c l o s u r e s t r u c t u r e s have been observed. 

1.5 Observation of Domains 

The two techniques most used to observe the i n t e r s e c t i o n 

of domain w a l l s with the surface of an opaque m a t e r i a l are 

the B i t t e r technique and the Kerr magneto_optical e f f e c t . 

In' the B i t t e r technique a c o l l o i d a l suspension of magnetite 

i s placed on the surface of the specimen. The p a r t i c l e s are 

then a t t r a c t e d to regions of strong magnetic f i e l d on the surface 

and show these up as dark l i n e s . I f the surface i s s u f f i c i e n t l y 

wellprepared these s t r a y f i e l d s are mostly present at the i n t e r ­

s e c t i o n of Bloch w a l l s with the surface, so that subsequent 

observation of the s u r f a c e through a microscope shows up the 

domain boundaries i n the surface as dark l i n e s . I f the surface 
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has s m a l l l s c r a t c h e s normal to the magnetisation d i r e c t i o n then 
these a l s o c o l l e c t the magnetite p a r t i c l e s and enable the 
magnetisation d i r e c t i o n to be determined. This technique has 
the disadvantage that a f t e r a short time the c o l l o i d , which i s 
u s u a l l y a c i d i c , a t t a c k s the surface and s t a i n s i t so that f u r t h e r 
o bservations are impossible. To overcome t h i s d i f f e r e n t types 
of c o l l o i d have been devoped with C e l a c o l (sodium carboxymethyl 
c e l l u l o s e ) as the suspending s o l u t i o n . Craik(l956) using t h i s 
technique with a c e l a c o l based c o l l l o d allowed the f i l m to 
dry on the specimen, removed i t from the surface and observed 
the pai7tern under an e l e c t r o n microscope. Another disadvantage 
of the B i t t e r technique i s that on m a t e r i a l s with low anisotropy 
and hence wide domain w a l l s , the s t r a y f i e l d s are too low to 
a t t r a c t the magnetite p a r t i c l e s so that i t i s Impossible to 
o b t a i n patt e r n s on these m a t e r i a l s . 

I n the Kerr magneto-optical e f f e c t , the r o t a t i o n of the 

plane of p o l a r i s a t i o n of a plane p o l a r i s e d beam of l i g h t upon 

r e f l e c t i o n from a magnetised surface i s used. The d i r e c t i o n 

of r o t a t i o n depends on the d i r e c t i o n of magnetisation i n the 

s u r f a c e so that adjacent domains magnetised i n d i f f e r e n t 

d i r e c t i o n s produce r o t a t i o n s d i f f e r i n g i n e i t h e r sign and/or 

magnitude. I f the surface i s subsequently viewed through an 

a n a l y s e r arranged at the e x t i n c t i o n angle f o r one p a r t i c u l a r 

r o t a t i o n i . e . one p a r t i c u l a r surface magnetisation d i r e c t i o n . 
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then d i f f e r e n t l y magnetised domains w i l l show up as regions 

of d i f f e r i n g i n t e n s i t i e s . T h i s method therefore has the 

advantage that i t renders v i s i b l e domains r a t h e r than domain 

boundaries, as i n the powder pattern technique. Unfortunately 

the amount of r o t a t i o n i s small, the maximum being only about 

5' f o r i r o n at the most favourable angle of incidence. Also 

the system uses crossed p o l a r i s e r and a n a l y s e r so that the 

l i g h t i n t e n s i t i e s are low. Nevertheless i t i s being used now 

q u i t e e x t e n s i v e l y both f o r steady s t a t e and moving domain 

p a t t e r n s , i t being e s p e c i a l l y s u i t a b l e f o r t h e . l a t t e r as there 

i s no delay before the new pattern i s formed, as occurs using 

the B i t t e r p a t t e r n technique while the c o l l o i d p a r t i c l e s r e ­

arrange themselves. I n the case of bulk specimens, where the 

s u r f a c e s have to be prepared by e l e c t r o p o l i s h i n g , small i r r e g ­

u l a r i t i e s are s t i l l present, comparable i n s i z e to the domains 

under i n v e s t i g a t i o n , and these produce a large amount of surface 

n o i s e . I n f a c t observation through crossed N i c o l s i s a 

technique used to observe surface s t r u c t u r e . To overcome this-

Fowler and Fryer(1954) superimposed the p o s i t i v e photograph 

of the saturated specimen upon the negative of the s t a t e of 

i n t e r e s t . By t h i s means they were able to remove the surface 

s t r u c t u r e e f f e c t s . For bulk m a t e r i a l s therefore t h i s method 

i s r a t h e r tedious. However i n the case of whiskers and t h i n 

f i l m s the s u r f a c e s obtained during the production of the 
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specimens are good m i r r o r - l i k e s urfaces with few i r r e g u l a r i t i e s 

so t hat the surface domain patterns can be viewed d i r e c t l y . 

The c o n t r a s t between domains using t h i s technique i s not very 

good but i t can be i n c r e a s e d by 'blooming' the surface with 

l a y e r s of transparent d i e l e c t r i c as f i r s t described by Kranz(l956) 

A d i s c u s s i o n of t h i s technique and a l s o domain observations 

i n general i s given by Prutton(l964), and a general survey 

i s a l s o given by C r a i k and Tebble(l96l),(i965). 

1.6 Previous Work on the E f f e c t of S t r e s s on Domain Stru c t u r e s 

Though l i t t l e work has been done on the s t r e s s e f f e c t s on 

domain s t r u c t u r e s i n whiskers, there has been quite a considerable 

study of the case of bulk m a t e r i a l s , notably by D l j k s t r a and 

Martius(1953), K l r e n s k i l , Dylgerov, and Savchenko(l957), Bozorth, 

W i l l i a m s , and Shockley(l949), mainly i n a q u a l i t a t i v e way, 

and by Corner and Mason(l963,1964) i n a quantatlve way. 

I n the case of i r o n whiskers, DeBlois and Graham(l957) 

a p p l i e d a x i a l pressure to ClOo] whiskers and observed a zig-zag 

w a l l running down the whisker edge. T h i s was explained by 

Kaczer and Gemperle(1959) as being due to the p o s i t i v e magneto— 

s t i c t i o n of i r o n t u r n i n g the magnetisation perpendicular to 

the whisker a x i s . I n t h i s s t r u c t u r e the w a l l s become 90° w a l l s 

and i t has been shown that t h i s p a r t i c u l a r type of 90° w a l l 

has a minimum energy s t a t e c o n s i s t i n g of s e c t i o n s of zig-zag 

wall(Chikazumi and Suzuki 1955). DeBlois and Graham a l s o applied 

s t r e s s by bending t h e i r whiskers. T h i s produced a s e r r a t e d 
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or z i g - z a g 90 w a l l running along the length of the whiskers. 

Tn the z i g - z a g a l t e r n a t e p a r t s were not observed on the pov^der 

p a t t e r n s . An explanation of t h i s s t r u c t u r e was a l s o given by 

Kaczer and Gemperle i n terms of a complex i n t e r n a l s t r u c t u r e 

to the w a l l wil7h the apparantly missing portion being due to 

two 90° w a l l s meeting i n the surface. They a l s o c a l c u l a t e d 

the e f f e c t i v e w a l l energy of t h i s composite w a l l and obtained 

a value of 4.15)(Q. 

1.7 Object of I n v e s t i g a t i o n s 

THe absence of any systematic work on s t r e s s e f f e c t s on 

i r o n whiskers, coupled with the previous i n v e s t i g a t i o n s c a r r i e d 

out by Corner and Mason on the s t r e s s e f f e c t s on balk s i l i c o n 

i r o n l e d to t.he s t a r t of t h i s work. Whiskers have d i s t i n c t 

advantages over bulk m a t e r i a l i n that they grow with smooth 

shi n y s u r f a c e s r e q u i r i n g no treatment befof^e domain patterns 

can be observed, and they are a l s o l a r g e l y i n t e r n a l s t r e s s 

f r e e , producing no d i s t o r t i o n of the r e s u l t s from unknown 

I n t e r n a l s t r e s s e s . I n general they grow with t h e i r axes as 

simple c r y s t a l l o g r a p h i c d i r e c t i o n s and t h e i r faces a l s o are 

u s u a l l y simple c y s t a l l o g r a p h i c planes. They are small i n s i z e 

ranging from a few microns to about a m i l l i m e t r e across at 

maximum, so that there are only a few domains i n t h e i r width. 

T h i s means that t h e i r i n t e r n a l s t r u c t u r e should be f a i r l y easy 

to determine, compared to bulk c r y s t a l s where the stucture 
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determination i s l i t t l e more than an enlightened guess. 

These c o n s i d e r a t i o n s t h e r e f o r e led to the following work 

being c a r r i e d out i n an attempt to produce a reasonable survey 

of the e f f e c t s of s t r e s s on i r o n whisker domain st u c t u r e s . 



CHAPTER TWO 20. 

Experimental Techniques 

2.1 Production of specimens 

For the e f f e c t of s t r e s s to be studied large i r o n whiskers 

were needed, a width of lOOmicrons being necessary to ensure 

t h a t t here i s more than one domain a c r o s s the width of the 

specimens, and a length of 2 - 3 cms. to f a c i l i t a t e handling 

and bonding of hhe c r y s t a l s . I n a d d i t i o n to the s i z e r e q u i r e -

ments, the whiskers must be s i n g l e c r y s t a l s with surfaces which 

a r e smooth simple c r y s t a l planes to make the observation of 

domains p o s s i b l e . 

I r o n whiskers are produced by the reduction of ferrous 

c h l o r i d e i n a stream of hydrogen at a temperature i n the 

range 700—750°C (Brenner 1956). P r e v i o u s l y the technique had 
been used with only a few grammes of ferrous c h l o r i d e to 

produce small whiskers. The method was modified following a 

paper by V/ayman(l96l) to produce whiskers of the required s i z e 

by using a s c a l e d up version, i . e . l a r g e q u a n t i t i e s of ferrous 

c h l o r i d e i n a lar g e diameter furnace. The furnace was based 

on a design of Morganite E l e c t r o h e a t Ltd. f o r a k^'* i n t e r n a l 

diameter furnace tube and a hot zone 24" i n length. The furnace 

was designed so as to be s u i t a b l e f o r the growth of these 

and other c r y s t a l s too and to reach temperatures of 1500°C 

us i n g s i x C r u s i l i t e elements, but f o r the growth of the i r o n 

whiskers i t was found that only four elements gave the most 
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s a t i s f a c t o r y c o n d i t i o n s u s i n g a maximum power of f i v e k i l o w a t t s . 
The temperature c o n t r o l was by a West Instruments S t e p l e s s 
c o n t r o l l e r . T h i s uses a chromel/alumel thermocouple as the 
temperature sensing element and a s a t u r a b l e r e a c t o r as the 
power c o n t r o l device g i v i n g a continuously v a r i a b l e power output 
up to the maximum 5Kw a t t s . ( f i g u r e 2.1) 

About 250 grammes of reagent grade of f e r r o u s c h l o r i d e were 

used at a time, these being placed i n an i r o n boat i n the 

centre of the V i t r e o s i l furnace tube. The boat was made of 

16 s.w.g. s t e e l sheet r o l l e d to a s e m i c i r c u l a r c r o s s — s e c t i o n 

w i t h s t e e l p l a t e end p i e c e s brazed on. The furnace was heated 

up to the r e a c t i o n temperature of 740°C with a slow stream 

of niti?ogen p a s s i n g through to f l u s h out the system and to 

prevent the f e r r o u s c h l o r i d e being reduced before the r e q u i r e d 

temperature was reached. T h i s took about two hours. When the 

r e a c t i o n temperature was reached, the nit r o g e n was repl a c e d 

with hydrogen flowing through the system a t the r a t e of f i v e 

l i t r e s per minute. The r e a c t i o n took about four hours to 

complete a f t e r which the hydrogen was re p l a c e d by a slow stream 

of oxygen f r e e nitrogen. T h i s was'passed through while the 

furnace was co o l i n g down to prevent o x i d a t i o n of the whisker 

f a c e s . The gases were passed over phosphorous pentoxide to 

dry them before they passed i n t o the furnace tube. A f t e r 

l e a v i n g the furnace tube the exhaust fumes passed through a 
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water t r a p bo absorb h y d r o c h l o r i c a c i d gas and provide an 
i s o l a t i o n between the atmosphere and the hydrogen i n the 
furnace. The flow r a t e s were monitored by a t h e r m i s t o r on the 
i n l e t s i d e of the furnace connected i n one arm of a bridge 
network. The bridge was balanced f o r zero gas flow and the 
change of r e s i s t a n c e of the t h e r m i s t o r when the gas was 
flowing caused an unbalance. The change i n r e s i s t a n c e depends 
on the r a t e of flow of the gas so the out of balance c u r r e n t 
a c r o s s the bridge was used as an i n d i c a t i o n of the flow r a t e . 
The c i r c u i t i s shown i n fig.2.2 and an out of balance current 
of 50^a corresponded to the r e q u i r e d flow r a t e of hydrogen, 
the gas flow being a d j u s t e d to give t h i s value. The t h e r m i s t o r 
was mounted i n the centre of a length of l " i n t e r n a l diameter 
pipe with the ends coned down to prevent t u r b u l e n t flow at 
an angle of 10° to pipes of ^" I.D. and |" I,D. at the i n l e t 
and o u t l e t r e s p e c t i v e l y . 
2.2 S e l e c t i o n of Specimens 

V Using t h i s method i r o n whiskers of the r e q u i r e d s i z e v/ere 

grown and a t y p i c a l boat of c r y s t a l s i s shown i n fig.2.3. 

FDom such a c o l l e c t i o n s u i t a b l e specimens were then obtained. 

By simple v i s u a l i n s p e c t i o n the m a j o r i t y of the whiskers 

wBEe r e j e c t e d because of e i t h e r i r r e g u l a r growth and poor 

s u r f a c e s , or sudden changes i n t h e i r d i r e c t i o n and s i d e growth 



23. 
reducing t h e i r u s e f u l s i z e . The few t h a t remained from t h i s 
p r e l i m i n a r y i n s p e c t i o n were then examined f u r t h e r under a 
microscope(magnification lOOx), which enabled specimens with 
growth steps or twins to be discarded. 
2.3 OBservation of Domains 

For the observation of the domain s t r u c t u r e s , i n v e s t i g a t i o n s 

were c a r r i e d out i n t o the use of the Kerr magnetooptleal e f f e c t , 

By t h i s method the a c t u a l domains show up as l i g h t and dark 

a r e a s s i n c e the d i r e c t i o n of r o t a t i o n depends on the d i r e c t i o n 

of the magnetisation i n the r e f l e c t i n g s u r f a c e . I n c e r t a i n 

cases t h e r g f s r e j t h i s method can provide a d d i t i o n a l information 

to t h a t given by the c o l l o i d technique s i n c e the l a t t e r method 

can meet s i t u a t i o n s where domain boundaries do not show up, 

i . e . where two boundaries of opposite sense meet i n the s u r f a c e 

to g ive zero net e f f e c t and hence no c o l l o i d deposit. I f the 

s u r f a c e under observation i s i r r e g u l a r then the Kerr e f f e c t 

w i l l not show up the domain s t r u c t u r e due to the s c a t t e r i n g 

of the l i g h t d estroying the c o n t r a s t between adjacent domains. 

I n these circumstances the c o l l o i d technique w i l l o f t e n s t i l l 

g ive r e s u l t s . The Kerr e f f e c t on i r o n whiskers was studied 

u s i n g an o p t i c a l bench arrangement but i t was found that the 

l i g h t i n t e n s i t y a v a i l a b l e f o r photography was very low compared 

w i t h the c o l l o i d %3§chnique and hence much longer exposures 
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were necessary. I n a d d i t i o n , i t was estimated t h a t the time 
neededto convert the Kerr e f f e c t apparatus t o use on a microscope 
i n c o n j u n c t i o n w i t h the apparatus f o r applying stress t o the 
whiskers would be too long f o r i t t o give any c o n t r i b u t i o n 
t o t h i s i n v e s t i g a t i o n , so t h a t despite i t s p o t e n t i a l usefulness 
i t was not continued w i t h , and the magnetic c o l l o i d technique 
used f o r the r e s t of the I n v e s t i g a t i o n . 

The magnetic c o l l o i d used was prepared by the standard 
method of Elmore(l938), except t h a t i t was made to a concentra­
t i o n f o u r times greater than Elmore gave, as t h i s was found 
t o give c l e a r e r B i t t e r p atterns on the whiskers than the standard 
concentration. 

