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ABSTRACT 
The domain s t r u c t u r e of gadolinium has been 

observed and i n v e s t i g a t e d . The wet c o l l o i d technique 
has been used f o r observation at temperatures down t o 
240K. The dry c o l l o i d technique has been used f o r 
the observation of the patterns formed at low temper­
atures below 2^0K. Various specimens of gadolinium 
of d i f f e r e n t sizes have been used t o i n v e s t i g a t e the 
•changes of domain s t r u c t u r e w i t h c r y s t a l shape and 
size. A l l the c r y s t a l s except one were obtained from 
the Centre f o r M a t e r i a l s Science U n i v e r s i t y of Birming­
ham, and were high p u r i t y . 

At 273K patterns on planes containing the c^axis 

showed p a r a l l e l l80° w a l l s , w i t h the development of 

reverse domains. The e f f e c t of the c r y s t a l thickness 

on the size of the domain s t r u c t u r e has been observed 

on the basal plane at 273K. This i s discussed and 

found t o agree w i t h an.expression due t o Kaczer. The 

e f f e c t on the patterns of reducing the temperature has 

been studied. 
The domain s t r u c t u r e has been observed at 77K, where 

the easy d i r e c t i o n s l i e on a cone around the c-axis, on 
a l l prepared surfaces. The zero f i e l d basal plane 
p a t t e r n shows complex w a l l s t r u c t u r e , while planes 
containing the c-axis show a system of domains p a r a l l e l 
t o the c-axis. The e f f e c t of applying a magnetic f i e l d 
on the domain s t r u c t u r e has been observed and i s d i s - . 
cussed. The lengths of daggers of reverse magnetization 
and the widths of t h e i r bases were found t o be i n d i r e c t 
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p r o p o r t i o n at both temperatures 77K and 216K. 

An i n t e r p r e t a t i o n of the p a t t e r n i s given f o r 

the two range of temperature, where the c-axis i s 

easy and f o r the easy cone region. A model i s 

given f o r the patterns observed at 77K and i t s 

l i m i t a t i o n s discussed. Possible types of walls 

and magnetization d i r e c t i o n are also discussed on 

the basis o f the known magnetic properties of the 

m a t e r i a l . 
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CHAPTER ONE 

INTRODUCTION 

1.1 Ferromagnetism 

A number of d i f f e r e n t types of m a t e r i a l are c a l l e d 
ferromagnetic and they are characterized by the f o l l o w i n g 
magnetic p r o p e r t i e s . The most notable property of a 
ferromagnetic m a t e r i a l i s t h a t I t can be permanently 
magnetized. Also i t s magnetization may be saturated by • 
the a p p l i c a t i o n of r e l a t i v e l y small magnetic f i e l d s . At 
the same time i t i s possible f o r the magnetization of the 
same specimen t o be zero i n zero applied f i e l d . 

The f i e l d s required t o magnetize the ferromagnetic 
substances are considerably weaker than those required 
f o r the paramagnetics. ' The explanation f o r t h i s i s that 
the atomic magnetic moments i n a ferromagnetic substance 
i n t e r a c t s t r o n g l y w i t h one ar^other and tend t o . a l i g n them­
selves p a r a l l e l t o each other ;.giving a spontaneous magnet­
i z a t i o n . 

The existence of t h i s magnetization i n • ferromagnetic 
substances a r l s ^ f r o m a combination of the presence of 
a magnetic moment associated e i t h e r w i t h the spins ' of 
unpaired electrons i n an u n f i l l e d band or w i t h the t o t a l 
angular momentum of an incomplete shel], and the presence 
of an i n t e r a c t i o n f i e l d a l i g n i n g the moments p a r a l l e l t o 
each other. The i n t e r a c t i o n i s such as to correspond to 

7 
an applied f i e l d of the order of magnitude of 10 Oe.. 



On increasing the temperature the alignment i s 

dis t u r b e d and the net magnetization decreases u n t i l 

above a c r i t i c a l temperature, the Curie point T^, the. 

thermal e f f e c t I s greater than the i n t e r a c t i o n and the 

system i s disordered. Above T the m a t e r i a l I s para-

magnetic. 
The presence of a strong inner magnetic f i e l d was 

f i r s t postulated by P. Weiss (1907). He c a l l e d i t the 
Molecular F i e l d and developed a theory of the temperature 
dependence o f the s a t u r a t i o n magnetization. I n the Weiss 
theory i t i s assumed t h a t the molecular f i e l d i s proport­
i o n a l t o the average magnetization. I t i s more reasonable 
to assume t h a t a l o c a l molecular f i e l d i s produced by the 
surrounding moments and t h a t the moments tend to l i e 
p a r a l l e l t o t h e i r neighbours r a t h e r than to the average 
magnetization. By using the supposition th a t the dipole 
o r i e n t a t i o n i s governed by Boltzmannfe D i s t r i b u t i o n Law, he 
showed t h a t the magnetic s u s c e p t i b i l i t y becomes i n f i n i t e 

•at a s p e c i f i c temperature and tha t below t h i s temperature 
the s a t u r a t i o n magnetization i s a d e f i n i t e f u n c t i o n of 
temperature, ( f i g u r e 1.1). The v a r i a t i o n i s p l o t t e d i n 
reduced u n i t s , the form of the curve depends s l i g h t l y .on 
the J value of the c a r r i e r s of magnetic moment, but a ' 

..broadly s i m i l a r dependence. i s . found f o r a l l ferromagnetic 

materials.. 

Another.attack on the same problem i s by the Bloch 

theory o f spin waves .(I93O). ̂  This takes i n t o account an .. 
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I n t e r a c t i o n due t o quantum mechanical exchange producing 
magnetic ordering. The problem i s treated by considering 
the c o r r e c t expression f o r t h i s exchange i n t e r a c t i o n instead 
of the. molecular f i e l d , and assuming tha t the spin rever­
sals are fre'fely propagated w i t h various wave-lengths 
through the c r y s t a l in.which there i s an almost perfect 
alignment of spins. I t was not possible to decide on 
the basis of the experimental data which theory was the 
co r r e c t one. Some of the pr e d i c t i o n s of the molecular 
f i e l d theory were i n disagreement w i t h experiment. 

Magnetism has i t s o r i g i n s i n . t h e spin and o r b i t a l 

magnetic moments i n an u n f i l l e d e l e c t r o n s h e l l . Act­

u a l l y the three ferromagnetic elements Fe, Co, and Ni 

have an u n f i l l e d 3ci s h e l l , while the rare earth metals, 

most of which e x h i b i t ferromagnetism at low temperatures, 

have an u n f i l l e d 4f s h e l l . 
The i n t e r p r e t a t i o n of the. nature of the molecular 

f i e l d was f i r s t presented by Heisenberg i n (1928) w i t h 
3d elements i n mind. According to h i s theory, the force 
which makes the spins l i n e up i s an exchange force of 
quantum mechanical nature. The p o t e n t i a l energy between 
two atoms having spins S. and S. i s given by 

where 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 energy i s l e a s t when Ŝ^ i s p a r a l l e l ' to Ŝ ; i f J 
iis negative, the stab l e s t a t e i s t h a t i n which Ŝ  i s 
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a n t i p a r a l l e l to S.. Two electrons w i t h the same kind 

of spin cannot approach one another c l o s e l y , since the 

Pau l i p r i n c i p l e permits an o r b i t to be occupied by one 

plus and one minus spin e l e c t r o n . The mean distance 

between two electrons should be d i f f e r e n t f o r p a r a l l e l 

spins from t h a t f o r a n t i p a r a l l e l spins, and the coulomb 

energy must be d i f f e r e n t i n the two electrons. Then 

the exchange energy i s the e l e c t r o s t a t i c energy as i t 

depends on the spin o r i e n t a t i o n through the Pauli p r i n ­

c i p l e . 
I t has been shown experimentally, from work on the 

gyiromagnetic r a t i o i n 3d. metals, t h a t about ^0% of the 
s a t u r a t i o n magnetization i s due t o el e c t r o n spins, the 
re s t being due to o r b i t a l . m o t i o n . Van Vleck (19^5) 

has shown t h a t the spins responsible f o r ferromagnetism 
are not those of valence • electrons but of u n f i l l e d 
e l e c t r o n s h e l l s . Thus f o r a substance to be f e r r o ­
magnetic ,;tmust ' . have an incomplete s h e l l . 

There have been two points o f view i n i n t e r p r e t i n g 
the moment co n f i g u r a t i o n s i n the ferromagnetic substances, 
One i s based on a l o c a l i z e d model i n which the electrons 
responsible f o r ferroraagnetlsm are regarded as l o c a l i z e d 
at t h e i r respective atoms. Rare earth metals are good 
examples t o be explained by the l o c a l i z e d model, since 
the electrons responsible f o r the magnetism of these 
metals are i n the deep inner 4f s h e l l s of i n d i v i d u a l 
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atoms. Then the atomic moments i n t e r a c t w i t h one another 
by an exchange i n t e r a c t i o n through conduction electrons. 

The other point of view uses a c o l l e c t i v e e l e c t r o n 
model i n which the electrons responsible f o r ferromagnetism 
.are thought of as wandering through the c r y s t a l l a t t i c e . 

The 3d electrons i n the t r a n s i t i o n metals are the 
most exposed except f o r the 4s.conduction electrons. 
The 3d s h e l l s o f I n d i v i d u a l atoms are thought to be nearly 
touching or overlapping w i t h those of neighbouring atoms. 
Then the energy l e v e l s of 3d electrons are perturbed 
and spread t o form an energy band. . The band theory of 
ferromagnetism was f i r s t proposed by Stoner in. (1936) 

and independently by Sla;ter i n (l936).The theory of c o l l e c t i v e 
e l e c t r o n ferromagnetism i s i n b e t t e r agreement w i t h experiment. 
D e t a i l e d comparison w i t h experimental measurements of magnetic 
and thermal p r o p e r t i e s and w i t h neutron d i f f r a c t i o n studies show 
t h a t f o r Ni the c o l l e c t i v e e l e c t r o n theory of ferromagnetism i s 
favoured,. whereas f o r Fe and Gd the Heisenberg theory i s b e t t e r . 

An intermediate polar model of c r y s t a l s was also proposed 
i n the works of S l a t e r (1930), Shubin and Vonsovskil (1934). 

The l a t t e r also suggested an s-d exchange model f o r ferromagnetic 
metals, and t h i s , idea was developed f u r t h e r i n the work of 
Vonsovskii (1946). 

.1.2 Magnetization Curve 
We now r e t u r n t o the problem, t h a t w h i l s t theory p r e d i c t s 

t h a t a ferromagnetic m a t e r i a l w i l l be spontaneously magnetized 
t o s a t u r a t i o n below the Curie temperature, i n fa c t i t can appear 
t o have zero magnetization i n the absence of an applied f i e l d . 
F u rther experimental f a c t s must also be considered. When 
a magnetic f i e l d i s applied to a 



ferromagnetic specimen, the magnetization may vary from 
zero t o the s a t u r a t i o n value. The v a r i a t i o n of (M^) 

the component of the magnetization along the d i r e c t i o n of 
the a p p lied f i e l d , w i t h the applied f i e l d depends on the 
m a t e r i a l , but f r e q u e n t l y the curves have the general 
appearance of the well-known hysteresis-loop as shown i n 
f i g u r e ( 1 - 2 ) . 