2.4 Apparatus and Observation of Domain Patterns 
The apparatus used t o apply stress t o the whiskers i s shown 

i n f i g . 2.4. I t v;as mounted under an o p t i c a l microscope i n 
place o f the stage on s l i d e s so t h a t i t could be moved i n 
any d i r e c t i o n r e l a t i v e t o the microscope body. The right-Jiand 
end was f r e e t o r o t a t e about the centre l i n e o f the apparatus 
and also s l i d e i n and out a short distance. The centre of t h i s 
piece was bored out and one end o f the whisker bonded i n t o 
i t . The p o s i t i o n of the whisker was adjusted so t h a t a good 
surface was seen through the microscope and then the surface 
was immersed j u s t below the surface of a pool of magnetic 
c o l l o i d on a glass s l i d e , rendering the domain boundaries 
v i s i b l e . A f t e r t h i s the whisker p o s i t i o n was f u r t h e r adjusted 
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25. e i t h e r by h o r i z o n t a l movement t o another part of the same face, 

or by r o t a t i o n t o a d i f f e r e n t whisker face i n order t o obtain 

the best domain p a t t e r n and the mount then clamped. Some of 
the selected whiskers d i d not give a v i s i b l e domain p a t t e r n 
and so these were discarded at t h i s stage. The ones t h a t d i d 
show a p a t t e r n were then bonded t o the l e f t hand end of the 

- apparatus. This was a piece of ̂ " diameter brass rod, the end 

of which had the top h a l f removed, the end of the whisker being 
bonded onto t h i s f l a t region. The brass rod was attached t o a 
spr i n g , the other end o f which was attached t o , and moved back 
by, a micrometer movement. The spring and brass rod moved i n 
a channel t o support t h e i r weight and prevent bending of the 
whisker. The channel also provided a guide t o keep the tension 
a c t i n g along the centee l i n e o f the apparatus. A c a l i b r a t i o n 
of t e n s i o n against extension i s shown i n f i g . 2.5. The bonding 
of the whiskers t o the apparatus was done using dlphenyl carbazlde. 

o 
This i s a substance obtained i n powder f o m that melts at 172 C 
and r e — s o l i d i f i e s t o form a g l a s s — l i k e m a t e r i a l around the 
whisker. On s o l i d i f y i n g i t i s s t r a i n f r e e so there are no i n i t i a l 
s t r a i n s i n the whisker due t o the mounting, as occur w i t h a 
number o f bonding m a t e r i a l s . 

When a s u i t a b l e whisker had been f i x e d i n the apparatus, the 
domain p a t t e r n was photographed using Pan F 35mm f i l m i n a 
Pentax camera mounted on top of the microscope. The microscope 
had a 5x o b j e c t i v e and a 20x eyepiece and the camera used w i t h 
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i t s lens removed i n the Pentax microscope adaptor. 

A t e n s i l e stress was then applied along the whisker axis 
by extending the s p r i n g a known amount using the micrometer, 
and the corresponding p a t t e r n photographed. The stress was 
increased i n small steps and^ a f t e r each, time allowed f o r the 
c o l l o i d t o s e t t l e on the new p a t t e r n before i t was photographed. 
While the stress was being changed, the p a t t e r n was observed 
using the r e f l e x viewing o f the camera. I f any sudden t r a n s i t i o n s 
occured i n the p a t t e r n , the stress was kept at the value 
corresponding t o the change and the new p a t t e r n photographed. 
I n a d d i t i o n t o observing the change i n the p a t t e r n as the 
stEess was increased, photographies were also taken while the 
st r e s s was being released, unless, as sometimes happened, the 
whisker broke or sli p p e d out of the bonding m a t e r i a l . The domain 
p a t t e r n photographs were then p r i n t e d i n the nonnal way and 
measurements made d i r e c t l y on the p r i n t s . 

A f t e r a whisker had been used i t was disconnected at the 
l e f t - h a n d end.and i t s size determined. This was done under the 
microscope using a lOx eyepiece and the 5x o b j e c t i v e , the 
eyepiece having a scale t h a t had pr e v i o u s l y been c a l i b r a t e d 
u sing a r u l e d s l i d e marked i n hundredths of a m i l l i m e t r e . Then 
from the c a l i b r a t i o n of the spring and the cross-sectional area, 
the t e n s i o n i n the whiskers f o r each p a t t e r n could be calculated. 
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2.5 O r i e n t a t i o n of Whisker 

The o r i e n t a t i o n o f the whisker was next c a r r i e d out. For 
some of the whiskers t h i s was unnecessary as the domain p a t t e r n 
observed was c h a r a c t e r i s t i c of a p a r t i c u l a r face and o r i e n t a t i o n . 
For the r e s t , forward r e f l e c t i o n X—ray photographs were taken 
and compared w i t h st-andard ones given by Majlma and Togino(l927) 
t o detennlne the c r y s t a l o r i e n t a t i o n . The whiskers were then 
r e — o r i e n t a t e d on the X—ray machine according t o the r e s u l t s 
from the photographs u n t i l one c h a r a c t e r i s t i c of a [lOO] 
d i r e c t i o n was obtained. This was" done because a number of 
d i f f e r e n t o r i e n t a t i o n s o f the c r y s t a l r e l a t i v e t o the X-ray beam 
give s i m i l a r photographs, and i t was sometimes d i f f i c u l t to 
determine j u s t which was the corre c t one. 



CHAPTER THREE 28. 
WHISKERS WITH SURFACES (OOl), AND AXIS [lOO] OR A SMALL ANGLE 
TO THE flOO] DIRECTION 
3.1 Axis Exactly [lOO] D i r e c t i o n 

This o r i e n t a t i o n leads t o the simplest possible domain 
p a t t e r n s , and as the whiskers u s u a l l y grow w i t h t h i s o r i e n t a t i o n , 
the c h a r a c t e r i s t i c p a t t e r n s are o f t e n seen and a large amount 
of work has been c a r r i e d out on them. The patterns u s u a l l y 
c o n s i s t o f two domains along the length of the whisker w i t h 
one 180° w a l l between cithern and a simple closure s t r u c t u r e at 
the ends.(Coleman and Scott 1957) This simple s t r u c t u r e can 
be modified by the a d d i t i o n of domains magnetised across the 
wi d t h o f the whisker i . e . at r i g h t angles t o the main domains. 
(Coleman and Scott 1957^ I s l n and Coleman I965) These cross 
magnetised domains can be si n g l e rectangular ones as shown i n 
the references above, or they can form patterns of t h e i r own 
as seen i n p l a t e 3.1. 

The pa t t e r n s seen i n p l a t e 3 . I are simply the running 
together o f a number of cross magnetised domains, the r e s u l t a n t 
system being i n essence only a more complex p a t t e r n of thetype 
mentioned above, i . e . the s t r u c t u r e i s the same a l l through 
the thickness of the whisker, the p a t t e r n seen on the whisker 
face d i r e c t l y below being e x a c t l y the same as th a t on the top 
face. This was observed during the mounting of the whisker, 
the face selected and subsequently photographed being the one 
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t h a t gave the c l e a r e s t domain p a t t e r n . 
A d i f f e r e n t type o f s t r u c t u r e t o the one above i s shown 

i n p l a t e 3.2 w i t h a diagramatic representation of the s t r u c t u r e 
i n f i g . 3.1. I n t h i s system the patterns observed on a l l the 
whisker faces are d i f f e r e n t and instead of the cross magnetised 
domains being continuous throughout the thickness of the 
whisker,they only occupy about two t h i r d s of the width and no 
corresponding patterns are observed on opposite whisker faces. 
Nevertheless the e f f e c t of stress on t h i s tjrpe of s t r u c t u r e 
should be s i m i l a r t o t h a t observed f o r the other patterns. 

Other more complex s t r u c t u r e s are shown i n p l a t e 3.3. I n t h i s 
whisker the basic magnetisation consists o f two domains 
magnetised along the whisker axis w i t h two l80° w a l l s betwwen 
them s i m i l a r t o those i n the whiskers described above. At two 
p o i n t s along the whisker the p o s i t i o n s of these walls change. 
The changes i n v o l v e the appearance o f the main l80° w a l l s i n 
d i f f e r e n t segments of the whisker passing from one side of the 
cross magnetised s t r u c t u r e t o the other. These changes i n 
o r i e n t a t i o n i n v o l v e complex domain s t r u c t u r e s magnetised 
n o m a l t o the whisker a x i s and are i l l u s t r a t e d i n f i g . 3-2. 
The change at the l e f t hand end o f the photographs o f p l a t e 3.3 
i n v o l v e 'V l i n e s t r u c t u r e s on two of the faces s i m i l a r t o 
those shown by DeBlois and Graham (1958). At the common face 
o f the two cross magnetised domains there i s a short piece of. 
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FIG 3-2b S u r f a c e domain p a t t e r n s on w h i s k e r s u r f a c e s at 

right hand end ot whisker shown in p la t t 3 * 3 . 

M a g n e t i s a t i o n shows d i s c o n t i n u i t i e s where wal ls a r e apparen t ly 

a b s e n t i n d i c a t i n g a d d i t i o n a l in ternal s t r u c t u r e 
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zig-zag w a l l which shows up at the corner o f the whisker. The 
apparently open sides of the domains on the two adjacent 

surfaces separated by the zig-zag w a l l are i n f a c t closed by 
o o 90 w a l l s which i n t e r s e c t w i t h other 90 w a l l s i n the surface. 

This gives a much reduced f i e l d gradient at the surface and 
hence c o l l o i d does not c o l l e c t i n large enough amounts t o be 
p l a i n l y v i s i b l e . The change at the r i g h t hand end of p l a t e 3.3 
i s more complex s t i l l and i n the explanation i n f i g . 3.2 only 
the surface d i r e c t i o n s of magnetisation of the s t r u c t u r e are 
shown as i t was not possible t o o b t a i n a complete I n t e r n a l 
domain s t r u c t u r e t o f i t the observed patterns. The i n t e r n a l 
domain s t r u c t u r e from the bottom apparantly uncompleted square 
domain on the f r o n t surface i s s i m i l a r t o t h a t from the top 
one and i t i s proposed t h a t these s t r u c t u r e s also have the 
"V l i n e c o n f i g u r a t i o n on the adjacent whisker faces. The 
apparent absence o f some of the domain bondaries on the surface 
i s againjdue t o the I n t e r s e c t i o n o f two w a l l s I n the surface 
g i v i n g a reduced c o l l o i d deposit. 

The whiskers shorn i n both p l a t e 3.2 and 3-3 were too short 

t o be mounted i n the a p p a r a t u s described i n c h a p t e r two f o r 

the a p p l i c a t i o n o f s t r e s s , so t h a t only the zero stress patterns 

are a v a i l a b l e . However i t i s expected t h a t the s t r u c t u r e s seen 

i n these two whiskers under a t e n s i l e stress would be s i m i l a r 

t o t h a t of other itfTUctures on s i m i l a r l y o r i e n t a t e d whiskers 
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i . e . the domains magnetised along, or nearest t o , the stress 
d i r e c t i o n should grom-iat the expense of the others. 

The simplest p a t t e r n w i t h only two domains magnetised p a r a l l e l 
t o the whisker axis has the lowest energy of a l l , the other 
systems being i n p o s i t i o n s o f energy minima, but having a 
l a r g e r energy value i n absolute terms than the simple p a t t e r n . 
These other s t r u c t u r e s t h e r e f o r e w i l l change over t o the 
simplest s t r u c t u r e i f a disturbance i s produced, e i t h e r by the 
a p p l i c a t i o n o f a s u i t a b l e magnetic f i e l d or the a p p l i c a t i o n 
of s t r e s s t o the system t o overcome the energy minimum between 
the two st a t e s . These changes can take place e i t h e r as a series 
of abrupt steps i n v o l v i n g the sudden disappearance of complete 
domains, or as a gradual process as the cross magnetised domains 
slowly decrease i n volume, or as a combination of both of these 
methods. 
3.1.1 The E f f e c t o f a Tensile Stress along the £lOO] D i r e c t i o n 

I n general the e f f e c t of a t e n s i l e stress along the axis 
of a whisker i s t o make the easy d i r e c t i o n s of magnetisation 
nearest t o the ax i s e n e r g e t i c a l l y more favourable than the 
others. Because of t h i s the usual end r e s u l t of applying such 
a stress on a [lOO]. whisker i s t o produce the simplest domain 
p a t t e r n r e f e r r e d t o i n the previous section. I n p r a c t i c e however 
the value of the stress t h a t has t o be applied t o overcome the 
energy maximum between the two domain systems can b^ very 
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l a r g e and above the y i e l d point of the whisker so that the 

changeover cannot I n f a c t be produced by t h i s method. 

An example of t h i s I s shown i n p l a t e 3.4. The domain s t r u c t u r e 

present c o n s i s t e d of a n t i p a r a l l e l domains magnetised along 

the length of the whisker with only one c r o s s magnetised 

domain^ apart from the c l o s u r e domains at the ends. A schematic 

drawing i s shown i n f i g . 3.3. When a t e n s i l e stress.was applied 

to t h i s whisker there was no v i s i b l e change i n the pattern 

observed up to a s t r e s s of lOKgms/sq.mm, the maximum that 

could be a t t a i n e d with the apparatus. I n t h i s system with only 

one c r o s s magnetised domain there i s not an equivalent domain 

magnetised i n the opposite d i r e c t i o n with which a n n i l h i l a t i o n 

could occur. Prom the r e s u l t s which follow i n l a t e r s e c t i o n s 

i t appears that i n t h i s type of domain s t r u c t u r e changes occur 

by the moving together and mutual d e s t r u c t i o n of two nelghboui?ing 

and o p p o s i t e l y magnetised c r o s s domains. Thus, i n t h i s case, 

where there i s only one c r o s s magnetised domain, there i s 

nothing with which i t can i n t e r a c t and be destroyed. I f i t 

simply disappeared, then, as can be seen from the magnetisation 

d i r e c t i o n s i n f i g 3.3, i t would leave two oppositeljr magnetised 

domains meeting i n a s i n g l e 180*̂  v/all with t h e i r normal 

components of magnetisation i n d i r e c t opposition on both sid e s 

of the w a l l and hence have a very unfavourable system e n e r g e t i c a l l j j 

The e f f e c t of s t r e s s t h e r e f o r e on t h i s system i s to leave i t 

unchanged d e s p i t e the making of the c r o s s magnetised domain 
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a l e s s favoured d i r e c t i o n of magnetisation. 

I n c o n t r a s t to t h i s are the e f f e c t s seen I n p l a t e 3.I and 

p l a t e 3.5. The whiskers seen i n these two p l a t e s have domains 

magnetised a n t l p a r a l l e l along the whisker a x i s with complex 

arrangements of domains magnetised across the whisker at 

c e r t a i n p o i n t s , there being only the one such arrangement 

shown i n the p l a t e s i n the appropriate whisker. The e f f e c t of 

applying a t e n s i l e s t r e s s along the whisker a x i s can be seen 

i n the photographs. The volumesof the c r o s s magnetised domains 

are g r a d u a l l y reduced as t h e i r energy r e l a t i v e to the main 

domains i n c r e a s e s . T h i s reduction i n volume follows the Increase 

i n s t r e s s i n a q u a l i t a t i v e way u n t i l : , the cross magnetised 

domains v i r t u a l l y disappear, when there i s a sudden change 

i n the p a t t e r n as the main domains rearrange themselves on 

the disappearance of the c r o s s domains. Due to the i r r e g u l a r 

nature of the p a t t e r n s , e s p e c i a l l y i n p l a t e 3.5, i t i s impossible 

to obtain a q u a a t i t a t l v e agreement between the s t r e s s applied 

and the r e s u l t i n g p attern. 

Also appearing i n p l a t e 3.5 i s a s e c t i o n of zig-zag or 

s e r r a t e d w a l l . A small length of t h i s gradually appears at 

one end of the whisker as the s t r e s s i s increased, becoming 

more c l e a r l y defined as the s t r e s s r i s e s . On r e l e a s e of the 

s t r e s s , t h i s type ofpM§m disappeared completely. DeBlois 

and Graham(l958) have observed a s i m i l a r type of w a l l to t h i s 



a) Th« domain s t r u c t u r e on the sur face of 

a poo] whisker s t r a i n e d by bending 

b) The in terna l s t r u c t u r e ot the z ig -zag wall 

in a) above (Kaczer and Gemperle 1 9 5 ^ 

F I G 3-4 
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on a whisker by bending i t . T h i s gives a compressive s t r e s s 

a t one edge and a t e n s i l e s t r e s s at the other. A subsequent 

explanation of t h i s w a l l c o n f i g u r a t i o n was given by Kaczer 

and Gemperle(1959) i n t e r n s of magnetisation perpendicular 

to the whisker a x i s where there i s compression, along the 

whisker where there i s a tension, and a complex closure s t r u c t u r e 

between. These are I l l u s t r a t e d i n f i g 3.4. The o r i g i n of the 

z i g - z a g w a l l i n p l a t e 3.5 t h e r e f o r e i s probably due to s l i g h t 

bending of the whisker, e i t h e r from misalignment i n the mounting 

of thelwhisker, or the s t r a i g h t e n i n g out of a small growth 

kink i n the whisker at that point. This l a t t e r mechanism was 

seen to apply to another specimen with an obvioustkink at one 

point, which, on subsequent sta l g h t e n l n g out under tension, 

caused a s i m i l a r zig-zag w a l l to appear. 

I n a d d i t i o n to these short lengths of zig-zag walls- due to 

l o c a l a c c i d e n t a l bending of the whiskers, f u l l length zig-zag 

w a l l s s i m i l a r to those shown by DeBlois and Graham were produced 

by bending the whiskers. Apart from the observation of t h i s 

type of s t r u c t u r e no f u r t h e r work was done as the complex 

domain s t r u c t u r e at the w a l l i s d i f f i c u l t to analyse mathematically| 

3.2 Axis- at a Small Angle (T to f lOOl D i r e c t i o n 

I n t h i s o r i e n t a t i o n we have to consider the magnetostatlc 

energy of the system. The presence of t h i s modifies the domain 

s t u c t u r e s and the way the system r e a c t s to the a p p l i c a t i o n of 
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s t r e s s . As i n the previous s e c t i o n , the simplest pattern c o n s i s t s 

of a n t i p a r a l l e l domains magnetised i n [lOO] d i r e c t i o n s . T h i s 

g i v e s domains a t an angle to the whisker a x i s and with no 

c l o s u r e s t r u c t u r e s present, a high value f o r the magnetoatatlc 

and hence the t o t a l energy of the s t r u c t u r e . The r e s u l t i s a 

domain p a t t e r n with a very narrow spacing between domain 

boundaries. The p a t t e r n I s shown i n f i g 3.6 and i s the st2?ucture 

a l l whiskers with a small value f o r ^ tend to upon a p p l i c a t i o n 

of a t e n s i l e s t r e s s . 

The t o t a l energy can be reduced considerably by the 

I n t r o d u c t i o n of small diamond domains magnetised i n [OlO. 

d i r e c t i o n s , i . e . a c r o s s the whisker. T h i s e f f e c t has been 

observed on a number of wMskers and the e f f e c t of s t r e s s on 

the s t r u c t u r e studied. One p a r t i c u l a r whisker gave the simplest 

case of t h i s s t r u c t u r e and w i l l be considered i n d e t a i l . I t 

i s I l l u s t r a t e d i n pl:.al?e 3.6. On t h i s whisker small steps 

occured along the edges of the whisker and the c r o s s domains 

seemed to be pinned at them,i.e. they did not reach r i g h t to 

the whisker s i d e s . A s i m p l i f i e d diagram I s shown i n f i g 3.5-

Other specimens showed s i m i l a r f e a t u r e s but with complications 

a r i s i n g from the c r o s s magnetised domains not belngstnglB 

r e c t a n g l e s , double and t r e b l e t r i a n g l e s occurlng quite frequently. 

The f o l l o w i n g d i s c u s s i o n t h e r e f o r e r e f e r s only to the simple 

s t r u c t u r e of f i g 3-5. 
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3.2.1 I n i t i a l S t r u c t u r e 

T h i s i s the zero s t r e s s s t a t e and so the energy terms 

involved are w a l l energy, magnetostatlc energy, and the 

m a g n e t o s t r i c t i v e energy of the c r o s s magnetised domains 

r e l a t i v e to the other domains. 

R e f e r l n g to f i g 3.5, the t o t a l w a l l energy f o r one complete 

p a t t e r n i s A'^^ ^ L L ^ J r Y . ^ o ^ ^ 

3.1 
Assuming t h a t the energy of a 90° w a l l i s h a l f ^g^, 

the energy of a l80° v^a l l , the w a l l energy per u n i t length 

i s given by w 
/ 3.2 

The magnetostatic energy per u n i t area of the whisker side 

'r 3.3 
where i> *• - ^ — * - hk'S. f o r iron-

Taking account of both s i d e s of the whisker gives the magneto-

s t a t i c energy per u n i t length as 

For the c r o s s magnetised domains, t h e i r magnetostrictive 

energy per u n i t volume i s 

Thus the mag n e t o s t r i c t i v e enegy per u n i t length i s 

r- Cc. 1 - H 3.5 
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2 where V — a t i s the volume of one of the cr o s s magnetised 

domains, a being onie quarter og the perimeter of one of the 

c r o s s domains since J" i s small. 

Then: ^ i ^ 
T o t a l energy per u n i t length ^ — ^- Sd 0^5 

el cA. 

To obtain the e q u i l i b r i u m spacing, dg, f o r t h i s s t r u c t u r e , 

we have to minimise equation 3.6 with respect to d. 

We then have 

For the whisker under c o n s i d e r a t i o n the following values 

were obtained: 

a= O.Olcms, q= 0.975xlO"^cms, V^gQ=l.8dyn.cms~^w\ ^Oo'^^'^^^^ ^' 

c n = 2.4lxlO"''^ergcms~2, I = 1.TxlO^e.m.u., xorjga f o r J" small, J"-/•̂•'° 

I n s e r t i n g these values i n equation 3.7 we obtain a value 
_2 

of dQ= 3.5x10 cms. The measured value of d^ from the whisker 
—2 

photographs i s 3*3x10 cms. so that the agreement between 

theory and experiment i s quite good. Any disagreement may be 

due to the c r o s s domains not being completely r e g u l a r , giving 

uneven a r e a s of f r e e pole along the whisker s i d e s , and a l s o ^ 

to the presence of steps on the surface at the edges a l t e r i n g 

the w a l l and magnetostatic energy terras s l i g h t l y . 

3,2.2 The E f f e c t of S t r e s s on the Domain Structure 

V/hen t e n s i o n i s appl i e d to the whisker there i s an a d d i t i o n a l 

energy term to consider i . e . the magnetoelastlc energy due to 
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the a p p l i e d s t r e s s . T h i s g i v e s an a d d i t i o n a l c o n t r i b u t i o n 

per u n i t volume to the energy of the c r o s s magnetised domains 
3 I —2 of j / l i o o ^ where cr i s the a p p l i e d s t r e s s i n dynes cms . Thus 

the energy of the system can be a l t e r e d by the a p p l i c a t i o n 

of s t r e s s and changes, from one s t a t e to another of lower energy 

a t that s t r e s s value, normally prevented by an energy maximum, 

can be brought about. 

I n the system d e a l t with i n t h i s s e c t i o n the sequence of 

events as a t e n s i l e s t r e s s was a p p l i e d to the whisker along 

i t s a x i s i s shown i n p l a t e 3.6. The I n i t i a l s t r u c t u r e remains 
7 —2 

unchanged u n t i l a s t r e s s of 5x'10 dynes cm was applied. At 

t h i s value a l t e r n a t e adjacent p a i r s of c r o s s magnetised domains 

moved together and a n i h i l a t e d each other so that the pattern 

spacing was doubled. As the s t r e s s was f u r t h e r Increased the 
remaining c r o s s domains a l t e r e d t h e i r shape somewhat and the 

7 —2 
s e p a r a t i o n changed s l i g h t l y . At a s t r e s s of 15x10 dynes cm 

another sudden change occured. A l l the c r o s s magnetised domains 

disappeared and an apparantly simplE set of'domains magnetised 

i n the easy d i r e c t i o n c l o s e to the whisker a x i s was formed. 

T h i s p a t t e r n i s shown s c h e m a t i c a l l y i n f j g 3.6. The tension 

was f u r t h e r Increased and then r e l e a s e d slowly 6o\m to zero 

with no other changes occurlng. I f the energy of t h i s f i n a l 

s t a t e i s compared with the energy of the i n i t i a l s t r u c t u r e , 

both at zero a p p l i e d s t r e s s , i t i s found that the energy of 
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the f i a a l p a t t e r n i s g r e a t e r than that of the i n i t i a l s t r u c t u r e . 
I t i s however i n an energy minimum s t a t e and i s consequently 
s t a b l e , and a r e t u r n to the i n i t i a l s t r u c t u r e i s prevented 
by the absence of any s u i t a b l e magnetised regions from which 
c r o s s magnetised domains could nucleate. 

The a n i h l l a t i o n mechanism f o r the c r o s s magnetised domains 

seems to be, as s t a t e d above, the coming together of two 

o p p o s i t e l y magnetised cr o s s domains, r a t h e r than the simple 

disappearance of the domains. Evidence f o r t h i s comes from 

the photographs shown i n p l a t e 3.7. I n these, which r e l a t e to 

a d i f f e r e n t whisker from the one under consideration here, the 

changes occur i n a s i m i l a r manner and the motion of the cross 

magnetised domain at the l e f t of the photographs can be c l e a r l y 

seen. The subsequent motion was toorapid to photograph but 

t h i s f i r s t step g i v e s evidence f o r the mechanism that can be 

seen to occur. 

3.2.2,1 Energy Values f o r the F i r s t Pattern Change 

I n the f o l l o w i n g the energies of the system are c a l c u l a t e d 

both before and a f t e r the change. At the changeover s t r e s s 

the energy of the i n i t i a l and s t r e s s induced s t r u c t u r e should 

be equal. 

The spacing of the p a t t e r n i n c r e a s e s from d^to d^, where 
—2 —2 d = 3.3x10 cm and d^ —6.5x10 cm, as measured on the photof 

o J- . -3 
The t h i c k n e s s of the whisker i s t which i s 6x10 cm. 
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The I n c r e a s e i n magnetostatic energy per u n i t length i s 

/ y 3.0 

- 2860 X 10 erg/cm 

The other energy terms a l l decrease a f t e r the changeover. 

The decrease i n w a l l energy per u n i t length i s 

—5 
= 1630 X 10 erg/cm 

The decrease i n magnetostrlc6.ve energy per unit length i s ' 
i/C f . . ^ f i ' i ) 3.10 

—5 
= 400 X 10 erg/cm 

The decrease i n magnetoelestlc energy per un i t length i s 

- 1220 X 10 ^erg/cm 

T o t a l decrease i n energy per u n i t length i s 3250 x 10~^erg/cm. 

At fche changeover the Inc r e a s e i n magnetostatlc energy 

should equal the sum of the reduction i n the other energy 

terms due to the disappearance of h a l f of the cross magnetised 

domains, and i t can be seen that the agreement between these 

i s approximately c o r r e c t , the Increa s e being 12^ lower than 

the decrease. T h i s discrepancy i s probably due to the a d d i t i o n a l 

energy needed to s t a r t the domains moving and provide any 

e x t r a energy that may be needed during t h e a a n i h i l a t i o n process 



^ t l . 

w h i l e th© domains are moving to changelthe domain pattern to 

the new e q u i l i b r i u m s t a t e . 

3.2.2.2 Energy Values f o r the Second Pattern Change 

As the s t r e s s was inc r e a s e d f u r t h e r pattern changes were 

expected to take place. The general form of the pattern remained 

the same but the a c t u a l s i z e and shape of the cross magnetised 

domains changed. T h i s can be seen i n p l a t e 3.6. This change 

a l t e r e d the a c t u a l domain spacing along the length of the 

whisker, but as can be seen from the photographs t h i s change 

was small compared with the a c t u a l pattern spacing, and so 

together with the change i n the s i z e of the cross domains, 

i t w i l l be discounted i n the following approximate c a l c u l a t i o n . 

The e f f e c t of these changes w i l l be considered at the end 

of the s e c t i o n . 
7 2 

At a s t r e s s of 15x10 dynes/cm the c r o s s magnetised domains 
disappeared and l e f t a stucure as showm i n f i g 3.6, the spacing 

of the domain w a l l s along the a x i s of the whisker now being 
-2 

d = 32x10 cm. 
2 

The IncEease i n magaetostatic energy per unit length i s 

-A /.yr.'^t: 3.12 
if 

_5 
- 22800 X 10 ergs/cm 

The decrease i n w a l l energy per un i t length i s 

I ^, t Jul Orljj \ [ J[^j^f 3.13 

_5 
- 420 X 10 ergs/cm 
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The m a g n e t o s t r i c t i v e and magetoelastlc energy.of the cross 

domains completely disappears. 

The decrease of magnei?ostrlctlve energy per u n i t length i s 

r " " 3.14 
_5 

- 420 X 10 ergs/cm 
The decrease i n magnetoelastic energy per un i t length i s 

4 A„.<^^ z 3.15 

_5 
r 3990 X 10 ergs/cm 

_5 
The t o t a l decrease i n energy per un i t length i s 4830x10 ergs/cm. 

Comparing t h i s with the i n c r e a s e i n magnetostatic energy 

t h a t occurs does not give any r e a l agreement. The energy 

a f t e r the change should be equal to or l e s s than the energy 

before the change. I n t h i s case however there i s apparantly 

a l a r g e i n c r e a s e i n energy a f t e r the change. Consideration 

of the a c t u a l p a t t e r n changes up to i>he sudden disappearance 

of the c r o s s domains even f u r t h e r increases the energy gain. 

T h i s occurs because the c r o s s domains have i n f a c t been reduced 

i n volume before the change and hence the reduction'in t h e i r 

w a l l , m a g n e t o s t r i c t i v e and magnetoelastic energies I s l e s s 

than that c a l c u l a t e d above. S i m i l a r l y the s l i g h t l y reduced 

p a t t e r n spacing before the change reduces the value of d^ 

i n equation 3.12 and so I n c r e a s e s the change i n magnetostatic 

energy. 
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T h i s p a t t e r n change t h e r e f o r e i s not as simple as the f i r s t 

one. As the energy changes f o r the fdirst p a t tern change are 
i n good agreement, i t seems l i k e l y that the c a l c u l a t i o n s 
f o r the domain s t r u c t u r e before the second change are reasonable. 
The d i f f i c u l t - y must t h e r e f o r e l i e with the assumption that 
the f i n a l p a t tern i s as simple as i t i s shown i n f i g 3.6. 
F u r t h e r evidence f o r t h i s i s seen i f the equilibrium spacing 
f o r the f i n a l p a t t e r n of f i g 3.6 i s c a l c u l a t e d assuming i t 
c o n s i s t s only of a set of domains almost p a r a l l e l with the 
whisker a x i s , as the above c a l c u l a t i o n s assume. 

I n f i g 3.6 the area of one domain w a l l i s . I f d i s 

the s e p a r a t i o n along the whisker edge between two w a l l s , and 

the w a l l s are l80° w a l l s , then the w a l l energy per unit length 

O f the whisker i s ^ r ^ ^ 

The only other energy i s the magnetostatic energy and i s 

given by equation 3.4. Then minimising the t o t a l ersergy with 

r e s p e c t to d gives the e q u i l i b r i u m spacing of 

^ YjvoJiLui^]'''^ 3.16 
3 A-Xs^^uV i 

I n s e r t i n g values i n t h i s f o r the whisker under consideration 
—2 —2 

g i v e s d2-8.5xl0 cm compared with the observed value of 32x10-cm. 

f o r t h i s spacing. T h i s discrepancy i s f a r outside the exper­

imental e r r o r and so the simple model i s not good enough. 

On the photographs of the f i n a l domain s t r u c t u r e , the 

domain v j a l l s appear to be denser i n some pa r t s than i n others. 
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T h i s i s probably due to the w a l l s being a l t e r n a t e l y l e f t hand 

and r i g h t hand Bloch w a l l s . The presence of small s t r a y f i e l d s 

a t the s u r f a c e of the whisker p o l a r i z e s the c o l l o i d s l i g h t l y 

and i t i s then p r e f e r e n t i a l l y deposited on e i t h e r l e f t or 

r i g h t hand w a l l a , depending on the f i e l d d i r e c t i o n , leading 

to the dashed s t r u c t u r e seen i n the photographs. C a l c u l a t i o n s 

on t h i s type of w a l l s t r u c t u r e have been performed by Shtrlkman 

and Treves(l960) and Bhide and Sheno.y(l963). The l a t t e r workers 

obtain a value f o r the energy of t h i s type of a l t e r n a t i n g w a l l 

approximately twice that f o r a simple Bloch w a l l . I f t h i s 

valuemis now used i n equation 3.I6 we obtain a value f o r the 
-2 

e q u i l i b r i u m spacing of the pa t t e r n of 12x10 cm. Th i s however 

I s s t i l l a f a c t o r of 2.5 d i f f e r e n t from the observed value. 