I t i s assumed t h a t the m a t e r i a l i s I n i t i a l l y i n . a 
demagnetized s t a t e . When a f i e l d i s . a p p l i e d , the magnet­
i z a t i o n M^ increases at f i r s t slowly and then very r a p i d l y , • 
u n t i l the s a t u r a t i o n value 1̂  i s reached. A f t e r s a t u r a t i o n 
the r i s e i n magnetization i s very gradual and nearly l i n e a r . 
This part of the p l o t i s known as the magnetization curve, 
and the magnetization process up t o s a t u r a t i o n i s c a l l e d 
t e c h n i c a l magnetization. By performing the sequence of 
operations of reducing the f i e l d t o zero, increasing i t i n 
the reverse d i r e c t i o n , decreasing i t t o zero, and then 
i n c r e a s i n g I t t o the o r i g i n a l . v a l u e , a hysteresis curve or loop 
i s obtained. This curve i s symmetric about the o r i g i n and 
i s u s u a l l y c l o s e l y reproducible a f t e r a few cycles of magnet­
i z a t i o n . Since the magnetization lags the applied f i e l d , 
work I s performed on t a k i n g the m a t e r i a l through a cycle. 
This work i s given by the l i n e i n t e g r a l 

w H . dM 

takeri along the h y s t e r e s i s loop and i s obviously equal t o 
the area enclosed by the loop. On the hysteresis loop 
the value of the magnetization f o r H = o i s c a l l e d the 
r e s i d u a l magnetization or remanence Mr^ The value o f 



FIG. (1-2) 



t b ^ - ' f i e l d f o r which Mjj = o I s c a l l e d the coercive force H^. 
The s a t u r a t i o n f i e l d of a ferroraagnet i s determined 

by i t s magnetic anisotropy (Honda and Kaya I926). Even 
i n the most p e r f e c t ferromagnetic s i n g l e c r y s t a l s , .saturati6n 
i s reached i n very weak f i e l d only f o r magnetization along 
a .small number of p r i n c i p a l symmetry axes of the c r y s t a l , 
known as the axes of easy magnetization. Saturation i n 
other d i r e c t i o n s requires higher (and sometimes very much 

hig h e r ) f i e l d s . 
Thus the energy t o magnetize i s dependent on d i r e c t i o n 

i n the c r y s t a l and t h i s i s known as magnetocrystalline 

anisbtropy energy. 

The spontaneous magnetization i s independent, at l e a s t 

i n the f i r s t approximation, of an e x t e r n a l magnetic f i e l d 

and i s equal i n magnitude t o the observed magnetic satur­

a t i o n I ^ . This magnetization, as we said before, depends 

considerably on the temperature and i t disappears completely 

above the Curie p o i n t . 
Changes of magnetization around the hysteresis loop 

are accompanied by changes i n the dimensions of the sample. 
.These changes are described by the general term magnetostriction, 

1.3 Domain assumption 
Domains were p r l g i n a l l y . p o s t u l a t e d by Weiss (1907) i n 

order t o account f o r the observed magnetization and hysteresis 
curves. I n s p i t e of the presence of spontaneous magnetization, 
a block of.ferromagnetic substance, p o l y c r y s t a l l i n e or s i n g l e 
c r y s t a l , i n p r a c t i c e , i s u s u a l l y not spontaneously magnetized 



8. 

but f r e q u e n t l y observed t o e x i s t i n a s t a t e of zero o v e r a l l 
magnetization. But i n the ferromagnetic state i t i s possible 
f o r the i n d u c t i o n and magnetization t o be both d i f f e r e n t 
from zero/(B = 4'n'l ;̂  0 ) at zero f i e l d , provided t h a t 
d i v B = o and d i v 1 = 0 . For the l a t t e r to be tr u e i n 
t h i s case/ vectors I ( / o) must be so d i s t r i b u t e d over the' 
sample volume t h a t no magnetic charges capable of producing 
a f i e l d can appear. This f a c t led Weiss to suggest f u r t h e r 
t h a t such c r y s t a l s are always magnetically saturated through­
out small regions, and t h a t when a c r y s t a l i s i n the demag­
ne t i z e d s t a t e , the d i r e c t i o n s o f magnetization of these 
regions,: or domains, are randomly oriented so t h a t the 
r e s u l t a n t magnetization of the c r y s t a l along any d i r e c t i o n 
i s zero. According t o t h i s , the e f f e c t of an applied f i e l d 
i n such a c r y s t a l i s , then, not to induce the magnetization 
at the atomic l e v e l , but t o a l i g n the magnetization v e c t o r 

of the domains. 
Now the magnetization of the ferromagnetic specimen 

changes when a magnetic f i e l d - i s present. The process of 
magnetization generally consistsof a rearrangement of the 
s t r u c t u r e s , as was suggested by R.Becker (1950). I t 
i s believed t h a t two main processes may occur. I n one the 
volume of the domains favorably oriented w i t h respect t o 
the applied f i e l d grows at the expense of those unfavorably 
o r i e n t e d ; t h a t i s , there i s a displacement of the domain 
w a l l s . I n the other process the magnetization of the 
domain r o t a t e s toward the f i e l d d i r e c t i o n . The two: 
processes may occur e i t h e r r e v e r s i b l y or i r r e v e r s i b l y 



9. 

depending on the strength of the applied f i e l d and on the 

nature o f the specimen. 

Landau and L i f s h l t z (1935) showed t h a t the s u b - d i v i s i o n 

of a specimen I n t o domains could r e s u l t i n a considerable 

reduction i n the magnetosfetlc energy from t h a t of the 

saturated c o n d i t i o n . The separate energy c o n t r i b u t i o n s 

are summed to give the t o t a l f ree energy of the specimen 

and the sizes of the domains are assumed to be those which 

lead t o a minimum value of the free energy. 

. Now however, l e t us see from a simple q u a l i t a t i v e 

argument why domains may be expected t o occur. The stable 

e q u i l i b r i u m s t a t e of the specimen's magnetization i s sought 

by minimizing an expression f o r the free energy. The t o t a l 

f r e e energy of a ferromagnetic specimen i n an applied 

magnetic f i e l d may be w r i t t e n as the sum of several free 

energy terms. 

= ^ + V ^ + ^o • 

Fjj i s the energy o f the specimen's magnetization i n the 

applied f i e l d H. 

Fp I s the self-energy of the magnetization i n i t s own f i e l d 

F.̂  i s the c r y s t a l l i n e anisotropy energy 

F i s the magneto - Strl-.ctive energy 

F i s the exchange free energy 
represents any other c o n t r i b u t i o n s t o the free, energy t h a t 

may be present. 
Suppose t h a t the applied f i e l d , i s zero, t h a t there are 

no stresses. I n t e r n a l or e x t e r n a l , and t h a t the specimen has . 
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no imperfections. Then Fu = F = F =0.. Further, suppase 
n cy o 

t h a t the long edge of the c r y s t a l l i e s along an easy d i r e c t i o n 
of magnetization. Then F„ w i l l be a minimum i f a l l the atomic 
magnetic moments l i e p a r a l l e l to t h i s long edge. Such a 
single-domain c o n f i g u r a t i o n i s shown i n f i g u r e ( l . J a ) . I n 
a d d i t i o n , the exchange energy F^ w i l l also be a minimum. 
However, the remaining term, F^, the demagnetization energy, 
w i l l not have i t s minimum value. This large magnetostatlc 
energy w i l l be decreased by i n t r o d u c i n g a domain s t r u c t u r e , 
although i t may be accomplished only at the expense of 
i n c r e a s i n g the other energy terms. For example f o r the 
c o n f i g u r a t i o n of two a n t l p a r a l l e l domains, f i g u r e ( l . ^ b ) , 
the demagnetlzatlng energy i s reduced by a f a c t o r of about 
one h a l f . There i s now a boundary or t r a n s i t i o n region 
between the two domains i n which the atomic moments are 
not p a r a l l e l t o each other and moreover do not l i e along 
easy d i r e c t i o n s . Hence F^ and F̂ ^ are Increased. The 
boundary region i s o f t e n c a l l e d a domain w a l l . Certain 
domain arrangements make the demagnetization energy zero 
f i g u r e (1.3c). The t r i a n g u l a r or prismatic domains, 
c a l l e d closure domains, are most l i k e l y t o occur i f t h e i r 
magnetization l i e s along an easy d i r e c t i o n . Such may be 
: the case f o r cubic c r y s t a l s . For u n i a x i a l c r y s t a l s the 
magnetization i n closure domains.would have to l i e along a hard 
d i r e c t i o n . However, i n both cases, the formation of 
closure domains involves a c e r t a i n amount of magneto-
e l a s t i c energy due t o magnetostriction. The demagnatization 
energy term I s p r i m a r i l y responsible f o r the occurrence 
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of domains. 

I t i s known t h a t the o r i g i n of the demagnetization.energy 
i? the c l a s s i c a l d i p o l e - d l p o l e i n t e r a c t i o n , which i s very muQh 
smaller than the exchange i n t e r a c t i o n between adjacent atoms. 
Hence i t may a t . f i r s t appear anomalous, t h a t a domain s t r u c t u r e 
r a t h e r than a st a t e of uniform magnetization i s usually 
favoured. The reason i s t h a t the di p o l e - d i p o l e forces are 
long range, dropping o f f slowly w i t h distance, whereas the 
exchange forces are short range being l i m i t e d almost to the 
nearest neighbours. Thus, o v e r a l l , a domain s t r u c t u r e i s 
to be expected, whereas over short distances, t h a t i s w i t h i n 
one domain, the magnetization i s expected to be uniform. 

Therefore, as a general r u l e , a domain c o n f i g u r a t i o n 
i s expected t h a t w i l l reduce, i f not remove, the uncompensated 
poles on the surface of the specimen. 

lA Domain discovery 
. The f i r s t experimental v e r i f i c a t i o n of the presence of 

ferromagnetic domains was I n d i r e c t and was made by Barkhaugen 
i n (1919). His e.icperiment consists i n am p l i f y i n g the voltage 
induced i n the secondary c o l l which.Is wound around the f e r r o ­
magnetic . being magnetized, and observing the noise induced 
by the changing magnetization. The presence of c h a r a c t e r i s t i c 
noise proved t h a t the magnetization process consists of many 
small discontinuous f l u x changes. At the time these were 
thought t o be due t o the re v e r s a l of magnetization of each 
small magnefclc domain. 

, The d i r e c t observation of ferromagnetic domain s t r u c t u r e 
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was attempted by B i t t e r i n (1951), and Independently by 
Von Hamos and Thlessen i n (1932). They applied a drop of 
a ferromagnetic c o l l o i d a l suspension, containing f i n e 
ferromagnetic p a r t i c l e s , t o a polished surface of a f e r r o ­
magnetic specimen and observed the image of the domain. 
B i t t e r d i d not conclude t h a t the image he got was true 
domain structui.-'e, but explained as being due to the Inhomo-
genelty i n the substance. He was unable to provide a 
r e l a t i o n s h i p between the p a t t e r n observed on the surface 
and the i n t e r n a l s t r u c t u r e , because the mechanical p o l i s h i n g 
produced s t r a i n on the surface, and the magnetic p a r t i c l e s 
used were not s u f f i c i e n t l y responsive t o the st r a y f i e l d s 
a t : t h e surface. This technique became known as the B i t t e r 
technique. 

Several improvements were made by Elmore (1938) i n the 
techniques of the preparation of the ferromagnetic c o l l o i d a l 
suspension and also i n p o l i s h i n g . By e l e c t r o - p o l i s h i n g a 
cobalt specimen he eliminated the s t r a i n previously r e s u l t i n g 
from mechanical p o l i s h i n g and thus observed the true domain 
s t r u c t u r e of cob a l t . 

I n (1934) Kaya made d e t a i l e d domain patterns of i r o n 
and n i c k e l s i n g l e c r y s t a l s and showed the maze pat t e r n 
due t o the. g r i n d i n g or the p o l i s h i n g of the c r y s t a l surface. 