Unfortunately i t was not p o s s i b l e to observe the pattern 

on the whisker s i d e s so no evidence i s a v a i l a b l e f o r the 

s t r u c t u r e present on these s u r f a c e s . I t would appear from the 

preceeding work t h a t some kind of c l o s u r e s t r u c t u r e must be 

present on the whisker s i d e s i n order to reduce the t o t a l 

energy of the system. One type of stucture that has been 

observed by previous workers using bulk m a t e r i a l c o n s i s t s 

of daggers of r e v e r s e magnetisation a t the surface reducing 

the magnetostatic energy. The equ i l i b r i u m spacing f o r the 

p a t t e r n occurs when the w a l l energy and the magnetostatic 

energy are equal, so i f regions of reverse p o l a r i t y were 
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present ibhese would have the e f f e c t of reducing the magneto-
s t a t i c energy and hence the w a l l energy per u n i t length at 
e q u i l i b r i u m . Also the i n t r o d u c t i o n of an a d d i t i o n a l area of 
domain w a l l around the daggers n e c e s s a r i l y reduces f u r t h e r 
the energy a v a i l a b l e to f o m the main boundaries. Thus the 
presence of these daggers of reverse p o l a r i t y should increase 
the spacing of the domain s t r u c t u r e considerably. Unfortunately 
c a l c u l a t i o n s on these s t r u c t u r e s are not p o s s i b l e unless the 
s t r u c t u r e i s known a c c u r a t e l y and l a c k of any information 
about the p a t t e r n s on the whisker s i d e s prevents anything 
other than the q u a l i t a t i v e explanation given above. 



CHAPTER FOUR 46. 
WHISKERS WITH SimFACES (OOl) AND AXIS AT A LARGE ANGLE TO 

• .̂ HE flOO] DIRECTION 

4.1 '^Possible Domain S t r u c t u r e s with D i f f e r e n t Types o f -

Closure S t r u c t u r e s 

There are a number of p o s s i b l e types of domain stucture 

t h a t can e x i s t I n t h i s o r i e n t a t i o n with main domains magnetised 

at an angle a c r o s s the whisker, each type having a d i f f e r e n t 

kind of c l o s u r e stmicture at the whisker edges. Each type 

of domain p a t t e r n has an energy mlnlmunVat a d i f f e r e n t domain 

separation, and i t should be p o s s i b l e to p r e d i c t t h i s minimum 

energy spacing and hence d i s t i n g u i s h between the d i f f e r e n t 

s t r u c t u r e s . The various types of s t r u c t u r e considered i n 

t h i s s e c t i o n have main domains magnetised at an angle to the 

whisker a x i s and: 

a) no c l o s u r e s t r u c t u r e , 

b) s i n g l e c l o s u r e domains magnetised i n [OIOV d i r e c t i o n s , 

c ) echelon c l o s u r e s t r u c t u r e with magnetisation i n [lOO] and 

[OlO] d i r e c t i o n s , 

d) s i n g l e c l o s u r e domain magnetised i n [OOl] d i r e c t i o n s . 

4.2 C a l c u l a t i o n s of Domain Energy with D i f f e r e n t Types of 

Closure S t r u c t u r e 

4.2.1 No c l o s u r e S t r u c t u r e 

I n t h i s type of p a t t e r n the main domains reach to the edge 

of the whisker as seen i n f i g 4.1. The energy considerations 
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involved here are w a l l , magnetostatic, and magnetoelastic 

energy^ and these are given by: 

Wall energy per u n i t length "^i^ 4.1 

Magnetostatic energy per u n i t length 

A , l-7X^4o^'-& Jii- 4.2 

Magnetoelastic energy per u n i t length 

4.3 

- l^.^K^^^'^ (2) i n f i g 4.1 

4.4 
T o t a l energy per u n i t length 

D i f f e r e n t i a t i n g with r e s p e c t to d and equating to zero 

a t ^ = 0 to f i n d d^, the zero s t r e s s spacing, gives 

Where c = / W i ^ ' ^ l ' ' ^ 

substituting<X^<9 f o r ( l ) and 9 0 + - e < f o r (2) g i v e s : 

d,- c f _ ^ y - L 0) ol.= ^f-^y^MU) 4.6 

Because f o r * ^ = 45° the two patterns are equivalent, the 

spacing should be the same f o r both cases at t h i s angle, 

and the above theory p r e d i c t s t h i s . For other values of oL 
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the two cas e s are d i f f e r e n t . I n the range 0̂ '''̂ 45, case ( l ) 

has the l a r g e s t separation, and i n the range 45<'=̂ <90, case (2) 

has the l a r g e s t separation. The v a r i a t i o n of d^ f o r both 

cases i s shown i n f i g 4.2a, and as expected i t can be seen 

t h a t the domain spaclngs of ( l ) at an o r i e n t a t i o n d i s the 

same as t h a t f o r (2) at an o r i e n t a t i o n of 90—̂ ?<. 

I f the above values f o r the pat t e r n spacing are su b s t i t u t e d 

back i n the energy equation 4.4, we obtain: 

T o t a l energy per u n i t length 
3 (To f o r (1) 

4.7 

T o t a l energy per u n i t length 

For<r-0; a) 0<"«45, ( l ) has the smalles;^ energy, 

b) '^-45, ( l ) and (2) have equal energy, ( f i g 4.2b) 

c) 45^<90, (2) has the smallest energy. 

Thus f o r a l l values of <X , the case with the domains magnetised 

n e a r e s t to the a x i s of the whisker has the lowest.energy, 

and should be the favoured one. However i f the previous h i s t o r y 

i s such that magnetisation i n the d i r e c t i o n f a r t h e s t from 

the a x i s of the whisker has been produced, i t should be a 

s t a b l e s t a t e as i t ' i s an energy minimum and there are no 
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s u i t a b l y magnetised domains from which the other s t r u c t u r e 
with the a l t e r n a t i v e o r i e n t a t i o n could grow. 

There should be no e f f e c t on the spacing of e i t h e r of 

these two pa t t e r n s due to s t r e s s s i n c e the magnetoelastia 

energy term does not d i f f e r from one domain to.the next. T h i s 

appears to be true from equation 4.5 which does not include 

a c o n t r i b u t i o n from the s t r e s s o~, s i n c e the magnetoelastic 

energy t e r n does not depend on d. The e f f e c t of s t r e s s i s 

simply to a l t e r the energy d i f f e r e n c e between the two cases, 

making the favoured one more f a v o u r a b l e , ( f i g 4.2c), without 

a l t e r i n g the domain spacing f o r minimum energy. 

T h i s type of s t r u c t u r e i s not u s u a l l y obtained as the 

l a c k of c l o s u r e domains leads to large amounts of magnetostatic 

energy, de s p i t e very narrow domains a t the energy minimum. 

For the whisker shown i n plate. 4.1, with the following values: 

It= l.TxlO^e.m.u., y^g^= 1.3dynes/cm^, (i+yx"") =46.7. w=12xl0~^cm, 

the e q u i l i b r i u m spacings c a l c u l a t e d using equation are: 

d = 7.707 X 10~^cm f o r ( l ) o ^ 
d = 3.38 X 10 cm f o r ( 2 ) . 
° -3 

The measured value i s 9.86x10 cm, which i s a f a c t o r of 10 

out, showing the la r g e e f f e c t on the domain spacing of the 

c l o s u r e s t r u c u r e , which give s p a r t i a l c l o s u r e of the f l u x 

and a l a r g e r e d u c t i o n i n t-he magnetostatic energy term. 
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4.2.2 S i n g l e Closure Domain Magnetised i n the [OlO] D i r e c t i o n 

I n t h i s p a t t e r n the f l u x path i s closed by a s i n g l e domain 

magnetised a t r i g h t angles to the main domain, but the cl o s u r e 

domain i t s e l f has some magnetostatic energy sinc e the magnet— 

a t i o n i s not p a r a l l e l to the whisker side but makes an angle 

of 90+-'̂  with i t . I n t h i s type there are a number of v a r i a t i o n s 

depending on the c l o s u r e domain shape, and the three types 

shown i n f i g s . 4.B, 4.4, 4.5, w i l l be considered. The f i r s t 

one (type A) i n f i g 4.3a i s the simplest with the cl o s u r e 
, 0 

domain w a l l s being a t 45 to the magnetisation d i r e c t i o n s . 

I n the second (type B) and t h i r d (type C) configurations as 

i n f i g s . 4.4;l, and 4.5a, the w a l l s of the closure domain are 

not a t 45*̂  to the magnetisation d i r e c t i o n s . The t h i r d type 

has c l o s u r e domains at a l t e r n a t e ends of the main w a l l s , whereas 

the other two have c l o s u r e domains at each end of the main 
w a l l a . 

4.2.2.1 Type A with Closure S t r u c t u r e Walls at 45° to the 

Magnetisation d i r e c t i o n s 

The energy c o n t r i b u t i o n s involved i n t h i s s t r u c t u r e are 

w a l l , magnetostatic, magnetostrictive, and magnetoelastic 

energy. 

I n f i g 4.3 w a l l AF i s a l80° w a l l , w a l l s AB and AC are 

90° w a l l s . The w a l l energy per main domain i s therefore 
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Assuming SVc^Q-V^g^ 

The w a l l energy per u n i t length i s : 

4.10 

The magnetostatlc energy per u n i t length i s : 

The m a g n e t o s t r i c t l v e energy due to the closure domains i s 

given by { \^ r 
r~Aoe / u n i t volume of closure domain. 

The volume of c l o s u r e domain per u n i t length i s : 

JL X 
The m a g n e t o s t r i c t l v e energy per unit length i s therefore 

Co. cl^ AuCAC^M 4.11 
4 

Magnetoelastic energy c o n s i s t s of two con t r i b u t i o n s , one from 

the main domalnsof —Jo~"/\j,o ̂-̂ "̂̂  per u n i t volume, and one from 

the c l o s u r e domains of~^(r\„^^u\ per u n i t volume. 

Magnetoelastic energy per u n i t length i s : 

T o t a l energy per u n i t length i s E^ 
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D i f f e r e n t i a t i n g t h i s with respect to d and equating to zero 

g i v e s : ^ •,\ 

, J ^ ^ A,^^<'i.<--^o)>4U'/f/UZcrc^ld) 4.14 

From t h i s we get the zero s t r e s s spacing 

d^ - f3 ̂ j/u^V-<^ '̂ ^ ̂ Lc^^iH^A^-yoWv/ ^ 4.15 

and the v a r i a t i o n with s t r e s s of'lel^as 

J- \ * lilrk? AiSCZ^'U^A^y. ̂  e<n 4.l6 

which i s a s t r a i g h t l i n e graph of slope 

T h i s type of s t r u c t u r e i s l i m i t e d to the range 45<:<̂ <. 90 

because f o r o r i e n t a t i o n s of <̂  <- 45 the cl o s u r e s t r u c t u r e s as 

drawn cannot e x i s t . The domains magnetised i n the d i r e c t i o n s 

i n which the c l o s u r e domains would be expected to be magnetised 

become the main domains, and vi c e versa f o r the expected 

main domain d i r e c t i o n s . I n the range 45<<^<:90 for which 

t h i s treatment i s v a l i d , the closure domains are magnetised 

I n d i r e c t i o n s c l o s e r to the applied s t r e s s , i . e . the whisker 

a x i s , than are the main domains. The cl o s u r e domains would 
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t h e r e f o r e be favoured by the a p p l i c a t i o n of a t e n s i l e s t r e s s 

along the whisker a x i s and should grow a t the expense of the 

main domains. The spacing of the main domains should Increase 

as the c l o s u r e domains encroach upon the main domains. The 

value of '/(/^should decrease as the s t r e s s I n c r e a s e s , i . e . the 

slope of the graph of 'U^ against <r should be negative. This 

i s p r e d i c t e d by the above theory as the value of cos 2o<. f o r 

k^<c^< 90 i s negative, while the other terms are a l l p o s i t i v e , 

making the t o t a l expression always negative. 

T h i s type of s t r u c t u r e i s not much d i f f e r e n t i n energy 

f o r the same spacing as the stucture with no closure domains 

considered i n the previous s e c t i o n , because the magnetostatlc 

energy of the c l o s u r e domains i s the same as that f o r the 

main domains of the lower energy case when there are no closure 

domains. I n f a c t the energy i s higher as thera i s now a 

ma g n e t o s t r i c t l v e energy c o n t r i b u t i o n due to the closure s t r u c t u r e 

together with some a d d i t i o n a l w a l l energy. The r e s u l t of these 

e x t r a terms i s to reduce the domain spacing f o r minimum energy 

compared with the low energy pattern with no closure s t r u c t u r e . 

The spacing should be great e r however than that f o r the high 

energy case of s e c t i o n 4.2.1, as the magnetostatic energy 

I s reduced compared with that case. T h i s i s borne out i n the 

theory, the value of the zero s t r e s s p a ttern spacing f o r a 

whisker of the s i z e and o r i e n t a t i o n of the one i n pl a t e 4.1 
_4 ^ o -4 

being 5.84x10 cm, compared with 7.71x10 cm and 3.38x10 cm 
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f o r the low and high energy cases of s e c t i o n 4.2.1 r e s p e c t i v e l y . 

T h i s t3rpe of s t r u c t u r e i s l e s s favoured than that of the 

previous s e c t i o n and i s not present i n the simple form presented 

above. I t has to be modified i n some form to expla i n the 

observations of p l a t e 4.1, which has a zero s t r e s s . s p a c i n g 
—3 

o f 9.8x10 cm and a decrease i n t h i s spacing, f i g 4.6, whereas 

the above p r e d i c t s an i n c r e a s e . 

I n t h i s w h i s k e r ( p l a t e 4.1) there i s another f a c t o r to 

con s i d e r which could a l t e r the eq u i l i b r i u m spacing. The whisker 

i s not s t r a i g h t as the above treatment assumes, but has a 

number of kinks which cause the whisker to change i t s d i r e c t i o n , 

w hile the o r i e n t a t i o n of the c r y s t a l r e l a t i v e to the a x i s 

s t a y s the same. T h i s must Introduce an a d d i t i o n a l s t r e s s 

i n t o the system and hence make the value of the magnetoelastic 

energy term not zero a t zero applied tension. The domalrVspacing 

would then be c h a r a c t e r i s t i c of t h i s I n t e r n a l s t r e s s and 

d i f f e r e n t from the value p r e d i c t e d above. I n the system above, 

a t e n s i o n perpendicular to the whisker a x i s of l47 Kgm/mm 

would be necessary to produced.the observed value of domain 

Sj^aclng. T h i s i s much above the y i e l d point of i r o n so the 

domain spacing i n t h i s case cannot be due to t h i s process. 

I t w i l l be seen l a t e r that the value of s t r e s s necessary i n 

the system considered'in s e c t i o n 4.2.2.3 i s quite small and 

could produce the observed r e s u l t s . 
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Closure S t r u c t u r e with Walls not at 45° to the 

Magnetisation D i r e c t i o n s 

T h i s s t r u c t u r e I s s i m i l a r to that considered I n the previous 

s e c t i o n , the d i f f e r e n c e being that the w a l l s of the closure 

s t r u c t u r e s are not at 45° to the magnetisation d i r e c t i o n s , 

and I t takes over from the above case i n the range 0<'̂ <- 45, 
where the other one could not e x i s t s i n c e the w a l l s AB I n 

f i g 4.4 would go towards the centre of the whisker r a t h e r 

than the edge. As the examples of these types of domain s t r u c t u r e s 

had o r i e n t a t i o n s of approximately 30°, s i m p l i f i c a t i o n s used 

I n t h i s and the following s e c t i o n s are that the shorter of 

the two s i d e s of the c l o s u r e domains I s perpendicular to the 

whisker edge, and the w a l l energy i s the same as f o r w a l l s 

i n a [ n o ] d i r e c t i o n . 

The energy terms are w a l l , magnetostatlc, i ^ n e t o s t r l c t l v e , 

and magnetoelastlc energy, and the t o t a l energy per u n i t 

length i s given by : 

D i f f e r e n t i a t i n g with r e s p e c t to d and equating to zero to 

o b t a i n the e q u i l i b r i u m spacing g i v e s : 

Prom t h i s the zero s t r e s s spacing i s given by 
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and the v a r i a t i o n with s t r e s s of 'IJ^ as 

Using the value taken from p l a t e 4.1 of<?^= 30°,^ = 30°, 
-3 -4 w 12x10 cm, gives d^^ 3-529x10 cm and the slope of the 

'IjC'Icr graph as 2.34xlO~^yn 

The value of d^ i s , as expected, c l o s e to that f o r the 

high energy case described i n s e c t i o n 4.2.1, as the closure 

domains are at a high angle to the whisker edge i . e . 60° the 

same as p r e v i o u s l y . I f an i n t e r n a l s t r e s s due to the kinks 

i n the whisker i s the cause of the observed value f o r dQOf 
—3 2 

9.8x10 cm, i t would be necessary to have a stepss of 300 Kgm/mm. 

As i n the previous case t h i s i s beyond the e l a s t i c l i m i t of 

the i r o n so that i t cannot be the Bxplanation of the observed 

value, and a d i f f e r e n t s t r u c t u r e i s needed. 

4.2.2.3_ Closure S t r u c t u r e at A l t e r n a t e Ends of Main Domains.„^ 

with Closure S t r u c t u r e Walls not at 45° to the.' 

Magnetisation D i r e c t i o n s 

The arrangement of t h i s s t r u c t u r e i s shown i n f i g 4.5. 

From t h i s i t can be seen that the d i r e c t i o n of magnetisation 

i s the same along the whole of each side of the whisker, and 

opposite i n sig n on the two edges. The magnetostatic energy 

of the system i s now independent of the separation of the 

main domains along the whisker, and a constant dependent only 

on the width and t h i c k n e s s of the whisker. I n c a l c u l a t i n g the 
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domain se p a r a t i o n the magnetostatic energy term can be neglected. 

The energy terms a r e : 

W a l l energy per u n i t length 

Magnetostatic energy i s a constant = M 

M a g n e t o s t r i c t i v e energy per u n i t length 

C 4.22 
4 

Magnetoelastic energy per u n i t length 

3o-/\,ooij'oe^M^^ - ^ ^ y 3 c * 4 3 x j 4.23 

Minimising the value of the t o t a l oiergy per u n i t length to 

ob t a i n the e q u i l i b r i u m spacing g i v e s : 
i , A.cro M^p^ ^ 6i,^^C„ + 3<r«^^^") 4^24 

w i t h a zero s t r e s s value 
and a slope of i d i i i r ^ l A f i f ^ ^ ^ * - ! - V ^ ^ a gainst 

cr graph. 

The values of these q u a n t i t i e s , u s i n g the r e s u l t s from 

p l a t e 4.1, a r e d^ l65xl0~"^cm and the slope of the graph i n dyn""^ 

i s 1.178x10 . Again the zero s t r e s s value i s g r e a t l y d i f f e r e n t 
23 

from the observed value of 9.8x10 cm. I n t h i s case however 
the value of the i n t e r n a l s t r e s s n ecessary to produce t h i s 

—1 2 
spacing i s 9.02x10 Kgm/mm . T h i s i s not such a l a r g e value 

and i t i s p o s s i b l e t h a t t h i s could be the explanation. From 
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the a c t u a l photographs i n p l a t e 4.1 i t seems however t h a t 
t h e r e i s not much of t h i s s t r u c t u r e present, t h e r e being a 
c e r t a i n amount of an echelon type of p a t t e r n and not j u s t 
the s i n g l e c l o s u r e domain considered here. I n p l a t e 4.2, 
which i s a s i m i l a r l y o r i e n t a t e d whisker, t h i s p a t t e r n seems 
to predominate, e s p e c i a l l y towards the t h i n n e r end of the 
whisker. I n the middle of p l a t e 4.2c t h i s type of s t r u c t u r e 
i s very evident. The values of«<. and fi are 35° and 25°respec— 

t i v e l y , and the width w i s 3x10 cm. Using these values 
—3 • —4 the above theory g i v e s d^^ 131x10 cm, and a slope of 1.29x10 

f o r the'ld^ a g a i n s t cr graph. The measured value of dQ i n t h i s 

case i s 14.5x10 cm. There i s a l a r g e discrepancy between 

.these two values f o r the spacing, but i f the value of i n t e r n a l 

s t r e s s n e c e s s a r y to produce the observed v s l u e from the p r e d i c t e d 
—1 2 

value i s c a l c u l a t e d i t i s only 3.7x10 Kgm/mm . T h i s value 

i s q u i t e low, and i n view of the amount of d i s t o r t i o n present 

i n the whisker i t i s very l i k e l y to be the cause of the above 

disagreement. 

T h i s r e s u l t f o r the minimum energy domain spacing i s a very 

high energy s t a t e due to the n e g l e c t of the magnetostatic 

energy, and although an energy minimum appears a t the Observed 

spacing when I n t e r n a l s t r e s s e s a r e incorporated, the absolute 
an 

value of the energy makes i t ^ appare.ntly unfavoured arrangement 

compared w i t h the v a r i o u s other systems considered i n the 
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remainder of t h i s chapter. Despite t h i s o b j e c t i o n , the r e s u l t 
f o r the whisker i n p l a t e 4.2, together with the a c t u a l photo­
graphs of the domain p a t t e r n , makes the s t r u c t u r e considered 
above the most probable explanation of the observations. 

F u r t h e r proof of the type of c l o s u r e s t r u c t u r e a c t u a l l y 

present could have been obtained i f i t had been p o s s i b l e to 

observe the p a t t e r n on the s i d e s of the whisker. Unfoljtunately 

t h i s could not be done and a d e c i s i o n on the a c t u a l s t r u c t u r e 

present has to be based on the above r e s u l t s l e a d i n g to the 

c o n c l u s i o n o u t l i n e d above. 

4.2.3 Echelon Closure S t r u c t u r e 

T h i s type of s t r u c t u r e i s shown i n f i g 4.^. I t c o n s i s t s 

of the main domains at an angle «< to the whisker a x i s with 

a s e r i e s of sm a l l e r domains magnetised a l t e r n a t e l y a n t i -

p a r a l l e l and perpendicular to the main domains. I t i s s i m i l a r 

to t h a t observed by Martin(1957) on ( i l l ) s u r f a c e s of a s i l i c o n 

i r o n c r y s t a l , and by Corner and Mason(l964) on ( l l O ) s u r f a c e s 

of s i l i c o n — i r o n subjected to s t r e s s . These workers considered 

d i f f e r e n t c a s e s to the ome shown here. Martin had the small 

c l o s u r e domains f u r t h e r subdivided while Corner and Mason 

had a d d i t i o n a l s t r u c t u r e s at the s u r f a c e with magnetisation 

i n the plane of the s u r f a c e to reduce the magnetetostatic 

energy to zero. Pfom the photographic r e s u l t s t h ere i s no 

evidence of any f i n e r s t r u c t u r e a t the whisker edge. The 
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arrangement considered i s ther e f o r e the one shown i n f i g 4.6, 
and.a s o l u t i o n f o r the domain spacings obtained f o r a l l 
values i n the range o < <>< <i 9o 
The w a l l energy of ABCDEB i s 

X i At^ US' 

Each subsequent p a t t e r n a c r o s s the main domain i n c r e a s e s 

the w a l l energy by an amount equal to twice the energy of 

DE compared with the previous pattern. For n complete patterns 

a c r o s s the main domain the t o t a l w a l l energy of the echelon 

s t r u c t u r e i s 
• 

The energy of w a l l DE i s - djj^ - J. c^Ck^^u.^ 

T o t a l w a l l energy, of one echelon s t r u c t u r e i s 

-n titd-tr^XAC Ckitdi) ̂ •4<:c^ ^ ju.(k^''fAt. y^'''S,iodJhU^ _ e^/4ft*)|4.26 

As there a r e two echelon s t r u c t u r e s per main domain, and l/D 

main domains per u n i t length of the whisker, the t o t a l w a l l 

energy per u n i t length a s s o c i a t e d with the echelon s t r u c t u r e i s 

—I M,u^ J ^-l^u^ J 

S u b s t i t u t i n g n-D/2d i n the above gives 

r.^JrjUcCu^rAi^ .Ai:U^^)l ^ - <=-«̂ ^̂ '-) j 4.27 

The energy of one main domain w a l l i s 
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T h i s g i v e s the energy of the main w a l l s per u n i t length as 

The t o t a l w a l l energy per u n i t length i s 

y < c t ) M ^ ( k s * A ? i i- A. \^<< ̂  c^U^^A ^ ̂ f±^l 4.29 

The magnetostatic energy per u n i t length i s given by 

I n t h i s case however the value of cT i s not the same fo r adjacent 

domains, but e< and (90-^c<) a l t e r n a t e l y . As an approximation 

f o r the magnetostatic energy a value f o r s i n / of sino^ +sin(90^o<) 

, 2 
w i l l be used. The magnetostatic energy per u n i t length i s now 

. I- 71.1 [xu. oi * e»* d]^ 

_ / 7 x^ol^ (li^Ai: 3LS) 4.30 

M a g n e t o s t r i c t i v e energy i s Involved i n the c l o s u r e domains 

magnetised i n [OlO] d i r e c t i o n s , i . e . a t r i g h t angles to the 

main domains. The volumes Involved are BCDE and equivalent 

p a r t s of the other p a t t e r n s . 

The volume of BCDE i s - ± <^(^^*-'<)l^ U^^'^ 1^.31 

and the i n c r e a s e i n volume of domains magnetised i n £010"] 
d i r e c t i o n s per p a i r of c l o s u r e domains i s volume CDEH which 

i s equal to d'^f^ - ^^^^^-^^ U.'.^^ 4.32 



62. 
The t o t a l volume magnetised i n [OlO] d i r e c t i o n s per echelon 

p a t t e r n i s 

2. 

T h i s must be m u l t i p l i e d by 2/D to obtain the volume per u n i t 

length. Then s u b s t i t u t i n g n = D/2d and m u l t i p l y i n g by f^,oo^u 
X 

to obtain the magnetostrictive energy per u n i t length, we get 

% -iw US' i ^ h^- a. J J 34 

f o r t h i s energy c o n t r i b u t i o n . 

The magnetoelastic energy per u n i t volume due to the applied 

s t r e s s is-3̂ «o;̂ e«»4_ji f o r the main domains and the part of 

the echelon s t r u c t u r e magnetised i n [lOO] d i r e c t i o n s , and 

-iX^rAo. V ^Yie remaining p a r t s of the echelon s t r u c t u r e 
X 

magnetised i n [OlO] d i r e c t i o n s . The volume per unit length 

of the c l o s u r e domains magnetised i n [OlO] d i r e c t i o n s i s 

Therefore the magnetoelastic energy of these domains per 

u n i t length i s 

- IcrXoo ^ • (lJ.A,u.otAcU^r^^ ^ bj^'i^^(h^^^^_e^Z'<l] 4.35 

The volume per u n i t length of domains magnetised i n [lOO] 

d i r e c t i o n s i s 

Therefore the magnetoelastic energy of these domains per 
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u n i t length i s 

— ^ ( ^ ^ / ( y t ^-u- As- X J 4.3D 

The t o t a l magnetoelastlc energy per u n i t length i s 

Summing a l l these energy terms gives the t o t a l energy 

per u n i t length as ^/ -

T h i s equation contains both D, the main domain spacing, 

and d, the echelon domain spacing. To obtain the equilibrium 

spacing d i f f e r e n t i a t e i t with respect to each of these 

q u a n t i t i e s s e p a r a t e l y and equate to zero to obtain the value 

of them citi the energy minimum. 

For D t h i s g i v e s : , 

• 4.39 
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4.41 

where A 

For d t h i s g i v e s : 

^IxjJ^kT J] ^^^^ 

43 

y . \ JL. . t 4.44 

where C = 'iZJtlZi.lriii-^'*^ *• ^ / " " - ^ t ^ ô  Mi(k^*^-i) ( )i,„„e„ * 3a-e^S^) 

S o l v i n g equations 4.,4l and 4.44 f o r D and d gives 

jio (IAC Ji ̂ _ oU_^^AU_pI _ ^_uY^ ^ C3 4.46 

S o l v i n g these equations fol? the whisker i n p l a t e 4.1 with 

the p r e v i o u s l y given values f o r the o r i e n t a t i o n and vrldth 

g i v e s _ ^ _4 

D = 4.6x10 cm ; d^-4.55x10 cm. 
o. o 

The measured value of D i s 9.8x10 cm and the predicted 
o 

value above agrees quite w e l l with t h i s , compared with the 

p r e v i o u s l y described systems. The value of d^ i s a l s o quite 
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good, being a f a c t o r of 2 out. T h i s c a l c u l a t e d value means 
there are f i v e complete echelons a c r o s s each main domain. 
Observations on the a c t u a l whisker however do not give t h i s 
number, four being the maximum observed. The photographs 
show that the echelon s t r u c u r e does not i n f a c t extend r i g h t 
a c r o s s the main domains, and i n view of t h i s the theory cannot 
be a c c u r a t e f o r the whisker considered. The value of D^ f o r 

_o 
the whisker i n p l a t e 42Sa as c a l c u l a t e d i s 1.9x10 cm. The 

_3 
a c t u a l value i s 4.1x10 cm, so there i s again the f a c t o r of 

2 betx'/een theory and observation. This i s p o s s i b l y due to 

the magnetostatic energy term. T h i s has a l a r g e e f f e c t on 

the energy of the system and a small change i n t h i s can a l t e r 

c o n s i d e r a b l y the p o s i t i o n of the energy minimum, so that the 

approxlmajrion made i n t h i s t e m could give t h i s discrepancy. 

T h i s stmicture then appears to e x p l a i n the s t r u c t u r e i n 

the whisker shown i n p l a t e 4.1, despite the f a c t that the 

s t r u c t u r e i s not a p e r f e c t echelon s t r u c t u r e . 

4.2.4 S i n g l e Closure Domain Magnetised i n the [OOl] D i r e c t i o n 

I n s t e a d of the c l o s u r e s t r u c t u r e being magnetised i n a 

d i r e c t i o n p a r a l l e l to the top of the whisker, as i n the previous 

type of s t r u c t u r e considered, i t i s , i n t h i s s e c t i o n , magmet-

i s e d i n a d i r e c t i o n perpendicular to the top and bottom surfaces 

of the whisker. The s t r u c t u r e i s as shown i n f i g 4.8, assuming 

th a t the whisker has a r e c t a n g u l a r c r o s s - s e c t i o n . This type 
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o f p a t t e r n has a l i m i t i n g size when the two t r i a n g u l a r areas 
of f r e e pole on the whisker sides j u s t touchy I.e. R and S 
i n f i g -4.9a are the same p o i n t . The length PR i s given by 
PQcos«^, and the l i m i t i s when 2PR= PT, i . e . 2dcos.^ = t . Above 
t h i s l i m i t the p a t t e r n must be a l t e r e d t o e i t h e r of the 
s t r u c t u r e s shown i n f i g 4.10, and i t i s not obvious which 
of thesestwo types w i l l occur. The i n t e r a c t i o n of areas of 
fre e , p o l e on the side w i t h s i m i l a r l y s i t u a t e d areas i s greater 
than the i n t e r a c t i o n between areas on the side w i t h areas on 
the top f o r equal values of the component of magnetisation 
on these areas. However the magnetisation vector f o r the top 
areas o f f r e e pole i s normal t o the surface, while t h a t f o r 
the sides i s at an angle t o the surface. There w i l l , i n any 
given case, be a minimum energy c o n f i g u r a t i o n , but t h i s can 
onl y be determined i n each case by d e t a i l e d c a l c u l a t i o n and 
not by simple i n s p e c t i o n . 

I n a p r a c t i c a l case i t should be possible t o determine 
which o f these two patterns i s present from the c o l l o i d 
deposits. As there w i l l be f r e e poles at the surface, the 
c o l l o i d c o l l e c t s over these regions and areas of heavy deposit 
w i l l appear enabling the two types of s t r u c t u r e t o be detected 
and d i s t i n g u i s h e d . 

I n the f o l l o w i n g s e c t i o n only the simple case of f i g 4.8 

which does not exceed the l i m i t w i l l be considered, as t h i s 
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s t r u c t u r e i s the most amenable t o c a l c u l a t i o n f o r the general 
case. 

To o b t a i n the e q u i l i b r i u m p a t t e r n size i t i s necessary 
to f i n d the t o t a l energy and then minimise t h i s . The energy 
c o n t r i b u t i o n s are w a l l , magnetostatic, magnetostrictive, 
and magnetoelastic energy. 

The w a l l s t r u c t u r e consists of 90° w a l l s i n the closure 
s t r u c t u r e and 180° w a l l s between the main domains. 

o 
The area of 90 w a l l per main domain i s 

2(ABC - FGH ACGF + ABHP) 
i J c^ii-l ^ J 

The area of l80°wall per main domain i s 
(main domain.side w a l l — 90° part of side w a l l 

4- main domain middle w a l l ) 

Taking 2%^^^ ^then : 
T o t a l w a l l energy per main domain i s 

Then w a l l energy per u n i t length i s 
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The m a g n e t o s t r i c t i v e energy appears i n the closure domains. 
The volume of the closure domain© per u n i t length i s 

The m a g n e t o s t r i c t i v e energy per u n i t l e ngth i s 

The magnetoelastic energy i s given i n chapter one as 

where l^^.t^d-ij are the d i r e c t i o n cosines o f the magnetisation 
and[)f,Y;.Vi] are the d i r e c t i o n cosines of the applied stress. 
I n t h i s case the main domains have [lOO] , the closure domains 
[001] as the d i r e c t i o n cosines f o r the magnetisation, while 
the s t r e s s has d i r e c t i o n cosines [cos'><., sin-S O]. 
The magnetoelastic energy of the main domains per u n i t volume 
i s t h e r e f o r e _ 1 \ Ur^^-J 

and the magnetoelastic energy of the closure domains i s zero. 
The volume o f the main domains per u n i t length i s 

I 2 X 1 i 

Therefore the magnetoelastic energy per u n i t length i s 

The exact c a l c u l a t i o n o f the magnetostatic energy i s 

d i f f i c u l t and tedious i n t h i s case, and so an approximation 
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r e p l a c i n g each t r i a n g u l a r area of f r e e pole by a p o i n t pole 
equal i n magnitude t o the t o t a l pole i n the t r i a n g l e w i l l 
be used. The point pole i s regarded as being at the centre 
of g r a v i t y o f the t r i a n g l e i t replaces. ¥e therefore have 
the s i t u a t i o n i l l u s t r a t e d i n f i g 4.9b of a c o l l e c t i o n of 
p o i n t poles on a r e g u l a r l a t t i c e . To o b t a i n the energy of 
t h i s system, the p o t e n t i a l at one pole due t o a l l the others 

i s c a l c u l a t e d and then m u l t i p l i e d by the pole strength under 
k 

c o n s i d e r a t i o n . This r e s u l t i s then m u l t i p l i e d by Jfl~^ t o 
o b t a i n the energy per u n i t length f o r a rectangulal? c r y s t a l . 