Well defined domain s t r u c t u r e s were observed by Williams, 
Bozorth.and Shockley i n (19^9) on Si-Fe c r y s t a l s . They 
used the B i t t e r Technique on the electr o - p o l i s h e d surface. 
These i n v e s t i g a t o r s showed t h a t the domain structu r e s are i n 
good agreement w i t h the t h e o r e t i c a l p r e d i c t i o n s of Landau and 
L i f s h l t z and also.of Neel. 
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CHAPTER TWO 

ENERGY OF MAGNETIC DOMAINS 

The purpose of t h i s chapter i s t o derive . 
expressions f o r the d i f f e r e n t types of energy which enter 
s p e c i a l l y i n t o the theory of magnetic domain s t r u c t u r e s . 
The most important energies are: exchange energy; anisotropy 
energy; raagnetoelastic energy and magrietostatic energy. 
I n p r i n c i p l e , the i n c l u s i o n of a l l of these terms i s necessary 
and the omission of any one w i l l cause modifications I n the 
nature of the s t r u c t u r e of the domains. Thus i t i s necessary 
i n an examination of.domain s t r u c t u r e to. provide expressions 
f o r the energy due t o various e f f e c t s . The expression f o r 
the t o t a l energy per u n i t , volume of the system i s 

E' = E .- H.I 2.1 
H.I represents the p o t e n t i a l energy of a magnetized 

body, i n the magnetic f i e l d , and E i s the i n t e r n a l energy 
which includes magnetocrystalline anisotropy, magnetostriction 
and energy due t o fre e pole. I t i s then assumed t h a t , at 
e q u i l i b r i u m , the sum. of the energy terms i s a minimum w i t h 
respect t o some parameter^ I.e.. dE^/d ^ = 0. I t has not 
yet been found possible t o predict, a p a r t i c u l a r domain 
;str u c t u r e by c a l c u l a t i o n from the constants of the m a t e r i a l .. 
and the dimensions, of the specimen, but i f reasonable models 
aire proposed they may be analysed t o f i n d which has the 
l e a s t energy and.is t h e r e f o r e most l i k e l y t o occur i n p r a c t i c e . 
S t r u c t u r e s found by d i r e c t observation may be analysed i n 

. order t o t e s t ..the v a l i d i t y of the mathematical approach or, 
t o measure one of the parameters.where the others are known. 
The domain s t r u c t u r e should .correspond t o the general s o l u t i o n , 
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f o r the lowest energy s t a t e . 

2.1 Exchange Energy 
The existence of spontaneous magnetization may be 

considered as an atomic phenomenon.' The ferromagnetism 
a r i s e s by combining two f a c t s , f i r s t the. presence of magnetic 
moment associated w i t h an Incomplete e l e c t r o n s h e l l and 
secondly the existence of an i n t e r a c t i o n f i e l d between 
moments of neighbouring atoms. This I n t e r a c t i o n , a l i g n i n g 
the moments p a r a l l e l t o each other, may be expressed i n terms 
of a magnetic f i e l d H^ '.(the Weiss F i e l d ) , p r o p o r t i o n a l t o 
the i n t e n s i t y of magnetization I , : . 

So the p o t e n t i a l energy corresponding i s . 
- , = -/^H^ 2.3 
where ^ i s the spin moment. 

Heisenberg's treatment showed t h a t a p o s i t i v e exchange 
i n t e r a c t i o n could have e f f e c t s s i m i l a r to those of the Weiss 
molecular f i e l d , when electrons w i t h p a r a l l e l alignment of 
t h e i r spins have a lower energy than those w i t h a n t l p a r a l l e l 
alignment. 

I n quantum mechanical terms the p a r a l l e l i s m of the spin 
vector a r i s e s from the a p p l i c a t i o n of the Paull exclusion 
p r i n c i p l e , which f o r a p a r t i c u l a r e l e c t r o n c o n f i g u r a t i o n f o r b i d s 
the a n t i p a r a l l e l arrangement of spins.. I t i s usual to employ 
a model i n which, at each l a t t i c e point of the c r y s t a l , there 
i s s i t u a t e d an atom w i t h t o t a l spin quantum number S where S 
i s equal t o the number, of unpaired e l e c t r o n spins i n the atom 
and i s an integ.er. 

The relevant r e s u l t of the quantum-mechanical treatment 
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of the many-electron problem may be summarized by saying t h a t 
there I s a term of e l e c t r o - s t a t i c o r i g i n , which does not 
enter on c l a s s i c a l dynamics, i n the energy of i n t e r a c t i o n 
between neighbouring atoms, and t h i s term tends t o o r i e n t 
the e l e c t r o n moment of the.atoms e i t h e r p a r a l l e l or a n t i -
p a r a l l e l t o each other according t o the algebraic sign of 
a c e r t a i n energy I n t e g r a l J, knovim as the exchange I n t e g r a l . 

The e f f e c t i v e coupling between spins caused by the 
exchange e f f e c t i s equivalent t o a potential.energy of the 
form: 

= .- 2 J , j S, . S j : • 2-* 

where J.. i s the exchange i n t e g r a l connecting atom 1 and j , 
and S. i n the spin angular momentum of atom 1 and S. tha t 
of.atom j , measured i n m u l t i p l e s of h/ _. This equation 
was shown t o be a fundamental r e s u l t of quantum theory by 
Van Vleck (1945). I t turns out t h a t - t h e spin matrices are 
approximately r e l a t e d t o c l a s s i c a l vectors, and i n t h i s case 
equation 2.4 may be r e w r i t t e n as 

"ex = - £ 2 J i j S2 o»s 2.5 
Where i s the angle between the d i r e c t i o n s of the spin 
angular momentum vectors, understood i n a c l a s s i c a l sense; 
W_„. i s now the exchange energy. 

I n domain theory one i s of t e n I n t e r e s t e d i n the exchange 
energy only" f01^ c o n f i g u r a t i o n s i n which neighbouring spins 
make small angles w i t h each o t h e r . I f i t i s supposed t h a t only 
i n t e r a c t i o n s between nearest neighbours are important f o r 
the exchange energy and t h a t these i n t e r a c t i o n are equal, 
then 

"ex 2 J Ŝ : ̂ C Q S .C5j^j 2.6 
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<^ . 1 since neighbouring spins make a small angle w i t h 
-J 

each other, then 
A ŵ ^ ' J s2 £ <̂ >̂ / 2.7 

and the exchange energy between each p a i r of spins i s 
A W.J =. J S^c^^ 2.8 

We may express equation (2.7) i n another form as f o l l o w s : 
Suppose t h a t the d i r e c t i o n cosines of the spin at l a t t i c e 
p o i n t r j are cU,^ ,o</,o<j^. Now the d i r e c t i o n cosine.s 

1 ' ̂ ± > neighbouring l a t t i c e point may 

be expended i n a Taylor series 

. On summing over nearest neighbours on a body centered cubic 

l a t t i c e w i t h l a t t i c e constant a then: 

and by using {c^.c/^) = o , 

the equation turns t o 
A w^^ = 2 Js2 ̂ ^-^[{VoCf ̂  + (7 ^ j ' ) ^ ] 2.9 

The energy density of exchange i n t e r a c t i o n becomes 
f g ^ = A [ ' ( y f ^ ) 2 + ( V ^ ) ^ + (\7<^)^:] 2.10 

2 
where A = 2JS /a i s the exchange, constant. 
This form was proposed by Landau and L i f s h i t z (1935). 

The r e l a t i o n between A and the Weiss c o e f f i c i e n t N^ 
I s found by equating the exchange energy f o r the saturated 

2 
s t a t e t o the i n t e r n a l energy due t o the Weiss f i e l d i N^I^ . 

The exchange constant A. cannot be. measured d i r e c t l y 
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but may be simply estimated by two d i f f e r e n t methods. 
F i r s t l y i t may be obtained from the measured value of the 
Curie temperature where the thermal energy becomes roughly . 

.equal t o the exchange energy k T . The second method i s 
by the experimental, determination of the constant C i n the 
law, (Bloch 1930). 

I = I , (1 - C T ^/^) . 2.11 
f o r the v a r i a t i o n of the s a t u r a t i o n magnetization at low 
temperatures. Here the value of C i s r e l a t e d d i r e c t l y t o 
the exchange constant. These estimates are useful since 
the value of the exchange constant enters i n t o the t h e o r e t i c a l 
c a l c u l a t i o n f o r both the width and energy of the domain w a l l s . 
Seayey and Tannenwald (1959) describe a method which gives 
the exchange constant A d i r e c t l y from spin wave resonance 
measurements. 

.2.2 Anisotropy Energy 
Weiss suggested t h a t i n a s i n g l e c r y s t a l i n a demagnetized 

s t a t e the domain magnetizations could l i e i n a l l d i r e c t i o n s . • 
This would.mean t h a t the magnetization curves 
whatever the d i r e c t i o n of the applied f i e l d r e l a t i v e to 
the axes of the c r y s t a l , would be the same. Experimental 
magnetization curves show that., much smaller applied f i e l d s 
are required t o induce a given l e v e l of magnetization i n 
some d i r e c t i o n s than i n others. 

.The anisotropy energy or. the magnetocrystalline aniso­
t r o p y energy of a ferromagnetic c r y s t a l i s a f u n c t i o n . o f 
magnetization d i r e c t i o n so t h a t the magnetization tends t o 
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be d i r e c t e d along c e r t a i n d e f i n i t e c r y s t a l l o g r a p h i c axes, 
which accordingly, are c a l l e d d i r e c t i o n s of easy magnetiz­
a t i o n . The d i r e c t i o n s along which i t i s most d i f f i c u l t 
t o magnetize the c r y s t a l are c a l l e d hard d i r e c t i o n s . I t 
i s found to require the expenditure of a c e r t a i n and o f t e n 
considerable amount of energy t o magnetize a c r y s t a l t o 
s a t u r a t i o n i n a hard d i r e c t i o n . A lower amount of 
energy i s required t o saturate the c r y s t a l along a d i r e c t i o n 
of easy magnetization. The excess energy need.e<i i n the 
hard d i r e c t i o n I s the anisotropy energy. 

Magnetic anisotropy can be produced by applying mechanical 
stress t o the m a t e r i a l . This i s c a l l e d magnetostrictive 
anisotropy. Magnetic anisotropy can also be c o n t r o l l e d by 
heat t r e a t i n g the m a t e r i a l i n a magnetic f i e l d , and t h i s i s 
c a l l e d Induced magnetic an.isotropy. 

The simplest form of c r y s t a l anisotropy i s u n i a x i a l 
.anisotropy. A c r y s t a l which e x h i b i t s t h i s form of anisotropy 
has an easy d i r e c t i o n p a r a l l e l t o some axis of the c r y s t a l . 
As the i n t e r n a l magnetization r o t a t e s away from t h i s a x i s , 
the anisotropy energy increases w i t h increase of 0 , the... 
angle between the axis and the i n t e r n a l magnetization. I t 
takes i t s maximum value at g = 90°, and then decreases t o 
i t s o r i g i n a l value at ^ = l80°. I t i s n a t u r a l to expect 
t h a t the anisotropy energy density f ^ may be represented by 
a series expansion of the powers of s i n ̂  . 

Odd powers of s i n Q have not been included since, by 
symmetry,the-0 d i r e c t i o n i s equivalent magnetically and 
c r y s t a l l o g r a p h l c a l l y t o the + 0 d i r e c t i o n . The are 
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constant^ Independent of G . I t i s a c t u a l l y found th a t 
a very good representation of the experimental observations 
i s u s u a l l y given by the f i r s t three terms. 

. f = s i n % + Kg sln^0 + K^ sln^0 2.13 
So the anisotropy energy i n e f f e c t determines the d i r e c t i o n 
of magnetization r e l a t i v e to the c r y s t a l axes. This c o n t r i b ­
u t i o n t o the t o t a l energy w i l l be a minimum when the various 
domain, magnetizations a l l l i e along easy d i r e c t i o n s . 

The q u a n t i t i e s K^i^and K^ are formal c o e f f i c i e n t s which 
may be used t o describe accurately the a n i s o t r o p i c p r o p e r t i e s 
of ferromagnetic m a t e r i a l s . They give no i n d i c a t i o n of the 
ph y s i c a l o r i g i n of the anisotropy. 

The exchange energy by i t s e l f does not lead t o any aniso­
tropy regardless of the a c t u a l geometrical anisotropy of the 
c r y s t a l s t r u c t u r e . The magnetic moment dl p o l e - d l p o l e i n t e r ­
a c t i o n between e l e c t r o n i c moments leads t o only very small 
values of the anisotropy constants, much smaller thaii are 
observed. The anisotropy constants are found t o be very 
s e n s i t i y e t o temperature changes, and i t i s not unusual f o r 
the sign of the constants t o change between low and high 
temperatures. The o r i g i n of the anisotropy energy was. 
believed (Sommerfeld and Bethe. 1933, Brooks 1940, Van Vleck 
1947) t o be the r e s u l t of the combined e f f e c t s of the mutual 
coupling between e l e c t r o n spins and the i n t e r a c t i o n between 
the spins and the c r y s t a l l a t t i c e . . The physical o r i g i n of 
the i n t e r a c t i o n between the e l e c t r o n spins and the c r y s t a l 
l a t t i c e was believed t o be the r e s u l t of s p i n - o r b i t coupling, 
but the theory. I s complex even when s i m p l i f i c a t i o n s are made. 
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. One r e s u l t which mi^t be a n t i c i p a t e d from any theory 
o f anisotropy i s t h a t the magnetic anisotropy energy would 
tend t o be large f o r c r y s t a l s whose l a t t i c e of magnetic 
ions i s of low symmetry, while the anisotropy energy would 
be expected on the whole to be low f o r c r y s t a l l a t t i c e s of 
high symmetry. This r u l e i s suggested by the f a c t t h a t 
the anisotropy energy enters only i n higher order approxim­
a t i o n s I n a cubic c r y s t a l than i n an u n i a x i a l c r y s t a l . The 
data observed support t h i s hypothesis^ the anisotropy energies 
of the cubic c r y s t a l s P and N. are of the order of 10^ erg/ 

- - c • * -L 

cc, while f o r the hexagonal c r y s t a l G.q i t i s of the order 
of 10' erg /co. 

I r o n i s a cubic c r y s t a l , and the magnetization curves 
show t h a t the cube edges f^lOOj, fOlOU and QOOlJ are the 
d i r e c t i o n s of easy magnetization, while the body diagonals 
[ ] l l l J and equivalent axes are hard d i r e c t i o n s . I n attempting 
to represent the anisotropy energy of i r o n i n an a r b i t r a r y 
d i r e c t i o n w i t h d i r e c t i o n cosines oĈ , ô *̂ <p<̂  r e f e r r e d t o the 
cube edges.it i s found t h a t there are r e s t r i c t i o n s imposed 
by cubic symmetry. For example, the expression f o r the 
anisotropy energy must contain even powers of each^^^ ; and i t 
must, be i h v a r i e n t under interchanges of the c><_; among them-

i 
selves 

2 . 2.2. . ..2 .:.2 ̂  . 2 2_2 . 
1 2 . 2 3 3 1 - 1 . 2 3 '̂ '̂ ^ 

There are various means f o r measuring the magnetic 
anisotropy.. . The torque magnetometer i s an apparatus commonly-
used f o r t h i s purpose. The p r i n c i p l e of t h i s apparatus i s 
t o suspend, the specimen by a f i n e e l a s t i c s t r i n g between the 
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pole pieces of a r o t a t a b l e electromagnet. When a strong 
magnetic f i e l d i s applied t o the specimen, the i n t e r n a l 
magnetization i s forced t o l i n e up w i t h the f i e l d , and the 
specimen d i s k tends t o r o t a t e t o make an easy d i r e c t i o n . . 
approach the d i r e c t i o n of magnetization. I f the magnet 
i s r o t a t e d , the torque can be measured as a f u n c t i o n of 
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 of magnetization, and the various 
anisotropy constants may be obtained by analysis of these 
torque curves. 

An a l t e r n a t i v e method f o r determining the anisotropy 
i s t o measure the magnetization curves f o r a single c r y s t a l 
i n a number of p r i n c i p a l c r y s t a l d i r e c t i o n s . Then the 
constants may be cal c u l a t e d from the area enclosed by the 

magnetization curve, the ordinate a x i s , and the l i n e I = I s ; 
f 

t h a t i s W = H d I . This however. Involves an accurate 
knowledge of the demagnetizing, f a c t o r . 

The magnetic anisotropy can also be measured by means 
. of ferromagnetic resonance. The resonance frequency depends 
on the e x t e r n a l magnetic f i e l d , which exerts a torque on the 
precesslng spin,system. Since a magnetic anisotropy also 
causes a torqUe on a spin system i f i t points i n other than 
easy d i r e c t i o n s , the resonance frequency i s expected t o be 
dependent on the magnetic anisotropy. 

2.3 M a g n e t o - s t r l c t i o n energy 

The c r y s t a l anisotropy energy and the exchange energy 
are found t o depend on the interatomic spacing of the l a t t i c e . 
Consequently any change i n the.interatomic spacing gives r i s e 
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t o a f u r t h e r energy c o n t r i b u t i o n to the free energy of a 
magnetic c r y s t a l . 

I t i s found experimentally t h a t there i s a change i n the 
dimension of a c r y s t a l when i t s magnetization i s varied, and 
t h i s may cause i n t e r n a l stress i f the c r y s t a l i s not allowed 
to expand f r e e l y . This phenomena i s c a l l e d magnetostriction 
and observed by Joule (l842). The magnetoelastic energy 
i s t h a t part of the energy of the c r y s t a l which arises from 
the i n t e r a c t i o n between the magnetization and the mechanical 
s t r a i n , of the l a t t i c e , which implies t h a t the a p p l i c a t i o n of 
a stress w i l l change the magnetization. The magnetoelastic 
energy i s defined t o be zero.for unstrained l a t t i c e . 

I n consideration of the energy terms relevant to domain 
s t r u c t u r e problems, the inverse e f f e c t i s perhaps more important. 
This means t h a t , i f a magnetic c r y s t a l i s s t r a i n e d by an external 
f o r c e , t h i s a d d i t i o n a l s t r a i n w i l l a l t e r the d i r e c t i o n of the 
i n t r i n s i c magnetization. The. preferred d i r e c t i o n of domain 
magnetization may .be c o n t r o l l e d not only by the magnetocrystallin 
aniSOStropy but also by the presence of s t r a i n e d regions w i t h i n 
the m a t e r i a l . 

The most extensive i n v e s t i g a t i o n s have been of the l i n e a r 
m a g n e t o s t r i c t i o n A * defined as the change of length /\ 1 per 
i m i t length, t h a t i s ̂ V I j measured i n a p a r t i c u l a r d i r e c t i o n . 
There w i l l be no l i n e a r magnetostriction i f the anisotropy 
energy i s independent of the st a t e of s t r a i n of the c r y s t a l . 
The smailness of the change of length requires the use of 
.sensitive measuring equipment... A. variety, of techniques 
have been employed but the r e s i s t i v e , s t r a i n gauge method has 
been much used despite problems of .bonding and gauge.factor 
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determination. 

When the specimen i s magnetized t o s a t u r a t i o n , the 
magne t o s t r i c t i o n approaches a l i m i t i n g value, \ , c a l l e d 

s • 
the s a t u r a t i o n magnetostriction. The magnetostriction 
I s p o s i t i v e or negative, depending on whether there i s an 
expansion or c o n t r a c t i o n . 

M a g n e t o s t r i c t i o n phenomena are t r e a t e d by macroscopic 
phenomenoglcal theory developed by Akulov (1931) and Becker 
(1930). This theory has been c r i t i c i z e d by Brown (1953)* 
though I t has provided an i n t e r p r e t a t i o n of most of the 
experimental r e s u l t s . ..In cubic c r y s t a l s the assumption was 
made t h a t the c r y s t a l s t r a i n depends on the d i r e c t i o n of the 
spontaneous magnetization w i t h respect to the c r y s t a l axes, 
t h a t i s on the d i r e c t i o n cosines oC-^if^ 2 s-^d^f^. Hence the 
change of the length I n a c e r t a i n d i r e c t i o n whose d i r e c t i o n 
cosines are/^^,/^^ and 1}^ is given by (Beckeri^ Dorlng (1939). 

= 2 A ^ ( o c ^ f t ^ +oC^/5^ +(?<^ - 1 ) 
~ 2 [lOOj 1 1 2 2 3 3 3 

- ^^nn'^ ¥2-'^zSPA 2.15 
^100 ' \ l l s a t u r a t i o n values of the l o n g i t u d i n a l 
m a g n e t o s t r i c t i o n constants i n [lOO] and [ ^ l l l j d l r e c t l o n s 
r e s p e c t i v e l y . I:r the magnetostriction i s assumed to be 
i s o t r o p i c , t h a t i s , A^^QQ-J = A [ l i l ] = A s 

41 =1 { 0 0 3 % - i ) 2.16 
where 0 = cos"''" f ^ j ^ i s the angle between the 

y\ 1 / • 
spontaneous magnetization and the d i r e c t i o n i n which / - l 
i s measured. This equation f i n d s some:use f o r . p o l y c r y s t a l l i n e 
specimens. 

When a. tension 0— i s applied,, an expression f o r the 
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c o n t r i b u t i o n to the free energy F̂ , per u n i t volume a r i s e s . 
This f r e e energy w i l l be equal to the work done when the 
magnetostriction change of length occurs i n the presence 
of the tension. 

V = - ^"i' = - 1 '^'•'^ 2.17 
For Xg"^ o the mlmlmum i n F̂ ^̂  occurs when the d i r e c t i o n 
of magnetization i s p a r a l l e l t o the stress a x i s , while f o r 
^V^o the minimum occurs when M i s perpendicular. 

2.4 Magnetostatlc Energy 

The f i r s t c o r r e c t conception of magnetic domain s t r u c t u r e 
was obtained by Landau and L i f s h l t z (1935), and by Neel (1944), 
because they took the magnetbstatic energy i n t o consideration 
i n the c a l c u l a t i o n of the size of magnetic domains. Williams, 
Bozorth and Shockley.in (1949) V e r i f i e d t h i s c a l c u l a t i o n 
experimentally. 

The e f f e c t of an applied magnetic f i e l d H oh a domain 
magnetized t o an i n t e n s i t y I i n a d i r e c t i o n at an angle Q 

• s . 
w i t h the f i e l d d i r e c t i o n i s to create on i t a couple equal 
t o IgHsin^.per u n i t volume, tending t o . r o t a t e the magnetization 
i n t o the f i e l d d i r e c t i o n . The p o t e n t i a l energy of a magnetic 
specimen i s given by 

. Ejj = - H.I = - HIg_ cos e 2.18 
The energy according to t h i s expression w i l l be zero at Q = . 

and as i t i s sometimes convenient to have the energy equal 
zero at 0= o, so the energy expression I s w r i t t e n as 

Ejj = HIg ( 1 - cose) 2.19 
Because of.the demagnetizing f i e l d of the specimen, t h i s 
f i e l d H W i l l u s u a l l y d i f f e r considerably from the e x t e r n a l l y 
a p p l i e d f i e I d H^. 
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At the same time, even when no ex t e r n a l f i e l d i s 
ap p l i e d a magnetized body of f i n i t e size has a c e r t a i n 
magnetostatic energy. This i s because of the i n t e r a c t i o n 
..between the magnetic moment of the body and i t s own f i e l d , 
which may be c a l c u l a t e d as the work required t o assemble a l l 
the d i p o l e s , equal t o E = Hj^. The f a c t o r i s , 

introduced sinsite each d i p o l e would otherwise be counted twice. 
The demagnetizing f i e l d E-^ i s p r o p o r t i o n a l t o I and i s equal 
E-Q . = -NI, N i s the demagnetizing f a c t o r ; I and are i n 
opposite d i r e c t i o n s . So the s e l f energy due t o the i n t e r ­
a c t i o n between the f r e e pole and i t s own demagnetizing f i e l d i s 
- i E^l = ^.NI^. 