I g n o r i n g the s e l f energy, the p o t e n t i a l at Z due t o a l l 
the other poles i s 
' -i- ^* UKi' 7(3.^r 

where P i s the pole strength at each p o i n t , and a and b are 
the l a t t i c e constants as shown i n f i g 4.9b. 

Therefore the p o t e n t i a l at Z i s 

The f i r s t term, X± < (TIL' - io/, ̂  
ec f 

To evaluate the t h i r d term i t i s w r i t t e n as 

and then expanded t o 
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Since a>.b, terms o f higher order than the f i f t h can be neglected. 
The expansion then becomes 

where ^ (p) i s the Reinmann Zeta f u n c t i o n . Obtaining values 
f o r t h i s Zeta f u n c t i o n from t a b l e s gives the value of the 
t h i r d t e m i n equation 4,53 as 

S u b s t i t u t i n g back i n equation 4.53 gives the p o t e n t i a l at Z as 
n \ 1 Itk^-^s-^J _ 6 ? a r ^ * ,01101 4' om^^'U 4.54 

I fi.' ' r«-/j 
2 

We have a = d, b -1 - 2dcos u = t - kd, and P - 1^ s i n 2^ . 

S u b s t i t u t i n g f o r a and b gives the p o t e n t i a l at Z as 

7'/J 4.55 

where etc. are appropriate c o e f f i c i e n t s as given below. 



Q^-0.4508k^ - 0.3645k^ 0.3102k^- 6.2729k^ 
71. 

-0.9016k ^ 1.4580k^ - 1.86k^-. 2.l8k'^ 

= 0.4508 - 2.l87k^ -̂  4.653k^- 7.65k^ 

Q^'1.458k - 6.204k^ ^ 15. 
^ 2 4 ^4= -0.3645. ̂  4.653k - 19.1k 

3 
Q^=-1.86l2k ^ 15.3k 

^6=0.3102 ^7.65k^ 
Q̂ ^ 2.18k 
Qg=-0.2729 

The magnetostatic energy per u n i t length i s now 

4.56 

4.57 

The s e l f energy of each area i s given by 

I n the above d e r i v a t i o n of the magnetostatic energy, the 
p o t e n t i a l a t the reference p o i n t has been taken as negative 
f o r opposite poles and p o s i t i v e f o r l i k e poles. I n c a l c u l a t i n g 
a value f o r the s e l f energy we are concerned w i t h the i n t e r a c t i o n 
o f l i k e poles, so the p o t e n t i a l i s p o s i t i v e , i . e . the f i e l d 
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d i r e c t i o n a t Z due t o i t s own f i e l d i s opposite t o the f i e l d 
due t o the neighbouring poles. Using thfes sign convention 
employed i n equation 4.53 onwards, the s e l f energy per u n i t 
l e n g t h becomes + x-!^r^ei\i^^l<i 

The t o t a l magnetostatic energy per u n i t length i s 
V l £ ^ U'\7^- 4.38 

Despite the f a c t t h a t the above treatment i s crude i t 
gives q u i t e an accurate value f o r the magnetostatic energy. 
To check i t s accuracy, i n t e g r a t i o n s t o f i n d an accurate value 
f o r magnetostatic energy were c a r r i e d out on a computer. • 
This allows the i n t e r a c t i o n s between any tv;o of the areas 
o f pole t o be ca l c u l a t e d . The i n d i v i d u a l i n t e r a c t i o n s then 
have t o be summed t o get a value f o r the t o t a l energy of the 
system. 

The computer was used t o o b t a i n an a r i t h m e t i c a l s o l u t i o n 
f o r the magnetostatic energy c o n t r i b u t i o n of a whisker of 
known size and o r i e n t a t i o n . The i n t e r a c t i o n between the two 
elemental areas of pole, P and Q,along the whisker side, 
shown i n f i g 4.11, i s given by 

g/y, </vt y^ . 

2 
The t o t a l I n t e r a c t i o n between the areas of fr e e pole i s 
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where X;, Yj Zj are as shown i n f i g 4.11, and M - Y-ĵ /X, the 
expression having e i t h e r a p o s i t i v e or negative sign depending 
on whether the areas have l i k e br u n l i k e p o l a r i t y . 

For the i n t e r a c t i o n between areas of f r e e pole along the 
top edge w i t h areas along the bottom edge, the expression 
t o be i n t e g r a t e d i s the same as t h a t i n equation 4.59, but 
the l i m i t s o f I n t e g r a t i o n have t o be changed, and the i n t e r ­
a c t i o n f o r these i s 

These two expressions f o r the I n t e r a c t i o n s can be ge n e r a l l l s e d 

t o take account of a l l areas along the whisker edge t o give 

the f o l l o w i n g pa.2,).x V-r/., .7,-^,., / / / / 

where p- 0,1,2, etc. t o sp e c i f y which tvjo areas are being 

considered. The case of p =0 i n equation 4.6la corresponds 

t o the I n t e r a c t i o n o f an area of f r e e pole w i t h I t s e l f , and 

provided the case where x^-^-Xgand y-^-=y-^ Is ignored by the 

computer, i . e . the i n t e r a c t i o n of one elemental area x^lth 

i t s e l f but not v;ith the r e s t of the main area i s discounted, 

provides a value f o r the s e l f energy of one of the areas of 

f r e e pole. 
These expressions were then solved numerically using 
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Simpsons Rule f o r a p a r t i c u l a r set of values of X Ŷ^ Ŷ  
and Z^, and a range of values f o r p from zero upwards, u n t i l , 
c o nsidering subsequent areas, the c o n t r i b u t i o n was reduced 
t o about Vfo of i t s value at p= 1. This was found t o occur 
a t p = 10, so i n f u t u r e c a l c u l a t i o n s a range of p from 0 t o 
10 wets used. Theseresults f o r these areas were then summed 
t a k i n g account of the a l t e r n a t i n g sign of the I n t e r a c t i o n 
as the sign of the f r e e pole changed ( f i g 4.9). The r e s u l t of 
t h i s was then m u l t i p l i e d by 

where d i s the domain separation, |3 i s the angle the magnetisation 
makes w i t h the surface normal, and the other f a c t o r s of two 
are t o account f o r two layers of pole along each edge, two 
sides t o the whisker, and t o prevent use of an area as both 
source and a f f e c t e d area. This then gives a value tot the 
magnetostatic energy per u n i t length of the whisker which 
can be compared w i t h values obtained from other methods. 

I n the ev a l u a t i o n o f the i n d i v i d u a l i n t e g r a l s , the use 
of Simpsons r u l e necessitates the d i v i s i o n of the i n t e g r a l 
i n t o a number o f equal regions. For the subsequent c a l c u l a t i o n s 
the i n t e g r a l has been d i v i d e d i n t o f i v e p a r t s . T r i a l evaluations 
o f the i n t e g r a l were made using a l a r g e r number of p a r t s , 
but the e f f e c t of doubling the number was only seen i n the 
t h i r d or l a t e r s i g i f l e a n t f i g u r e f o r i n t e g r a l s w i t h p:= 1. 
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For the i n t e g r a l w i t h p = 0 the change was about 10%. I n view 
of these r e s u l t s and the amount of computer time needed t o 
evaluate the I n t e g r a l s , i t was decided t o l i m i t the d i v i s i o n 
o f the range over which the i n t e g r a l was performed i n t o f i v e 
p a r t s. 

—2 _q 
For a p a r t i c u l a r system w i t h d = 10 cm, t = 6x10 •-'cm, and 

p, given by cos/3 = cos30 i.e./2 = 73^12*, the value of magneto­

s t a t i c energy obtained from equation 4.58 i s O.378 ergs/cm. 

Using a computer t o c a l c u l a t e the energy f o r a l l areas up 

t o a distance of lOd from the reference area gives a value 

of 0.4 ergs/cm. The d i f f e r e n c e between these two r e s u l t s i s 

5.5^ and shows t h a t the approximation using the centre of 

g r a v i t y o f the areas i s q u i t e good i n t h i s case. The p a r t i c u l a r 

values used i n t h i s comparison are very near t o the l i m i t 
o f the model, the separation between the apleces of the two 

_4 
t r i a n g l e s , i . e . the distance RS i n f i g 4.9a, i s 2.26x10 cm. 
This r e s u l t would be expected t o show the l a r g e s t discrepancy 
between the approximation and the computed r e s u l t since the 
areas of pole are as close as possible g i v i n g a large i n t e r ­
a c t i o n from the areas of f r e e pole t h a t are close together. 

The expression f o r the t o t a l energy of the system i s now 
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a- iL ± 3L ^ 

_ 3 ( r y l , a o f ^ ' ' ^ r o . / - - f ylrl^ol _ JJjiCM ^ ei^cnj. j^c U ( 

This expression i s then d i f f e r e n t i a t e d w i t h respect t o d 

and put equal t o zero t o o b t a i n the energy minimum postion. 

I f d^ i s the e q u i l i b r i u m spacing then 

4.63 _ i ^ ^ . ' f ^ ^ / l ^ / / 
ê e *// «/« jit >i 

S o l v i n g t h i s equation f o r d^ gives the p a t t e r n spacing at 

e q u i l i b r i u m . 

I n view of the high orders o f d^ t h a t are present i n 

equation 4.63, i t i s impossible t o solve the equation d i r e c t l y . 

To o b t a i n a value f o r d^ t h a t corresponds t o a minimum i n 

the energy o f the system, values f o r the l e f t hand side of 
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equation 4.63were obtained f o r d i f f e r e n t values of d^ using 
a computer. The value f o r d^ necessary t o s a t i s f y the equation 
was found by p l o t t i n g the r e s u l t s obtained from the computer 
against the value of d^ used, and reading of the value where 
the graph crossed the d^ axis going from negative t o p o s i t i v e 
i n the computer r e s u l t s , i . e . corresponding t o a minimum 
i n the expression f o r the t o t a l energy of the system. 

No a c t u a l r e s u l t s on t h i s s t r u c t u r e were calculated however 
as i t d i d not appear i n any of the whiskers observed, and 
consequently there was no p o s s i b i l i t y of checking the theory 
against experimental r e s u l t s . 

C a l c u l a t i o n s based on the above treatment t o obtain a value 
f o r the e q u i l i b r i u m spacing have t o be t r e a t e d w i t h a l i t t l e 
care however t o check whether the r e s u l t s obtained are consistent 
w i t h the model used. With the obtained value f o r d,-,, the depth 
of the t r i a n g u l a r area on the whisker side should be calculated. 
The maximum value t h i s can have f o r the above model t o hold 
i s t / 2 , i . e . h a l f the thickness of the whisker. I f i t i s found 
t h a t : t h i s value i s exceeded then the simple model i s no longer 
a p p l i c a b l e and f u r t h e r c a l c u l a t i o n s should be c a r r i e d out 
using a m o d i f i c a t i o n of t h i s method, t a k i n g account of the 
possible p a t t e r n s shown i n f i g 4.10. 

4.3 I n t e r p r e t a t i o n of Structures w i t h Apparant Gaps i n the Domain 

Wall Pattern 
The s t r u c t u r e under consideration i n t h i s section i s shown 
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i n p l a t e s 4.3 and 4.4. I n p l a t e 4.3 the s t r u c t u r e on the t i p 
and bottom surfaces o f a whisker under no applied stress 
are seen. On each of the surfaces the walls are along one 
of the easy d i r e c t i o n s o f n ^ n e t l s a t l o n . The walls appear t o 
break and s u f f e r a displacement along the whisker axis 
approximately at the centre of the whisker w i t h no observable 
w a l l between,the two halves remaining p a r a l l e l t o each other 
and the other w a l l s on t h e i r own face. I f the top and bottom 
surfaces are compared, the w a l l s are found t o be at r i g h t 
angles t o each other, i . e . i n d i f f e r e n t easy d i r e c t i o n s of 
magnetisation, and also t o be i n r e g i s t e r , the walls ending 
at the same p o i n t i n the centre of the whisker and l i n k i n g 
the s t a r t o f one w a l l at the whisker edge t o the break at the centre 
o f the whisker of the next w a l l along ( f i g 4 .12) . 

I n p l a t e 4.4 the same general type of s t r u c t u r e can be seen 
on one surface of a d i f f e r e n t whisker. I n t h i s case however, 
the beeaks i n the wa l l s do show up by a w a l l which c o l l e c t s 
c o l l o i d t o a lesser extent than the r e s t of the w a l l s , and 
ther e also appear t o be. sections of via.ll t h a t are curved, 
in s t e a d of w a l l s meeting at a sharp angle. Pof t h i s whisker 
only the top surface was photogaphed as the e f f e c t upon t h i s 
s t r u c t u r e of appli n g a magnetic f i e l d along the axis was studied. 
The sequence of events as the magnetic f i e l d was applied i s 
shown i n p l a t e 4.4. 
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The proposed s t r u c t u r e t o explain these observations on 
the two whiskers I s shown I n s i m p l i f i e d form i n f i g 4.13. 
There I s a main 19^0° w a l l running through the centre of the 
whisker i n a plane p a r a l l e l t o the top and bottom faces of 
the whiskers d i v i d i n g the whisker i n t o two halves. The struct u r e s 
i n the top and bottom halves are s i m i l a r c o n s i s t i n g of a n t i -
p a r a l l e l domains separated by l 8 0 ° walls^ the domains i n the 
bottom being magnetised i n the easy d i r e c t i o n at r i g h t angles 
t o the magnetisation d i r e c t i o n occupied by the top domains. 
Providing a l i n k between adjacent a n t i p a r a l l e l m^ln domains 
a t the top and bottom, and also the s t r u c t u r e at the top and 
bottom, are closure domains magnetised a l t e r n a t e l y up and down. 
These closure s t r u c t u r e s are e s s e n t i a l l y two r o o f — t o p shaped 
domains placed w i t h t h e i r bases together, and the two sloping 
90° w a l l s between them and the main domains meet i n a 'V' l i n e 
s t r u c t u r e i n the whisker surface l i n k i n g together the opposite 
halves of main domain w a l l . These are l a b e l l e d AB and CD i n 
f i g 4.13. As these tx\ro 90° v;alls are of opposite r o t a t i o n they 
give a much reduced f i e l d gradient at the surface and hence 
have only low rates of c o l l o i d deposition. I n p l a t e 4.3 they 
are i n v i s i b l e and i n p l a t e 4.4 show up as f a i n t l i n e s . 

I n the s i m p l i f i e d s t r u c t u r e shown i n f i g 4.13 there are 
areas o f the bases o f these r o o f t o p s t r u c t u r e s where the normal 
component of magnetisation i s not continuous and so one would 
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expect there t o be f r e e pole produced i n these regions w i t h 
an appropriate amount o f magnetostatic energy. To counterbalance 
t h i s energy increase and reduce the amount o f f r e e pole produced 
the w a l l s i n these regions become curved t o improve the r e g i s t e r 
between the two r o o f t o p s t r u c t u r e s . Evidence f o r t h i s curvature 
of the w a l l s can be seen i n p l a t e 4.4 where the walls e x h i b i t 
q u i t e considerable bending i n the region at the ends of the 
r o o f t o p s t r u c t u r e s , where the f r e e pole would be expected t o 
appear. The Increase i n w a l l energy due t o the w a l l being 
d i s t o r t e d i s counteracted by the reduction i n the magnetostatic 
energy due t o the disappearance of most of the fr e e pole. 