Demagnetizing f a c t o r s can be derived f o r an e l l i p s o i d 
because i t s magnetization i s uniform. The major demagnetizing 
f a c t o r s N„, N, and N i n the d i r e c t i o n of the major semi-a' b c 
axes a,.b and c were calculated by Stoner (1945) and Osborne 
(1945). I t was found t h a t N .+ N, + N„ - 4Tr and the 

a D c 
e f f e c t i v e value o f N i n a d i r e c t i o n w i t h cosines o(^, and 

equal 

For a c y l i n d e r of e l l i p t i c a l cross-section magnetized along 

the b or c axes (a =00), Nj^ .= '^"^°/(b+c) ^c " ̂ 1 ^ ^ / (b+c) 
For an p r o l a t e spheroid w i t h a/b = q and magnetized p a r a l l e l 

t o a, = 4 7 r ( l n 2^q- l ) / q ^ +1T(31n2q-5)/q^ + 
. For sheets and rectangular prisms, Rhodes and Rowlands 

(1954) have derived expressions f o r the energy., assuming t h a t 
the two are uniformly magnetized. The value of N f o r a s^h^re 

4 
uni f o r m l y magnetized i n any d i r e c t i o n is.-^TT, t h i s value i s 
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also f o r N of a tube . For rods of square cross-section . 
magnetized along the axis a 

2 
Nĝ  = 3 (3q - l ) / q where q r a t i o of lehgth/slde, and 

qA, 2. 
The magneto-static energy i s reduced as a r e s u l t of 

d i v i d i n g the c r y s t a l i n t o magnetic domains. The subdivision . 
i s assumed to continue u n t i l the energy required f o r the 
formation of f u r t h e r domain boundary i s greater than the 
red u c t i o n i n the magnetostatic energy. . 

Near the surface under the influence of the demagnet­
i z i n g f i e l d , the magnetization vector may be s l i g h t l y rotated 
away from the easy d i r e c t i o n . The component of magnetization 
along the easy d i r e c t i o n remains unchanged, while the component 
of magnetization produced perpendicular to the easy d i r e c t i o n 
I s p r o p o r t i o n a l t o the demagnetizing f i e l d . For a small 
r o t a t i o n of the magnetization the m a t e r i a l has a constant 
e f f e c t i v e p e r m e a b i l i t y perpendicular, t o the easy d i r e c t i o n . 

2.20 
. . K 

.This value was calculated by Williams, Bozorth and 

Shockley (1949). . . 
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CHAPTER THREE 

DOMAIN STRUCTURES 
3.1 Domains i n u n i a x i a l m a t e r i a l 

The domain s t r u c t u r e i n a ferromagnetic metal i s 
not uniquely determined by the m a t e r i a l . The domain 
s t r u c t u r e which appears at.the surface o f the magnetic 
c r y s t a l i s dependent on a number of f a c t o r s . I t i s a 
f u n c t i o n of the dimensions of the sample, and the o r i e n t ­
a t i o n of the surface of the c r y s t a l r e l a t i v e t o the c r y s t a l 
s t r u c t u r e . Also the s t r u c t u r e depends on the shape and 
st a t e of stress of the .crystal. . The i n t r i n s i c magnetic 

: p r o p e r t i e s of the m a t e r i a l such as spontaneous magnetiz­
a t i o n and the anis<5tropy are of great importance f o r the 
formation of the domain s t r u c t u r e . . A most important 
f a c t o r i s the demagnetizing f i e l d a r i s i n g at. the boundary 
of the specimen. The s t r u c t u r e w i l l also depend on 
ex t e r n a l f a c t o r s such as the d i r e c t i o n and the magnitude 
of any applied magnetic f i e l d . The domain boundaries l i e ; 
i n planes corresponding t o the minimum i n the t o t a l 
boundary energy. 

U n i a x i a l ma:terials have a r e l a t i v e l y low degree of c r y s t a l 
symmetry. According t o t h i s a high value of magnetocrysta-
l l i n e anisotropy r e f e r r e d t o the one easy axis i s found f o r 

most such m a t e r i a l s . I n a u n i a x i a l c r y s t a l , boundary 
w a l l s generally contain the easy axis which i s the c-axis 
f o r many of these.materials. . Then the domain s t r u c t u r e 
consists b a s i c a l l y of arrays of l80° domains w i t h i n the 
body.of the m a t e r i a l . Differences i n s t r u c t u r e e x i s t i n g 
between d i f f e r e n t m a t e r i a l are found i n the closure 
domain formed at basal plane surface. .Possible domain-
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c o n f i g u r a t i o n have been suggested by many workers 
f o r u n i a x i a l c r y s t a l s as f o l l o w i n g . 

Landau and L i f s h i t z (1935) suggested a s t r u c t u r e 
which i s found when a large demagnetizing f i e l d a r i s e 

• due t o any fr e e pole on the basal plane, f i g u r e ( 3 . I . I ) . 
They proposed the formation of closure s t r u c t u r e s which 
have a magneto-crystalline anisotropy energy p r o p o r t i o n a l 
t o t h e i r volume. This s t r u c t u r e gives a t o t a l energy 
per u n i t area. 

E = J[l + I© (3-1) 
D 2 

where D I s the width of the domain and L i s the length 
of the c r y s t a l as i n f i g u r e ( 3 . I . I ) . Y i s the w a l l 
energy per u n i t area, and K.is the anisotropy constant. 

K i t t e l (1949) gave three models i n mater i a l where 
the magneto-crystalline energy i s very large compared 
w i t h the magnetic energy. The s t r u c t u r e w i l l be of 
simple p a r a l l e l l80° w a l l s w i t h no closure domains 
because these secondary s t r u c t u r e w i l l have a large 
magnetocrystalllne anisotropy. energy. Figure (3.1.2) 

shows a s t r u c t u r e which has become known as the K i t t e l 
model. K i t t e l c a l c u l a t e d the magneto-static energy 
Wjyj f o r a surface of t h i s , s t r u c t u r e c o n s i s t i n g of equally 
spaced p a r a l l e l s t r i p s o f magnetic poles of a l t e r n a t i n g 
s ign. 

Wĵ  = 0.8525 I.g .D per u n i t area, (3.2)-

where D i s the width of each s t r i p . 
The t o t a l energy of u n i t surface area i s given by 

W = 2Wĵ  + ^ ^^'^^ 
. where 1^1 s the t o t a l w a l l energy. So 
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2 
W = 1.705 I g D + ^ L (3.4) 

^ is the w a l l energy per u n i t area. 

Another model of K i t t e l i s shown i n f i g u r e (3.1-3) 

which shows a s t r u c t u r e known as chequer board pa t t e r n . 
This s t r u c t u r e has a t o t a l energy equal 

2 
W 0.53 I D + ] f L (3.5) 
Figure (3.1.4) shows a c i r c u l a r p a t t e r n which i s 

the t h i r d , model of K i t t e l and i t has a t o t a l energy 
equal t o 

W 0.374 D + v L (3..6) 
I t i s c l e a r t h a t i n each case the magneto-static 
energy I s p r o p o r t i o n a l t o the domain width. Minimization 
of these expressions y i e l d s values f o r e q u i l i b r i u m wall' 
spacing and t o t a l energy. 

Goodenough (1956) proposed the st r u c t u r e shown 
i n f i g u r e (3.1.5) i n which the magneto-static energy 
decreases without the formation of closure structures 
and without g r e a t l y increasing the w a l l energy. 

L i f s h l t z (1944) proposed a s t r u c t u r e of more 
complicated nature f o r a u n i a x i a l c r y s t a l shown i n 
f i g u r e (3.1.6). He showed t h a t t h i s s t r u c t u r e has 
lower energy than th a t of closure s t r u c t u r e . 

I t i s reasonable t o expect that the structur e s 
mentioned before are those which might be found i n 
any homogeneous u n i a x i a l c r y s t a l . 

The domain w a l l spacing D on an a x i a l plane varies 
w i t h t h e . c r y s t a l thickness L I n the a x i a l d i r e c t i o n . 
For a sheet of thickness below, a c r i t i c a l value (l2ya.m f o r 
Co). K i t t e l (1949) showed.that D was pr o p o r t i o n a l t o 
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| l " . For specimens w i t h L more than 12 microns, 
patterns of undulatory w a l l are found on basal planes. 
The undulations Increase i n ' both spacing and amplitude 
as the specimen thickness i s increased. With f u r t h e r 
i n c r e a s e . i n thickness, the undulatory patterns become 
gradually more complex,Goodenough (I9 5 6 ) . 

When high f i e l d s are applied along the a x i a l 
d i r e c t i o n d i f f e r e n c e s are also found i n the behaviour 
of the p a t t e r n s . Patterns of a l t e r n a t e s t r i p s or 
ri n g s become covered by c o l l o i d p a r t i c l e s according.to 
the emergent f l u x i s p a r a l l e l or a n t i p a r a l l e l to the 
applied f i e l d . This s t r u c t u r e has-been i n t e r p r e t e d 
simply as one. of reverse spikes. Some of the basal 
plane p a t t e r n may remain unchanged throughout a complete 
magnetization cycle. I n d i c a t i n g no normal component.of 
the magnetization. Very high f i e l d s are needed t o 
transfer, t h i s s t r u c t u r e i n t o free pole s t r u c t u r e . 
This s t r u c t u r e i s thought t o be of the L i f t s h l t z type, 
w i t h small closure domains. The diff e r e n c e s i n 
s t r u c t u r e may be a t t r i b u t e d t o the magnitudes of the 
s a t u r a t i o n magnetization and magnetocrystalllne 
anisot.ropy i n p a r t i c u l a r m a t e r i a l s . U n i x i a l m a t e r i a l 
w i t h high I ^ & low K e x h i b i t s L i f s h i t z closure s t r u c t u r e s 
while m a t e r i a l w i t h low Ig(5( high.K possesses reverse 
spikes. • ;.; ' 

3.2 Domain w a l l . 
The demagnetizing-fields may be responsible f o r 

the s u b d i v i s i o n of the c r y s t a l i n t o domains. There 
w i l l be a t r a n s i t i o n l a y e r between adjacent domains 
which are magnetized i n d i f f e r e n t d i r e c t i o n s . I n 
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t h i s l a y e r the spins change from one d i r e c t i o n t o the 
other. This t r a n s i t i o n l a y e r i s c a l l e d the magnetic domain 
w a l l . A common type of w a l l i s o f t e n r e f e r r e d t o as 
the Bloch w a l l , f o r i t s properties were f i r s t considered 
by Bloch (1932). I n 'ihis w a l l the magnetization r o t a t e s 
about the w a l l normal as one proceeds through the w a l l . 
Bloch showed t h a t i n t r a n s i t i o n metals the change I n 
moment d i r e c t i o n does not.occur i n one discontinuous 
jump between one atomic plane and the next, but takes 
place over a distance of many atomic planes i n a 
gradual.manner. So the domain.wall.has a f i n i t e thickness. 
The reason f o r the gradual nature of the moment change 
i s t h a t the exchange energy i s lower.when the change i s 
d i s t r i b u t e d over many moments, than i n abrupt change 
over a couple of atoms. The o r i g i n of the force which 
l i n e s up the. spins i s the exchange i n t e r a c t i o n of quantum 
mechanical nature. The expression f o r the exchange energy 
i s given by the equation 

= -2 J j ^ ^ cos 4? (3.7) 
f o r an angle<^ between spins. . I f (p i s a small angle 
t h i s may be approximated by 

^ex = -2 - ^̂ '̂ ^ 
where i s the exchange i n t e g r a l and S the t o t a l spin 
quantum number of each atom. Thus the change i n the 
exchange energy due t o a d e v i a t i o n of (p from the 
p a r a l l e l p o s i t i o n i s given by . . 

The magnetization i n a domain i s generally p a r a l l e l 
t o the easy, d i r e c t i o n , , but i n the domain w a l l t h i s i s not 
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so. I n the domain w a l l , the atomic moments are not 
p a r a l l e l t o one another, hence there i s an increase 
i n the exchange energy W . I f the change i s spread 
out over a number,of l a t t i c e planes some of the moments 
i n the. w a l l are not l y i n g along the easy d i r e c t i o n of 
the magnetization. Therefore the anisotropy energy 
.V̂.. i s Increased. This means th a t there w i l l be an 
anisotropy energy associated w i t h the w a l l , which 

. w i l l be the greater the t h i c k e r the w a l l . Thus 
anisotropy energy acts t o l i m i t w a l l thickness and 
the exchange energy favours the t h i c k w a l l . The 
e q u i l i b r i u m width w i l l occur when the decrease i n . 
exchange energy i s balanced by the Increase i n aniso­
tr o p y ehergy. i . e . the width of the w a l l i s considered 
t o be t h a t which make the sum of the exchange energy 
and the anisotropy energy a minimum, assuming the 
magneto-static energy i s zero. Moreover i f there 
are any uncompensated poles i n the w a l l , t h a t i s , i f 
there i s a divergence of the magnetization I , there 
w i l l also be an Increase i n the magnetostatic energy. 
I t has u s u a l l y been, assumed t h a t the normal component 
of the magnetization, remains' constant throughout the 
w a l l . 

On t h i s basis we may make an approximate ca,lculation 
o f w a l l energy and thickness. Assuming t h a t only 
exchange and anisotropy energy c o n t r i b u t e , the w a l l 
energy density may be w r i t t e n as f o l l o w i n g 

W = Ŵ ^ + (3.10) w ex anis 
I f the m a t e r i a l has u n i a x i a l symmetry the anisotropy 

energy Ŵ ^̂ g i s then ( t a k i n g only the lowest order term) 
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^ a n i s = ^ (^-11) 
where $ is the angle between the moment d i r e c t i o n and 

the reference a x i s which i s taken to be the easy a x i s 

of the magnetization. I f the t o t a l change.in spin 

d i r e c t i o n i s * ^ , and takes place i n N equal steps,, 

then <̂7 = 4'o/N and 

^ " e x = J r S ' ( ^ ) ' t3.12) 

SO that the t o t a l change i n the exchange energy over 

N + .1 spin;:3 i s given by 

W_ . J , s2 ( ^ O (3.13) ex 

I f the t o t a l angle 4?) = TT (l80° domain w a l l s ) , 

the exchange energy w i l l be 

Assuming l80° domains and:a l a t t i c e constant a, 

then 
•g- ' 

= l t i i y per un i t area (3.15) 
ex r) 

N a 

The anisotropy energy per u n i t volume i s approximately 

given by the f i r s t anisotropy constant K^. The volume 

of the w a l l per u n i t area w i l l be Na. . 

Thus, 
^ a n i s Na K-ĵ  .per un i t area.. (3.16) 

Then the w a l l energy per unit area w i l l be as following: 
- , 2 

= TT^'^K^ ' + Na K.̂  . ^ / (3-17) 
N a ^ 

The w a l l t h i c k n e s s , which i s determined by N, w i l l 

be such as to minimize the t o t a l energy per un i t area.. 

D i f f e r e n t i a t i n g equation (3.17) with respect to N .and 

equating i t to zero we have 
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N =,1r2V^,' (3.18) ( 
K a ^ 

1 
The w a l l t h i c k n e s s 4) = Na = fr^ '"̂ k̂  7 ̂  (3.19) 

Ka 

S u b s t i t u t i n g f o r N i n equation (3.17), the w a l l energy 

per u n i t area equals: 
2 -

. . = 2 ( l l ^ i ^ k ) ' (3.20): 

I f the exchange constant A i s defined as equal to 

2J, S^ then 

the w a l l width 4 = TT̂ A (3.21) 
. ) 2 K . . 

and the energy per u n i t area "̂ .rr ^2 TT̂ AK (3.22) 

As a simple approximation we may wri t e 2 J S ^ = k T 
C - • 

Thus f o r gadolinium with 

TQ = 292K , a ^ 3.6 X 10"^cm and 
(at temperature 270K) Kj_ = 0.17 x lO^erg / cm^ 

we obtain 4 = • .0.572 x lO^cm = 572A° 

and l ' ^ ^ erg /cm^. 

To consider how the w a i l width ^ and the w a l l 

energy.per u n i t area f o r gadolinium depend on temperature 

graphs of 4 and ̂  have been c a l c u l a t e d using appropriate 

values f o r the e f f e c t i v e anisotropy K. 

The anisotropy constants K^, K^, for gadolinium 

are functions of the temperature as w i l l be explained 

f u r t h e r , f i g u r e (4.0 ) . . The appropriate combination ' 

to use f o r K depends on the temperature range. 

For the range of temperature T ^ 240K, the c-axis. . '. 

i s the easy d i r e c t i o n , so i n a l80° w a l l the moments 

w i l l r o t a t e through the energy maximum at Q= 90°. 

The e f f e c t i v e anisotropy i s given by the d i f f e r e n c e 
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between F̂ ^ at ^ = 0° and at 90°. As shown i n 

f i g u r e (3.2a) i t i s given by Fj^ = K^ + Kg + 

s i n c e 

. . \ (0001) = 
. .P^ ( b a s a l ) . , = KQ + K̂ ^ + + K^ 

so . A F J ^ = K^ + Kg + K^ 

• F o r the range of temperature T ^ 240K, where the . 

e a s y d i r e c t i o n l i e s on a cone, the r o t a t i o n may be over 

a lower b a r r i e r . The anisotropy constant given by the 

d i f f e r e n c e of Fj^ between ̂  = and Q= 90° as i n f i g u r e 

(3.2.b). The d i f f e r e n c e s given by 

A ^ k = - \ (9CP) 
= -Ej^(^o) - (K;̂  + Kg +:k^) 

The values of Q̂, the cone angle, f o r d i f f e r e n t 

temperature determined from the graph^ figure (4^0), of 
the v a r i a t i o n of the easy cone angle with temperature 

f o r Gd, a l s o the r e s u l t a n t values f o r K^ + Kg + are 

measured from f i g u r e (4.8), f o r the v a r i a t i o n of the 

anisotropy constants with temperature f o r Gd. Graphs of 

c a l c u l a t e d 4) and R v a l u e s a r e shown i n f i g u r e (3.3) and 

(3.4). . These graphs w i l l be discussed l a t e r i n the next 

chapter. 

3.2.1 Closure domain 

I t i s p o s s i b l e to design a.domain arrangement f o r a 

re c t a n g u l a r s u r f a c e , which w i l l have no magnetic poles,. . 

Figure (3.1.1). Such an arrangement was f i r s t t r e a t e d 

by Landau and L i f s h i t z (1935) f o r u n l x i a l c r y s t a l s . 

Close to the sur f a c e , the shape of domain becomes such 

as to diminish the e f f e c t of demagnetization energy.. 

Surface, c l o s u r e regions domain have.the form of t r i g o n a l 
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prisms. I n closure domains the magnetization I s 
perpendicular t o the easiest axis but p a r a l l e l t o the 
sample surface. 

The f l u x c i r c u i t I s completed w i t h i n the c r y s t a l 
by means of the closure domain on the two p a r a l l e l 
surfaces of the c r y s t a l . Closure domains t r a n s f e r the 
magnetization .flux from the forward d i r e c t e d domains t o 
the backward d i r e c t e d domain without formation of any 
poles. The poles are absent as a r e s u l t of the c o n t i n u i t y 
across the prism sides, of the normal component of 
magnetization. . 

The magnetic energy i s zero, but the anisotropy 
energy i s not zero Inuncdxial c r y s t a l s . The volume 
w i t h i n the domain of closure i s magnetized i n a hard 
d i r e c t i o n , i t s anisotropy energy i s K per u n i t volume, 
where K i s the anisotropy constant. The volume of the 
closure domain i s D/2 so t h a t : 

Using t h i s i t i s possible t o carry out energy mlnimlzatlori 
c a l c u l a t i o n s t o y i e l d domain w a l l spacings. 

I f the sample surface i s f l a t but I n c l i n e d t o the 
easiest a x i s , the shapes of the w a l l closure regions 
w i l l be more complicated. The theory of magnetic 
domains i n u n i a x i a l m a terials have been considerably 
developed and applied t o a v a r i e t y of m a t e r i a l s . I t 
w i l l not be pursued f u r t h e r at t h i s stage, but. a t t e n t i o n 
w i l l now be d i v e r t e d t o the m a t e r i a l of p a r t i c u l a r 
i n t e r e s t i n the present investigations.. 
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3 . 3 Previous work 

Because of the compOlcated types of ordering found 
I n the heavy rare earths I t was a n t i c i p a t e d t h a t they 
would provide domain s t r u c t u r e s t h a t provided new 
challenges I n I n t e r p r e t a t i o n . With I t s Curie temper­
ature of 292K and I t s moderate anlsotropy gadolinium 
would appear t o be an I n t e r e s t i n g element on which 
t o begin I n v e s t i g a t i o n . 

The development of t h i s work has been strongly 
dependent on the a v a i l a b i l i t y of s u i t a b l e materials. 
The f i r s t observation of domains I n gadolinium was by 
B i r s s and W a l l l s (1963) who observed , needle-shaped 

domains at a temperature of about 268K running p a r a l l e l 
t o the c-axis, using the B i t t e r technique w i t h a 
modified c o l l o i d . Then, i n (1964) Bates and Spi.Yey 
observed a domain s t r u c t u r e i n gadolinium using the 
same technique, but w i t h a d i f f e r e n t suspending medium 
f o r the c o l l o i d . They found domains of a v a r i e t y of 
s t r u c t u r e i n a range of temperatures between I8OK and 
210K using p o l y c r y s t a l l i n e samples. Also i n (I965) 
the. German workers Schaffer and Helmut observed a domain, 
stmicture i n t h i n f i l m of Gd using the magneto op t i c Kerr 
e f f e c t technique, i n temperature range from 95K t o 273K. 
The domain s t r u c t u r e d i d not appear t o change but was 
much c l e a r e r at 05K. 

Then i n (I969) A1-B ass am and Corner observed domains 
i n a gadolinium s i n g l e c r y s t a l between 273K and 210K 
temperature by using the wet c o l l o i d technique w i t h 
s o l u t i o n secondary b u t y l a l c o h o l . They showed c l e a r l y 
the closure s t r u c t u r e near the edge of the plane 
c o n t a i n i n g the c-axis. They also saw a domain of 
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complex type on the basal plane. 
Recently an i n v e s t i g a t i o n of magnetic domains i n Gd 

f o i l using the transmission e l e c t r o n microscope technique 

has been made by Chapman et a l ( I 9 7 6 ) . . They saw c l e a r 

Neel w a l l s at temperature I6OK. 

Previous attempts t o extend the temperature range down­

ward have been unsuccessful and i t . I s c l e a r l y of Interest, 

t o know what s t r u c t u r e s are present when the easy cone i s 

w e l l developed. 

Methods of the observation of magnetic domains 
Many methods of d i r e c t observation of magnetic domains 

have been used i n c l u d i n g the c o l l o i d technique, magneto-optic 
methods; Lorentz microscopy, scanning e l e c t r o n microscopy, 
and X-ray topography. These methods w i l l now be b r i e f l y 
discussed. 

3 . 4 . 1 The C o l l o i d Technique 
This has been the only Important method f o r d i r e c t 

observation u n t i l comparatively r e c e n t l y , leading t o a 
fundamental understanding of many domain s t r u c t u r e s . The 
methods of studying ferromagnetic domain by means of t i n y 
magnetic p a r t i c l e s f r e e t o move over the surface of a sample 
was f i r s t suggested by B i t t e r ( 1 9 3 1 ) . The magnetic powders 
used e a r l i e r consisted of magnetic p a r t i c l e s i n a t r u e 
c o l l o i d a l suspension, t h i s gave smaller p a r t i c l e aggregates 
of about lyUm i n diameter (Elmore 1 9 3 4 ) . Improved c o l l o i d a l 
suspensions have been developed w i t h f i n e r p a r t i c l e s down 
t o about O.lyWm (Garood I 9 6 2 ) . These p a r t i c l e s were, 
allowed to. s e t i n Celacol w h i l s t on the specimen, subsequently, 
peeled off,, and examined w i t h the much higher r e s o l u t i o n of 
the e l e c t r o n microscope (Craik and G r i f f i t h s 1 9 5 8 ) . 
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The mechanism of the e f f e c t i s t h a t the t i n y magnets 
( c r y s t a l l i t e s of magnetite Fê Ô ^̂  ) are acted upon by the 
s t r a y magnetic f i e l d s produced at the surface of a f e r r o ­
magnetic m a t e r i a l by the free poles formed on the surface, 
when a domain boundary terminates there. That i s 
to say t h a t the c r y s t a l l i t e s c o l l e c t most densely i n 
the'regions of an inhomogeneous' magnetic f i e l d where 
the f i e l d I n t e n s i t y i s highest. 