The e f f e c t of an a x i a l magnetic f i e l d on t h i s s t r u c t u r e , as 
seen i n p l a t e 4.4, f o l l o w s from the above model i f the movement 
of the w a l l s i s such t h a t the closure s t r u c t u r e moves at r i g h t 
angles t o the whisker a x i s . Motion I n t h i s d i r e c t i o n enables 
the main domains w i t h a component i n the same d i r e c t i o n as 
the a p p l i e d f i e l d along the whisker axis i n both top and bottom 
halves of the whisker t o grow at the expense of the others. 
The expected motion o f the p a t t e r n i s t h e r e f o r e the increase 
of a l t e r n a t e domains along the whisker axis w i t h the movement 
o f t h e ' V l i n e towards the whisker edge. This i s i n i t i a l l y 
observed i n p l a t e 4.4 before the s t r u c t u r e i s destroyed by 
the-closure s t r u c t u r e s reaching the whisker edge and so t h i s 
model seems t o f i t the observations q u i t e w e l l . 
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I t was not possible t o observe the e f f e c t of stress on these 
two whiskers, the one shown i n p l a t e 4.4 was too short and 
the p a t t e r n seen i n p l a t e 4.3 was a c c i d e n t l y destroyed by 
bending the whisker during the operation of f i x i n g the whisker 
i n t o the stress apparattus. The expected r e s u l t o f applying 
a t e n s i l e stress along the axis t o t h i s s t r u c t u r e i s the 
gradual e l i m i n a t i o n of the closure s t r u c t u r e s and the r e ­
alignment o f the separated sectionsof the main domain w a l l s . 
I f a s u f f i c i e n t l y high stress could be ap p l i e d then a f u r t h e r 
change i n v o l v i n g the disappearance of the main domain system, 
e i t h e r the top or the boJ>tom, t h a t was magnetised i n the easy 
d i r e c t i o n making the l a r g e s t angle w i t h the whisker a x i s . 
This change would however lead t o a large Increase i n the 
magnetostatic energy of the system as the whisker side would 
only be s p l i t i n t o two areas of opposite p o l a r i t y instead of 
f o u r . This occurs because t h i s change i s brought about by the 
movement i n a d i r e c t i o n normal t o i t s plane of the l 8 0 ° w a l l 
o r i g i n a l l y along the whisker axis p a r a l l e l t o the top and 
bottom surfaces. One would t h e r e f o r e expect t h a t a considerable 
r e d u c t i o n i n the ddmain spacing v/ould accompany t h i s t r a n s i t i o n 
i n an attempt t o reduce the magnetostatic energy. The f i r s t 
change described above does not involve much change i n magneto-
s t a t i c energy as the l 8 0 ° w a l l remains, but a reduction i n 
the amount o f of energy associated w i t h the r o o f t o p s t r u c t u r e 
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f o r the other types o f energy present, so t h a t a s l i g h t 
increase i n magnetostatic energy and hence domain spacing 
could occur. 
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CHAPTER FIVE 83. 

WHISKERS WITH AXIS [ i l l ] DIRECTIONS 
5.1 I n t r o d u c t i o n 

Whiskers w i t h t h i s o r i e n t a t i o n have a basic sjiructure 
c o n s i s t i n g of main domains running the whole length of the 
v i i l s k e r , The d i f f e r e n c e between t h i s s t r u c t u r e however and 
t h a t i n whiskers w i t h an a x i a l d i r e c t i o n of [lOO] , as described 
i n chapter t h r e e , i s t h a t each main domain i s magnetised at 
an angle of 90° t o i t s neighbours and hence there are us u a l l y 
s i x main domains instead.of only two domains magnetised a n t i -
p a r a l l e l i n the case of the [lOO] a x i s whiskers. 

The general form of t h i s type of s t r u c t u r e has been described 
and observed by Coleman and Scott (1958) and Kaczer and 
Gemperle (1959). I n a whisker w i t h the axis [ i l l ] and side 
faces (110), there are s i x main domains along the whisker 

0 , . l e n g t h bounded by three 90 w a l l s i n (110) planeg which 
i n t e r s e c t along the whisle- a x i s . The domains are magnetised 
i n the appropriate easy d i r e c t i o n t h a t l i e s i n each of the 
(110) faces o f t h e whisker, i . e . the magnetisation i s at an 
angle of 55° t o the ax i s of the whisker and p a r a l l e l t o the 
whisker face bounding the domains. This i s shown i n f i g 5.1. 

The domain w a l l s meet the surface of the whisker at the j u n c t i o n 
of the whisker faces, thus there i s no component of magnetisation 
normal t o the whisker face and hence no closure s t r u c t u r e 

i s 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 
s i x a x i a l domains terminate. Here a closure strucure i s needed 
and a suggested s t r u c t u r e i s given by Coleman and Scott (1958). 

This s t r u c t u r e i s completed and analysed q u a n t i t a t i v e l y by 
Kaczer and Gemperle (1959) t o provide a s a t i s f a c t o r y explanation. 

o 
This c o n s i s t s of p a i r s of 90 w a l l s meeting i n the surface 
and hence not a t t r a c t i n g c o l l o i d t o any noticeable extent, i n 
agreement w i t h the experimental observations of Coleman and 
Scott. 

o , X 

The main domain w a l l s are 90 w a l l s l y i n g i n (110) planes. 
I t has been found t h a t f o r t h i s type of domain w a l l the 
minimum energy s t a t e occurs when the w a l l takes a zig-zag 
structure.(Chikazuml and Suzuki 1955). This happens because 
the w a l l has no f r e e poles along i t provided i t s normal l i e s 
i n a (110) plane. The w a l l energy however depends upon jfcs 
o r i e n t a t i o n , thus there i s an e q u i l i b r i u m p o s i t i o n where the 
decrease i n w a l l energy due t o the w a l l o r i e n t a t i o n i s balanced 
by an Increase i n t o t a l area of the w a l l . The w a l l t h e r e f o r e 
forms a zig-zag s t u c t u r e w i t h a l t e r n a t e pieces of i t being 
r o t a t e d r i g h t and l e f t about the mean ( l l O ) plane of the w a l l . 
The minimum energy o r i e n t a t i o n has beerVcalculated f o r the w a l l 
segments by Chikazumi and Suzuki (1955) using an approximate 
method, and by Kaczer and Gemperle (1959) using an a n a l y t i c a l 
approach. Thase give the angle the zig-zag x^all segments make 
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w i t h the (110) plane as 62° , i . e . the angle between the adjacent 
p a r t s of the zig-zags i s 124°. This gives the energy density 
of the zig-zag w a l l s as 1.425Xo^ where K,o I s the energy of 
a 90° w a l l w i t h i t s normal i n a [OOl] d i r e c t i o n (Kaczer and 

Gemperle 1959), compared w i t h 1.7274Kq f o r the undisturbed 
90° w a l l i n a ( l l O ) plane ( L i l l e y 1950). 
5.2 Experimental Results 

I n the present work, the whiskers also had (211) faces 
appearing. These are faces t h a t occur midway between (110) 
faces, so e f f e c t i v e l y c u t t i n g off the corners where the ( l l O ) 
faces meet. The cross—section of such a whisker i s shown i n 
f i g ^'T-' I f the main s t r u c t u r e i s the same as t h a t described 
above, then on these new faces the main domain boundaries 
should meet the surface and be p l a i n l y v i s i b l e , instead of 
meeting the surface at the j u n c t i o n of two faces and hence 
not being e a s i l y seen, as i n the simple case described above. 
This i s i n f a c t observed and examples of t h i s can be seen i n 
p l a t e s 5.1—4. Also there i s no v i s i b l e stucture present on 
the i n t e r v e n i n g ( l l O ) faces, showing t h a t the magnetisation 
d i r e c t i o n i s i n the easy d i r e c t i o n present i n the surface(j31ate5. l ) 
5.2.1 Main Structure 

The main w a l l s seen i n these whiskers are obviously zig-zag 
w a l l s , as v/ould be expected. The angle observed on the whisker 
surface however d i f f e r s from the e q u i l i b r i u m angle of 124° as 
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the included angle o f the zig-zag, since the surface cuts 
the zig-zag s t r u c t u r e o b l i q u e l y . 

The c a l c u l a t i o n of the zig-zag angle observed on a c r y s t a l 
plane i s performed using the f o l l o w i n g method. Refering t o 
f i g 5 .3, the a c t u a l zig-zag angle i s y and the observed angle 
i s u. 

^ (9 

ti 

y = f'-c^-* _ 5.1 

5.2 

This can be rearranged t o give 

a>\ - __ 

For the case being considered here, 
cosO=f2 ; i . e . s i n ^ ^ - 1 7 3 3 

The observed value of zig-zag angle from p l a t e 5.2 i s l47±l°. 

• O r 7 3 . 5 t 0 . 5 ° 

S u b s t i t u t i n g these values i n equation 5.2 gives a value 
o 

of 125.5 ± 1 f o r y , the a c t u a l zig-zag angle. This compares 
very w e l l w i t h the c a l c u l a t e d angle of 124°, showing t h a t the 
main domain v j a l l s are the normal type of zig-zag w a l l as previously 
observed. 
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I n some of the experimental r e s u l t s small magnetic f i e l d s 
were a p p l i e d to the whiskers. The e f f e c t s of these f i e l d s on 
the domain s t r u c t u r e i s t o favour domains w i t h a component 
o f magnetisation i n the d i r e c t i o n of the applied f i e l d , the 
movement of the w a l l s enabling these domains t o grow. The 
observations of the movement of the main domain walls agree 
w i t h t h i s as s u i t a b l y o r i e n t a t e d main domains grow at the 
expense o f the others. 

The simplest way i n which w a l l s could move under the 
Infl u e n c e o f an a x i a l magnetic f i e l d i s by r o t a t i o n of the 
w a l l s about the axis of the whisker, adjacent main walls 
r o t a t i n g i n opposite d i r e c t i o n s . This would however a l t e r 
the plane of the domain w a l l s and increase t h e i r energy. 
Hence t h i s r o t a t i o n should lead t o a change i n angle of the 
zig-zag as the mean plane of the w a l l changes. Measurements 
o f v a r i a t i o n of the zig-zag angle w i t h w a l l p o s i t i o n i n p l a t e 5-3 
however, show no observable change. The spread of r e s u l t s 
from t h i s whisker i s about i 5° so t h a t a change of angle 
of less than 5° might not be detectable against t h i s spread. 
I f the w a l l s do r o t a t e from the ( l l O ) plane, then the zig-zag 
segments of the w a l l would no longer have t h e i r normals i n 
(110) planes. Free poles v;ould t h e r e f o r e develop as the vjalls 
r o t a t e d w i t h the consequent i n t r o d u c t i o n of magnetostatic 
energy along the w a l l s . This process f u r t h e r increases the 
w a l l energy and makes i t more u n l i k e l y t h a t the w a l l movement 
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occurs by simple r o t a t i o n . 
I f there i s no r o t a t i o n of the main w a l l s , the the motion 

i s probably as shown i n f i g 5.4. The two main w a l l s of the 
unfavoured domains move together i n such a way that the 
mean plane o f the zig-zags stays constant, and the centre 
of the whisker i s j o i n e d by a si n g l e nex^ w a l l r a d i a t i n g out 
from the centre of the whisker i n a (211) plane t o the new 
Junction of the two zig-zag w a l l s . This c o n f i g u r a t i o n i s a 
lower energy s t a t e f o r the wa l l s compared w i t h e i t h e r the 
i n i t i a l s t a t e or the simple r o t a t i o n of the domain;walls. 
I f r o t a t i o n occured then both the energy of the main walls 

would 
and t h e i r area/increase as the wa l l s movedout of the (110) 

plane. With the s t r u c t u r e suggested above ( f i g 5'4) then the 
energy per u n i t area of the zig-zag walls remainsconstant, 
w h i l e t h e i r area decreases.The new section of w a l l i n a (211) 

plane has an area less than t h a t part of the zig-zag walls 
t h a t have disappeared and also a lower energy per u n i t area 
so t h a t the t o t a l w q l l energy i s reduced i n t h i s type of , 
change. 

For t h i s type of s t r u c t u r e the change i n the w a l l energy 

can be ca l c u l a t e d . Refering t o f i g 5-4, f o r the zero f i e l d 

s t a t e the w a l l energy per u n i t length f ^ i s 

3.t 1.4275 

. f ^ = 4.275 t 5.3 
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For the f i e l d Induced structure^ the wall energy per unit 
length f , i s 

Prom equation 1.18 

• .r,„ - ^•^"^^'> 5.5 

The r a t i o of the energy of the f i e l d induced pattern to that of the 
zero f i e l d pattern i s 

The wal l energy i s therefore reduced f o r the f i e l d induced 
pattern compared to the f i e l d free pattern. Comparing t h i s 
type of change with the change by wall r o t a t i o n t h i s i s 
^ohviously energetically preferable since the energy of the 
walls i s actually reduced, while r o t a t i o n produces an increase 
i n energy. This reduction i n wall energy must be balanced 
by an increase of the magnetostatic energy of the disturbed 
surface patterns i n the applied magnetic f i e l d . 

The other p o s s i b i l i t y shown i n f i g 5.5 i s that the walls 
move bodily through the whisker so that the domains magnetised 
i n the f i e l d d i r e c t i o n grow. This however leads to a volume 
i n the centre where the di r e c t i o n of magnetisation i s unknown. 
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and the p o s s i b i l i t y here i s that one of the three directions 
of magnetisation nearest to the f i e l d d i r e c t i o n f o r a f i e l d 
along the axis grows p r e f e r e n t i a l l y . Unless one particular 
domain has some loc a l anomaly so that i t i s prefered to the 
other twoJ there seems no reason why the changes should occur 
by t h i s method since the wall energy here stays constant. 

In the case of a f i e l d applied perpendicular to the whisker 
axiSj the f i e l d favours three adjacent domains on one side 
of the whisker to the three om the other side, and the centre 
one of the three favoured ones i s even more favourable than 
the other two. The changes occuring i n t h i s system then, are 
probably due to the movement of the three main walls bodily 
through the .whisker to make the domains i n one half of the 
whisker grow at the expense of the others. This i s shown i n f i g 5'6. 
5.2.2 Closure Structure 

The magnetisation directions of the main domain s are 
i n the (110) planes at an angle of 55°to the whisker axis. 
Thus on the (211) faces of these whiskers there i s a component 
of magnetisation from the main domains normal to the surface, 
and there i s no easy d i r e c t i o n of magnetisation i n the surface. 
There would be therefore quite an appreciable amount of free 
pole appearing on these (211) faces giving a large magnetostatic 
energy contribution to the energy of the whisker, i f the 
pattern described above occured i n i t s simple state v;ith no 
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surface closure structure. 

To reduce t h i s magnetostatic energy a complex closure 
structure i s formed on the (211) faces. Since there i s no 
easy d i r e c t i o n of magnetisation i n the surface a network of 
small closure domains is,formed magnetised i n some of the 
other easy directions. There must s t i l l be a large amount of 
free pole on the surface, but the t o t a l magnetostatic energy 
i s reduced by subdividing the surface into very small areas 
of d i f f e r e n t polarijry. The actual closure structures are 
very complex and i t i s not possible to analyse the pattern 
i n t o i t s i n d i v i d u a l components. Because of t h i s only the 
general features of t h i s s t r u c t u r e - w i l l be discussed here. 

From the photographs i t can be seen that there are two 
d i f f e r e n t 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 i t meets the whisker surface,, and 
adjacent main dcciaiins 3 have di f f e r e n t closure structures, so 
that each closure structure appears on alternate main domains. 
I f we look at the magnetisation directions of the main domains 
i n f i g 5.2, we can see that the components of magnetisation 
along the whisker axis of adjacent domains are a n t l p a r a l l e l , 
but of alternate domains.are p a r a l l e l . Thus the same closure 
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structure occurs on domains with components of magnetisation 
along the whisker axis i n the same direction. The reason f o r 
the appearance of the two types of closure structure i s probably 
due to the r e l a t i v e directions of magnetisation present i n 
the closure, structure, that are needed to reduce the magneto-
s t a t i c energy of the system. The direction and orientation 
of the walls of the closure structure between the magnetisation 
directions present i n the indi v i d u a l closure patterns are 
di f f e r e n t depending on the magnetisation direction of the 
main domain, and so lead to the di f f e r e n t types of closure 
structure observed. Alternate domains have t h e i r magnetisations 
i n the same directions r e l a t i v e to their- surfaces, so the 
closure structures alternate as well. 
5.2.3 The Effect of Stress 

As the whisker axis Is a [ i l l ] d i r e c t i o n , the directions 
of easy magnetisation are a l l equally inclined about the 
whisker axis, so the main domains and the closure domains are 
a l l . magnetised at an angle of t 55° to the whisker axis. I f 
a t e n s i l e stress iS applied along the whisker axis, the 
magnetisation directions w i l l a l l be equally inclined to i t 
so that there should be no effect on the pattern due to the 
stress. The t o t a l energy of the system w i l l 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 i f the only mechanism i s the 
effect of.stress on the magnetisation i n the domains. This 
ignores the effect of the stress on the domain walls, which 
depends on the r e l a t i v e orientation of the wall and the stress. 
There w i l l thus be some wall directions which correspond to 
higher energies than others when the stress i s applied and 
i t might be expected that the structure would change so as 
to reduce the area of wall of higher energy. 
. . The zig^-^zag set ions of the main walls are equally inclined 
to the stress directions so the effect on these w i l l be equal 
and ppposite and simply an increase i n the energy density of 
these walls. As the angle of the zig-zag i s a result.of an 
equilibrium between wall energy and wall area (see section ^.1), 
the increase i n w a l l energy with applied stress would be 
expected to affect t h i s and lead to a change In the zig-zag 
angle. This effect has been calculated previously by Chikazumi 
and Suzuki (1955) using an etpproximate solution and by Corner 
and Mason (1963) taking account of the effect of stress on 
the 90° walls. Corner and Mason found that the zig-zag angle 

_2 
was approximately constant i n the range 0—50 Kgm.mm . As 
the maximum stress used f o r the present work was less than 
10 kgm.mm"̂ , the expected variation of the zig-zag angle i s 
zero. riProm the results i n plate 5.4 no change i n the angle 
of the zig-zag w a l l 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 t h i s structure cannot be 
due to the main zig-zag walls. 