A recent development of t h i s technique i s the 
evaporation of a ferromagnetic m a t e r i a l i n an atmosphere 
of i n e r t gas onto the ferromagnetic specimen, where the 
p a r t i c l e s are deposited p r e f e r e n t i a l l y i n regions of 
maximum, f i e l d . The p a r t i c l e size of the.deposit depends 

primarily on the helium pressure. . The patterns so formed 
may be examined o p t i c a l l y or may be r e p l i c a t e d and examined 
i n the e l e c t r o n microscope (Hutchinson et a l 1 9 6 5 ) . 

Quite f i n e domain boundaries can be studied using 
the c o l l o i d technique, but the technique has c e r t a i n 
l i m i t a t i o n s . Due t o the I n e r t i a of the magnetic p a r t i c l e s 
i t permits only s t a t i c , or q u a s l s t a t i c observations t o be 
made. The gradients of the magnetic f i e l d s above the 
specimen are dependent on the magnetocrystalllne ahisotropy 
of the specimen m a t e r i a l . The lower the anisotropy the 
.wider i s the domain w a l l producing t h e . f i e l d , and consequently 
the smaller i s the f i e l d gradient above the w a l l . Since 
the forces on the c o l l o i d p a r t i c l e s are p r o p o r t i o n a l t o 
f i e l d gradient a less w e l l defined p a t t e r n r e s u l t s from a 
broad w a l l . 

T h e . f i r s t requirement f o r successful use of the powder 
p a t t e r n ..method i s t h a t the surface under examination should . 
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be s t r a i n - f r e e and microscopically smooth. I f these 

conditions are. f u l l f i l l e d the magnetic f i e l d s at the 

surface w i l l be due t o the domains and not influenced by 

the presence of f o r e i g n matter or s t r a i n s . 

For wet c o l l o i d the temperature range over which 

observation can be made i s somewhat r e s t r i c t e d . So 

the nature of the suspension l i q u i d becomes of dominant 

importance. By using methylcyclohexane s t a b i l i s e d by 

sodium o l ^ a t e Bates and Spivey (1964) were able t o reach 

I8OK. B l r s s and W a l l i s (I963) had used sodium d l -

( e t h y l h e x y l ) suphasucinate at 268K. 

. At high temperature l i q u i d evaporation i s the 

d i f f i c u l t y , but by using o i l Andra (I956) has made obser­

va t i o n s up t o 380°C. Clearly c o l l o i d technique r e s u l t s 

are extremely.important f o r high r e s o l u t i o n studies. 

3.4.2 Magneto O p t i c a l Techniques 

The i n t e r a c t i o n of plane polarized l i g h t w i t h a 

magnetized medium can lead t o changes i n the p o l a r i z a t i o n 

of the l i g h t which can be u s e f u l l y used to reveal domain 

s t r u c t u r e . Provided t h a t there i s a component of the 

magnetization along the d i r e c t i o n of propagation of the. 

l i g h t , the plane of p o l a r i z a t i o n w i l l be rot a t e d by an 

amount dependent on the d i r e c t i o n of magnetization. 

The plane p o l a r i z e d l i g h t i s r e f l e c t e d from the surface 

of a magnetic m a t e r i a l as e l l l p t l c a l l y polarized w i t h 

the major axis of the e l l i p s e r o t a t e d . . This change i s known 

as Kerr e f f e c t . I t can be c l a s s i f i e d i n t o several types 

according t o the r e l a t i v e o r i e n t a t i o n s of the magnetization, 

the plane of Incidence and the e l e c t r i c - v e c t o r of the i n ­

ci d e n t , l i g h t . . The po l a r Kerr E f f e c t was f i r s t Used by 
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Williams, Foster and Woods ( 1 9 5 1 ) , t o reveal domains i n 
a si n g l e c r y s t a l of cobalt. The.meridional Kerr 

e f f e c t was f i r s t employed by Fowler and Fryer (1952) 

t o observe domain s t r u c t u r e i n a c r y s t a l of s i l i c o n -
i r o n . The l o n g i t u d i n a l Kerr e f f e c t shows a maximum 
f o r a p a r t i c u l a r angle.azf incidence. 

A s i m i l a r e f f e c t known as the Faraday e f f e c t , when 
plane polarized l i g h t is transmitted through magnetic medium 
w i t h a component p a r a l l e l t o the d i r e c t i o n of propagation, 
can lead t o a r o t a t i o n of the plane of p o l a r i z a t i o n . . 
This may be used t o study domain s t r u c t u r e s i n t r a n s ­
parent m a t e r i a l s . 

The magneto-optic e f f e c t s are p a r t i c u l a r l y u s e f u l 
f o r m a t e r i a l w i t h low anlsotropy and very wide domain 
boundaries. Domains whose d i r e c t i o n of magnetization 
d i f f e r r o t a t e the plane of p o l a r i z a t i o n by d i f f e r e n t 
amounts. When the d i f f e r e n c e i n d i r e c t i o n of magnet­
i z a t i o n of adjacent, domains i s small, the l i g h t contrast 
i s so small t h a t observation i s d i f f i c u l t . The.small 
r o t a t i o n by the magneto-optic i n t e r a c t i o n of the polar­
ized beam, and the need t o work w i t h nearly crossed 
prisms, leads to an image of the domain s t r u c t u r e very 
low i n i n t e n s i t y . Techniques have been developed f o r 
enhancement of contrast by coating the surface w i t h a 
d i e l e c t r i c l a y e r . 

3.4.:;5 Lorentz microscopy 

When an e l e c t r o n moves i n a magnetic f i e l d i t i s 
de f l e c t e d by the .action : of the Lorentz force F, given • 
by: • • 
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F = -e (VxB) (3.24) 
c 

where e i s the electronic charge, V i t s v e l o c i t y and B 

the magnetic i n t e n s i t y . The deviations of an e l e c t r o n 

beam may be used t o detect.the magnetic v a r i a t i o n s . 

Studying, the domain s t r u c t u r e of t h i n . f o i l s has l e d to 

the Lorentz microscopy technique... I n t h i s the d i r e c t 

i n t e r a c t i o n between the e l e c t r o n beam and the specimen 

magnetization i s used t o produce a p i c t u r e of the 

domain s t r u c t u r e . 

The f i r s t observation of domain walls was i n t h i n 

evaporated, f i l m s of n i c k e l - i r o n a l l o y by Hale, F u l l e r 

and Dublnstein ( 1 9 5 9 ) . The e l e c t r o n beam was.deflected 

by transmission through a t h i n ferromagnetic specimen 

containing, a l 8 0 ° Neel w a l l . The. electrons passing 

through the f i l m on e i t h e r side of the w a l l w i l l converge 

or diverge a f t e r transmission, t h i s depending on the 

sense of the domain magnetization r e l a t i v e t o the 

e l e c t r o n beam. Domain walls w i l l be imaged as regions 

of high and low e l e c t r o n density and appear as a l t e r n a t e 

b r i g h t and dark l i n e s . 

3.4.4 Scanning E l e c t r o n Microscopy 

This i s the most recent of the methods.of d i r e c t 

observation (Banbury J.R. et a l , 1967).. Experiments 

have shown t h a t the magnetic contrast may be obtained 

by two techniques. The f i r s t (Type I ) uses the Lorentz 

force suffered by the secondary electrons, as they pass 

through t h e . s t r a y f i e l d s at the specimen surface, a f t e r 

t h e i r emission (Joy and Jakubovios, 1968). These f i e l d s 
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r e f l e c t the domain s t r u c t u r e at the surface and 
consequently vary i n magnitude and d i r e c t i o n . Type I I 
cont r a s t i s used when the specimen surface has no poles 
except at the w a l l s . By t h i s technique a large depth-
of-focus can be achieved.. For small values of. magneto-
c r y s t a l l i n e anisotropy leading t o small or even non-existent 
s t r a y f i e l d s at the specimen surface f l u x - c l o s u r e domains 
may be d i f f i c u l t t o detect by Type I contrast but may 
be .revealed by Type I I contrast w i t h a s u i t a b l y oriented 
surface. • 

3 . 4 . 3 X-Ray Topography 

This technique allows the i n t e r n a l d i s t r i b u t i o n 
of magnetic s t r u c t u r e s t o be i n v e s t i g a t e d i n specimens 
as t h i c k as 300yLlm. Polcarova and Lang ( I 9 6 2 ) have 
•shown the f e a s i b i l i t y of the method. 

The e f f e c t depends on magneto-striction and the 
consequent mis-match between domains.puts the c r y s t a l l -
ographic l a t t i c e i n t o a s t a t e of s t r a i n which i s a 
maximum at the domain w a l l . This s t r a i n gives r i s e t o 
d i f f r a c t i o n contrast since the Bragg angles w i l l be 
d i f f e r e n t i n the s t r a i n e d and unstrained parts of the 
. l a t t i c e . Monochromatic r a d i a t i o n is.used i n these 
methods. Also transmission and r e f l e c t i o n methods 
of X-ray topography can be used t o reveal domains. 
Scanning an area of selected reflection, plane, i n the 
c r y s t a l , , can be done by moving the specimen and the 
photographic plat.e together. 
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3 .5 Methods used i n t h i s work 
The wet and dry c o l l o i d techniques were used 

f o r observation of domain s t r u c t u r e . The r e s u l t s of 
these two methods were very s a t i s f a c t o r y , f o r g i v i n g 
nearly .a complete p i c t u r e of the domain s t r u c t u r e of 
gadolinium. 

Also the Kerr magneto-optical e f f e c t was t r i e d , but 
f o r gadolinium the domains are very small i n size and 
problems were encountered w i t h the l i m i t e d r e s o l v i n g 
power of the system used. The o b j e c t i v e lens had t o 

..be s i t u a t e d outside the c r y o s t a t containing the sample 
and t h i s imposed a severe l i m i t a t i o n on the numerical 
aperture. I t also proved d i f f i c u l t t o prepare a perfect 
surface and i f the surface was s l i g h t l y i r r e g u l a r the 
s c a t t e r i n g of the I n c i d e n t l i g h t destroyed the contrast. 
A f t e r p r e l i m i n a r y t r i a l s the technique was abandoned i n 
favour of the c o l l o i d method. 

Scanning e l e c t r o n microscopy has also been t r i e d f o r 
gadolinium. Using the Scanning Ele c t r o n Microscope i n 
the Metallurgy Department of the U n i v e r s i t y of Oxford, i t 
proved impossible t o observe a domain s t r u c t u r e . The 
d i f f i c u l t i e s were the i r r e g u l a r i t y and contamination of 
the surface of the c r y s t a l which took place r a p i d l y a f t e r 
surface preparation before mounting i n the equipment, an 
operation t h a t took about two minutes. This f o r e i g n 
l a y e r prevented the development of magnetic contrast, 
and the domain magnetization could not be detected. 

I n these circumstances the c o l l o i d technique w i l l 
b f t e n s t i l l give r e s u l t s . I t i s not possible t o use 
X-ray topography since the magnetostriction of gadolinium 
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i s too low f o r the development of adequate contrast 
t o reveal domain s t r u c t u r e s . . Lorentz microscopy 
was. not used since we were dealing w i t h bulk c r y s t a l s . 