In the case of the closure structure there are two d i f f e r i n g 
types, each with d i f f e r e n t wall arrangements. I t i s unlikely 
that these two types would have the same response to the 
application of a te n s i l e stress, one of them i s going to have 
a lower energy when the stress i s taken Into account than the 
other. The result of t h i s is that the .main domains with the 
lower energy closure structure w i l l increase at the expense 
of the others, so the main walls w i l l move to allow t h i s to 
happen, the main walls probably moving i n a manner similar 
to that observed when a magnetic f i e l d i s applied along the 
whisker axis since t h i s reduces the energy associated with 
the main domain walls. 

The experimental results i n plate 5-4 agree with t h i s 
explanation, but more complex changes also occur at low 
stress values. The closure structure also changes i t s form 
somewhat and at the higher stress values the main domain 
boundaries seem to s p l i t f o r part of t h e i r length and a 
closure structure associated with the zig-zags appears. At 
the highest stresses, the main walls are moved completely 
from the (211) planes and a very irregular closure structure 
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appears, this"new structure i s f i e l d dependent and remains 
when the stress i s removed i n a s l i g h t l y changed form, but 
the main zig-zag walls do not reappear upon removal of the 
stress, so that a completely new and more complex structure 
has been formed. 

After the results shown i n plate 5.4 had been obtained 
the whisker was subjected to random magnetic f i e l d s and applied 
stresses and the o r i g i n a l type of pattern was regained, but 
t h i s was probably by a complete switch of the domain structure 
back to the o r i g i n a l state, and not a simple reversal of 
the changes that occured when the whisker was o r i g i n a l l y 
stressed. 



CHAPTER SIX: 96. 
SUMMARY OF RESULTS 

This work covers domain patterns i n iron whiskers with 
a variejry of orientations. In the simplest case with the 
axis a [lOO] d i r e c t i o n and the surfaces (lOO) planes, a 
number of d i f f e r e n t types of pattern, including cross 
magnetised domains of various shapes, were observed and 
the explanations f o r the observed surface patterns obtained 
from the postulated I n t e r n a l domain arrangements. In most 
of these a complete explanation vjas possible, but one pabtern 
defied explanation and only the general features were 
understood. I n t h i s case the surface magnetisation directions 
were obtained but an appropriate Internal domain structure 
co,T9_ld not be derived. 

For whiskers with the axis at a small angle to the [lOQ 
direction! the s t r u c t u r a l changes caused by the application 
of a stress along the axis agreed well with the theory f o r 
the i n i t i a l changes, but the lack of agreement concerning 
the second major pattern change i s 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 a l l of the other faces to be observed at the same time 
as the top surface. A piece of apparatus to do t h i s would 
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prove very useful and enable a large number of d i f f i c u l t i e s 
to be overcome i n the analysis and explanation of domain 
structures. 

When the whisker i s orientated at a large angle to the 
[lOC^ d i r e c t i o n with the faces s t i l l (lOO) planes, various 
d i f f e r e n t structures are possible d i f f e r i n g i n the type of 
closure structure present. To obtain reasonable agreement 
between the observed patterns and the theory an int e r n a l 
stress must be assumed to be present i n the whiskers. I n 
view of the i r r e g u l a r growth habit of whiskers with t h i s 
type of ori e n t a t i o n , the stresses present.from the deformation 
of the c r y s t a l structure could probably produce the observed 
pattern since i n the suggested structure the required stresses 
are quite low. ('vlKgm.mm ). The configuration suggested as 
the explanation f o r these results has a large magaetostatic 
energy as the magnetisation i s i n the same direction along 
the f u l l length of each of the whisker sides. I f t h i s occured 
then there would be a very heavy c o l l o i d deposit along the 
whisker sides. From the photographs on t h i s structure i t i s 
impossible to t e l l whether t h i s deposit occurs, and so here 
again observation of the whisker edges at the same time as 
the observations on the top would give invaluable additional 
infonnation. , 

A t h e o r e t i c a l 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 i n 
some patterns, complete agreement i s impossible as the amount 
occuring seems to vary from one domain to the next. The 
theory Includes an approximate estimate f o r the magnetostatic 
energy of the small domains of the echelon structure and 
I t could be further refined i f an accurate value for the 
magnetostatic energy could be found. I t i s expected however 
that the change r e s u l t i n g from a more accurate determination 
would be small i n view of the small size of the echelon 
domains. 

Where the closure structure i s magnetised i n [00!^ directions, 
free pole appears i n separated regions and the approxlma^;e 
value f o r the magnetostatic energy obtained by considering 
them as point poles on a regular l a t t i c e at the centre of 
g r a v i t y of t h e i r respective areas seems to have reasonable 
v a l i d i t y . The check performed using a computer to calculate 
an accurate value f o r the magnetostatic energy i n a particular 
case almost on the l i m i t 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 f i n a l o rientation of whisker used i.e. axis [ i l l 
d i r e c t i o n , i s not completely understood. The main features 
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of the pattern agree with previous observations on whiskers 
with only ( l l O ) surfaces instead of the (llO) and (211) 
surfaces as observed here. This enables the main walls to 
be observed easily and the zig-zag nature of the walls to 
be seen. The zig-zag anglB calculation shows that the main 
walls are the normal type previously reported. The effects 
of applying magnetic f i e l d s p a r a l l e l and perpendicular to 
the whisker axis were studied, and the explanation given 
showing the reduction of the t o t a l wall energy of the main 
walls by the introduction of new wall sections i n (211) planes. 
The two d i s t i n c t types of closure pattern observed on these 
whiskers were too f i n e and complex to be examined i n d e t a i l . 
Further work using the Kerr magneto-optical method to study 
them needs to be carried out to determine the directions of 
magnetisation present i n the surface to enable the detailed 
structure to be determined and to show how the dif f e r e n t 
magnetisation directions that are needed i n alternate domains 
to reduce the magnetostatic energy interact to give the 
f i n a l closure structures. This work would also enable a 
quantitative explanation of the effect of stress on the 
domain pattern to be given, since i t i s the interaction of 
the stress with the closure structure walls rather than with 
the magnetisation i n the domains that produces the pattern 
changes. 



ACKNOWLEDGEMENTS 100. 
I would l i k e to thank my supervisor. Dr. W. D. Corner 

f o r the help and guidance given during the period of research. 
Thanks are also due to Professor G. D. Rochester for 

the f a c i l i t i e s granted. 
To the Physics Department Technical Staff f o r t h e i r help. 
To the Department of S c i e n t i f i c And I n d u s t r i a l Research 

f o r a Research Studentship from 196I to 1964. 
G. L. 1966. 



REFERENCES l O i . 
Becker R. and Dorlng W. 1939 Ferromagnetlsmus (Springer Berlin) 
Bhlde V.G. and Shenoy G.K. 1963 J. Appl. Phys. 34 1778 
B i t t e r F. 1931 Phys. Rev. 3811903 
Brenner S.S. 1956 Acta Met. 4 62 
Brown W. F. 1957 Phys. Rev. 105 l479 

Chikazumi S. and Suzuki K. 1955 J. Phys Soc. Jap. 10 523 
Coleman R.V. and Scott G.G. 1957 Phys Rev. 107 1276 

1958 J. Appl. Phys. 29 526 
Corner W.D. and Mason J.J. 1963 Proc. Phys. Soc. _8l 925 

1964 B r i t . J. Appl. Phys. 15 709 
Cralk D.J. 1956 Proc. Phys. Soc. B69 647 
Cralk D.J. and Tebble R.S. I96I Rep. Prog. Phys. 24 I I 6 

1965 Ferromagnetlsm and Ferromagnetic 
Domains,(North Holland) 

De Blols R.W. and Graham CD.Jr. 1957 G.E. Reseach Report 
N0.57-RLI862 

1958 J. Appl. Phys. 29 931 

D i j k s t r a L.J. and Martius U.M. 1953 Rev. Mod. Phys. 25 l46 
Elmore W.C. 1938 Phys. Rev. 54 310 

Fowler C.A. and Fryer E.M. 1954 Phys. Rev. 94 310 
Graham CD.Jr. 1957 A.I.E.E. Conf. on Magnetism, 4lO 
Herring C. 1960 J. Appl. Phys. 31S 3S 

Helsenberg W. I928 Z. Phys. 49 619 

I s i n A. and Coleman R.V. 1965 137 Phys Rev. AI609 



102. 

Kaczer J . and Gemperle R. 1959 Czech. J . Phys. 9 306 

K i r e n s k i L. V., Dylgerov V. D. and Savchenko M. K. 1957 

B u l l . Acad. S c i . U. S. S. R. 21 I I 5 7 

K i t t e l C. 1949 Rev. Mod. Phys. 21 54l 

Kranz J . 1956 Naturwissenshaften 43 370 

L i l l e y B. A. 1950 P h i l . Mag. 4 l 792 

Martin D. H. 1957 Proc. Phys. Soc. B70 77 

Neel L. 1944a J . Phys. Rad. 5 24l 

b Cah. de Phys. 25 1 

Prutton M. 1964 Thin Magnetic Fil m s . (Butterworths. London) 

Shockley ¥. 1948 Phys. Rev. 73 1246 

S h t r i t o a n S. and Treves D. 196O J . Appl. Phys. 318 l47S 

Stewart K. H. 1954 Ferromagnetic Domains. (Cambridge U n i v e r s i t y 

Press) 

Van Vleck J . H. 1952 Rev. Mod. Phys. 23 213 

Wayman C. M. I96I J . Appl. Phys. 32 1844 

Weiss P. 1907 J . Phys. Theo. Appl. 6 661 

Williams H. J . , Bozorth R. M. and Shockley W. 1948 Phys. Rev. 

75 155 

Majima M. and Togino S. 1927 S c i . Reports of the I n s t i t u t e of 

P h y s i c a l and Chemical Research, 

Tokyo, 7 260 



a) 

b) 

c) 

103. 

f[0l<5] 

a) Zero stress 
b) 1.45 Kgm/sq.mm. 
c) 2.17 Kgm/sq.mm. 
Width of whisker i s 0.096mm. 

PLATE 3.1 
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104. 

a) 

Whisker width I s 0.12nim 

Composite photograph of a l l four f a c e s of a whisker. 

E x p l a n a t i o n of the pa t t e r n s i s given I n f i g u r e 3.I 

PLATE 3.2 



105. 

[tool 

Whisker width i s 0.1mm 

Photographs of the four faces of a whisker i n the region whas 

the main l80° w a l l s change p o s i t i o n and o r i e n t a t i o n . 

E x p l a n a t i o n of the patterns i s given i n f i g u r e 3-2 

PLATE 3-3 



lOb. 

[100] <— 

iioiol 

Whisker width i s O.OSmm 

Si n g l e cross-4nagnetlsed domain. The p o s i t i o n , shape, and s i z e 

v;as u n a l t e r e d by the a p p l i c a t i o n of s t r e s s . 

PLATE 3.-̂  



a) 

c) 

d) 

107. 

a) Zero s t r e s s 

b) 0.257 Kgm/sq.mm. 

c) 0.51^ Kgm/sq.mm. 

d) 0.642 Kgm/sq.mm. 

pool 

PLATE 3.5 



e) 

f ) 

g) 

108. 

— 

e) 0.902 Kgm/sq.mm. 

f ) 2.32 Kgm/sq.mm. 

g) 1.28 :Kgm/sq.mm. 

h) Zero s t r e s s 

Whisker width i s O.15 mm. 

The c r o s s -magnetised domains gradually reduce I n volume 

PLATE 3.5 



a) 

b) 

c ) 

109. 

•[£"0] 

a) Zero s t r e s s 
b) 0.5 Kgm/sq.mm. Centre p a i r of cro s s domains have disappeared. 

c) 0.9 Kgm/sq.mm. 
PLATE 3.6 



d) 

e) 

f ) 

110. 

d) 1.1 Kgm/sq.mm. Outer p a i r of cro s s domains have moved 

together s l i g h t l y and a l t e r e d t h e i r shape. 

e) 1.5 Kgm/sq.mm. Second p a t t e r n change occurs as a l l the 

cros s magnetised domains disappear. 

f ) Zero s t r e s s . S t r e s s induced pattern remains the same with 

a l t e r n a t e l e f t and r i g h t hand Bloch w a l l s e c t i o n s . 
Whisker width i s 0.15mm 

PLATE 3.6 



a) 

b) 

c ) 

d) 

111. 

LI 003 

Whisker i s 0.1mm wide at the centre. 

a) Zero s t r e s s 

b) 3 Kgm/sq.mm. 

c) 3.38 Kgm/sq.mm. 

d) 3. 62 Kgm/sq,mm. 

The cross-magnetised domain at the l e f t of the whisker gradually 

moves along u n t i l i t suddenly dlsappeares completely. 

PLATE 3.7 



a) 

b) 

c) 

d) 

112. 

to 10] 

a) Zero s t r e s s 

b) 0.9 Kgms/sq.mm. 

c) 1.74 Kgm/sq,mrn. 

d) 2.1 Kgm/sq.mra. 

As the s t r e s s i n c r e a s e s the spacing og the domains decreases. 

See f i g u r e 4.6. Wliisker widbh i s 0.12 mi-a. 

PLATE 4.1 



a) 

b) 

c ) 

d) 

113. 

to«o] 

Sequence of photographs a t zero s t r e s s along the same (lOO) 

face of a whisker as i t s width gradually i n c r e a s e s . The domain 

p a t t e r n spacing and form vary as the width changes. 

Width at centre of a) i s 0.054mm. 

VJldth a t c e n t r e of d) I s O.OJ^jmi. 

PLATE 4.2 



114. 

e) 

e) Higher m a g n i f i c a t i o n photograph of a d e t a i l from the 

domain s t r u c t u r e of s e c t i o n a ) . 

PLATE 4.2 



115. 

a) 

b) 

Domain pattern s on the top and bottom surfaces of a whisker 

with faces (OOl) and (001), and a x i s at approximately 30° to 

the [lOO] d i r e c t i o n . Whisker width i s 0.19 mm. 

PLATE 4.3 



a) 

b) 

c) 

116. 

a) Zero f i e l d 

b) 0.71 Oersteds 

c) 0.81 Oersteds 
PLATE 4.4 



d) 

e) 

f ) 

117. 

d) 1.08 Oersteds 

e) 1.35 Oersteds 

f ) Zero f i e l d 

E f f e c t of applying a magnetic f i e l d along the a x i s of a 

whisker with o r i e n t a t i o n and domain stmicture s i m i l a r to 

the whisker shown i n p l a t e 4.3. 

Whisker width i s 0.1 mm. 
PLATE 4.4 



113. 

Adjacsni: races on t h e c l r c u m f a r ^ n c e o f a -"rbis^.ir vlVs. a;:is 

r.n-." {213] and { l l O face? presDn':, sho^'jin^ ooinplex c l o s u r e 

s t r u c vuros presen:^ s i i n i l a r on afljac::;n': h?lvef- of no i : ^ h I ) O u r i n j 

{211 -.laces, but d l s l i i i l l a r on o p p o s i t e sides o f each {213| f a c e . 

{211J f o c e s a re O.076 mm. v/ide. 

( l l ( J f a c e s a re O.036 mm. wide 
PLATE 5.1 



119. 

D e t a i l from one { a i l j face of p l a t e 5.I at higher magnification 

showing complex c l o s u r e s t r u c t u r e . 

PLATE 5.2 



120. 

a) 

c) 

d) 

Whisker width I s 0.08mm. 

E f f e c t of applying small magnetic f i e l d along the whisker a x i s 

PLATE 5.3 



a) 

c) 

d) 

121. 

Whisker width i s 0.05mm. 

a) Zero s t r e s s 

b) 1.12 Kgm/sq.mm. 

c) 1.21 Kgm/sq.mm. 

d) 3.56 Kgm/sq.mm. 

PLATE 5.^ 



e) 

122. 

e) Zero s t r e s s a f t e r r e l e a s e of tension. 

D e s t r u c t i o n of zlg—zag w a l l s t r u c t u r e on the {21]] faces 

by the a p p l i c a t i o n and removal of s t r e s s along the [ i l l ] a x i s 

PLATE 5.^ 