For these reasons the Kerr e f f e c t , Lorentz microscopy, 
scanning e l e c t r o n microscopy and X-ray topography were 
not employed f o r the observation reported i n t h i s work. 
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CHAPTER FOUR 
RARE EARTH METALS 

The Rare Earth metals consist of f i f t e e n elements 
a l l having very s i m i l a r chemical p r o p e r t i e s . They are 
commonly known as the lanthanides a f t e r the f i r s t member . 
of the series.. The I n i t i a l member of the fam i l y of the 
rare e a r t h elements has atomic number 57, and the f i n a l 
member, l u t e t l u m has atomic number 71. The physical 
p r o p e r t i e s of the elements show diff e r e n c e s and i n 
p a r t i c u l a r they have very d i f f e r e n t magnetic p r o p e r t i e s . 
The reason l i e s . i n t h e i r 4f electrons which determine 
the magnetic p r o p e r t i e s . ' The 4f t r a n s i t i o n series 
elements are a l l s t r u c t u r a l l y q u i t e s i m i l a r and consist 
of three electrons outside a Xenon core and a p a r t i a l l y 
f i l l e d 4f s h e l l . Lanthanum has the el e c t r o n c o n f i g u r a t i o n 
(ls22s22pSs23pSdl°4sV4dl°5s25p^) 4f° Sd'^) 6s(2' 
where^ the c o n f i g u r a t i o n w i t h i n the brackets i s tha t of 
Xenon. The parentheses f o r the 5d and 6s states are 
used t o i n d i c a t e t h a t i n many of the elements, once 
the 4f s h e l l contains e l e c t r o n s , the 5d and 6s electrons 
are t r a n s f e r r e d t o the 4f s h e l l . The energy of the 4f 
s h e l l being higher than the 5d s t a t e and i t i s therefore 
unoccupied. There are l4 a v a i l a b l e e l e c t r o n states since 
the 4f s h e l l has an angular momentum quantum number 1 
equal t o three and ther e f o r e has 2(21 + l ) s t a t e s ' (seven 

o r b i t a l states and two spin states f o r each). The 
l4 ' f i l l i n g of these states up t o 4f f o r l u t e t l u m 

characterises the rare earth s e r i e s . 
There i s a decrease i n the radius of the 4 f wave 
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f u n c t i o n w i t h increasing atomic number. This phenomenon 
i s known as the lanthanide c o n t r a c t i o n . This arises . 
because an e l e c t r o n added to the 4f s h e l l cannot screen 
.. the remaining e l e c t r o n i n t h i s s h e l l from the added 
p o s i t i v e nuclear charge. This c o n t r a c t i o n has Important 
e f f e c t s I n some of the properties of rare earths. 

Unlike the corresponding 3d t r a n s i t i o n series, the 
4 f electrons of the rare earths generally remain h i g h l y 
l o c a l i z e d i n the s o l i d and form the magnetic electrons. 
The 4f electrons behave, t o a f i r s t approximation, l i k e 
those i n a f r e e i o n . 

The o u t e r - l y i n g e l e c t r o n states are e s s e n t i a l l y 
unchanged and i t i s f o r t h i s reason t h a t thei rare earth 
elements are so chemically a l i k e . The 5d^'^^ and 6s 
electrons are readily, removed to become conduction 
e l e c t r o n s , l e a v i n g a t r l v a l e n t i o n . I f the 5d e l e c t r o n 
has t r a n s f e r r e d t o the 4f s h e l l one conduction e l e c t r o n 
comes from t h i s s h e l l . I n the s o l i d s tate the three 
outer electrons form bands of mixed 5d-p 6s character, 
which account f o r the m e t a l l i c c o n d u c t i v i t y of the 
elements. (Watson ( I 9 6 8 ) ) . 

I t i s the unpaired 4f electrons which give the 
r a r e earth i o n i t s permanent majgnetic moment, and lead 
t o the appearance of ferromagnetism i n some elements, 
the magnitude of which i s governed by Hund's Rules. 
These st a t e t h a t the moment associated w i t h an incomplete 
i o n i c s h e l l i s given f i r s t by the combination of spin 
moments to give the maximum value of S and then the 
combination of o r b i t a l moments t o give the maximum 
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value of L consistent w i t h t h i s arrangement of the 
e l e c t r o n spins. Spin and o r b i t a l angular momenta 
are s t r o n g l y coupled y i e l d i n g J as a good quantum 
number. The t o t a l moment i s then calculated from 
J = L-S f o r a less than h a l f - f i l l e d s h e l l and J = L+S 
f o r a more than h a l f - f i l l e d s h e l l . The series i s . 
conveniently d i v i d e d at the point of a h a l f - f i l l e d 
4f s h e l l i n t o l i g h t (La-Eu). and heavy (Gd-Lu) groups. 

The Rare Earth metals, i n the s o l i d phase, can be 
observed i n many of the normal m e t a l l i c , c o n f i g u r a t i o n s 
as body centred cubic, face centre cubic, hexagonal 
close packed, double hexagonal close packed and samarium 
s t r u c t u r e s . At normal tempera:tures the struc t u r e s of., 
a l l the elements, w i t h the exception of europium, are 
of a close packed nature. These st r u c t u r e s may be 
described i n terms of three types of l a y e r . These-
layers may be defined as A, B and C and .are shown i n 
f i g u r e (4.3). ' . 

4.1 The heavy rare earth metals. 
4.1.1 C r y s t a l s t r u c t u r e s 
A l l the heavy rare earth elements, but ytterbium, 

have at room temperature a hexagonal close packed 
s t r u c t u r e of A3 type. This s t r u c t u r e has a form ABAB., : 
and i s shown i n f i g u r e , ( 4 . 3 a ) . 

The l a t t i c e spacings decrease on going from Gd t o 
Lu, due t o the lanthanide c o n t r a c t i o n . The a x i a l r a t i o s 
c/a of the heavy metals vary between 1.59 f o r gadolinium 
and 1.586 f o r l u t e t i u m having a lowest value of about 1.571 
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between holmlum and thulium. A l l these r a t i o s are 
somewhat less than the i d e a l value of 2^ / JS" = 
1.633 obtained f o r the close packing of spheres. 

4.1.2 Magnetic p r o p e r t i e s 

I n the heavy group the element ytterbium has a f u l l 
complement of fourteen 4-f electrons and i s only weakly 
paramagnetic. Likewise, the element Lutetium has a 
f u l l 4-f s h e l l and i t tod i s weakly paramagnetic. Each 
.of the remaining heavy metals e x h i b i t s an e f f e c t i v e 
magnetic moment i n the paramagnetic state.. 

As the temperature i s reduced below a c e r t a i n 
c r i t i c a l temperature there i s a t r a n s i t i o n from the 
paramagnetic s t a t e t o an ordered state i n which the 
moments arrange themselves i n one or another ordered 
magnetic c o n f i g u r a t i o n . The temperatures at which the 
order-disorder t r a n s i t i o n s occur are known by noticeable 
anomalies or d i s c o n t i n u i t i e s i n the measured e l e c t r i c a l , 
thermal or magnetic pro p e r t i e s of the metals. For a l l 
the heavy rare earth metals except Gd, .there i s evidence, 
at lower temperatures f o r order-order transformations t o 
other magnetic c o n f i g u r a t i o n s . For the heavy series 
the mean radius of the 4 f s h e l l i s one tent h of the 
i n t e r i o n i c spacing, so tha t the d i r e c t overlap between 
4 f o r b l t a l s on the. neighbouring ions i s n e g l i g i b l e . 

The magnetic ordering observed i n the heavy r a r e -
e a r t h metals a r i s e s from an I n d i r e c t exchange mechanism 
between the p o l a r i z a t i o n of the conduction band electrons 
and the l o c a l 4 f moments. Such an i n t e r a c t i o n i s 
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o s c i l l a t o r y i n nature and has long range. I t i s 
t h e r e f o r e capable of g i v i n g r i s e t o a v a r i e t y of 
p e r i o d i c spin s t r u c t u r e s , such as indeed are observed . 
i n the heavy rare e a r t h metals. The a p p l i c a t i o n of 
the theory of exchange i n t e r a c t i o n f o r the Rare earth 
metals i s associated w i t h the names of Rudermann and 
K i t t e l (195^), Kasuya (1956) and YoSida (1957). I t . 
i s known as (RKKY) i n t e r a c t i o n . This i n t e r a c t i o n 
has l e d t o a f u l l e r understanding of many of t h e i r 
p r o p e r t i e s . 

The. exchange f u n t i o n J which appears i n the energy 
i s equal J J ( r . .)_S.. S ., and i s usually discussed i n 
terms of the Fourier transform f u n c t i o n 

) iq-.- r 

This f u n c t i o n J (q) may i n d i c a t e a maximum at q = o or 

at other general value q = q„^^ elsewhere i n the Brillod.in 
max 

zone (Keeton and Loucks I968). I n the case of maximum . 
at q = 0 the i n i t i a l magnetic ordering i s ferromagnetic, 
while whenyj(q) e x h i b i t s a maximum at a non-zero value 
of q, a p e r i o d i c ordering r e s u l t s which i s : ant i f e r r o -
magnetlc w i t h wave vector q_^ , (Evenson and L i u 1969). 

max 
This c o n d i t i o n i s found i n most of the rare earths. 
The c o n d i t i o n t h a t the exchange functions occurred 
having maximum at non zero q has been studied by a 
number of workers. Keeton and Loucks and Evenson and 
L i u connect t h i s s i t u a t i o n t o the nesting Property i n 
the elements Tjj t o T-.ĵ  . The nesting feature i s absent i n 
Gd, which shows only ferromagnetism. 

i ^ j - -J ^ 
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The other I n t e r a c t i o n s between Ions are assumed 
small. The most Important are the coulomb e l e c t r o ­
s t a t i c i n t e r a c t i o n and an i n t e r a c t i o n between the 4f 
moment and the c r y s t a l f i e l d . The e f f e c t of the l a t e r . 
i s t o a l i g n the magnetic moments of the 4f electrons 
i n some pr e f e r r e d d i r e c t i o n r e l a t i v e t o the c r y s t a l 
axes. I t gives r i s e t o magnetocrystalline anlsotropy 
which I s important i n determining the spin s t r u c t u r e s 
i n the ordered s t a t e . 

The d e f i n i t e form of the exchange i n t e r a c t i o n has 
been i n v e s t i g a t e d by the i n e l a s t i c neutron s c a t t e r i n g 
technique. Koehler et a l (I970).using ttis technique 
observed the spin-wave r e l a t i o n i n Gd, while Nicklow 
et a l (1971) have examined i t f o r Dy. For the elements 
Tb and. Er I t was worked out by Bjerrura-Moller et a l 
(1966) and.Woods et a l (1967) r e s p e c t i v e l y . 

The exchange i n t e g r a l between the 4f e l e c t r o n of an 
i o n and a conduction e l e c t r o n i s known as the s-f 
i n t e r a c t i o n . . The conventional exchange energy f o r 
the rare earth, metals always favours the p a r a l l e l a l i g n ­
ment of the 4f moment and the conduction electrons 
moments. So t h a t the cdhductlons e l e c t r o n moment adds t o 
the i o n i c moment. So the conduction e l e c t r o n p o l a r i z a t i o n 
r e s u l t s i n an a d d i t i o n a l value ( ^ ) t o the observed 
magnetization, and t h i s accounts f o r the excess moment 
values observed f o r the heavy rare earth metals. 

4.1.^. Magnetic behaviour i n ordered states 
, The magnetic behaviour of the heavy rare earth 
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metals has been shown by neutron d i f f r a c t i o n t o r e s u l t 
from a v a r i e t y of d i f f e r e n t equilibrium.magnetic 
c o n f i g u r a t i o n . This v a r i e t y i s shown i n f i g u r e ( 4 . i ) . 
On c o o l i n g down the various heavy rare earth metals from 
the paramagnetic region the appearance of extra l i n e s i n 
the neutron d i f f r a c t i o n spectrum, can be explained i n 
terms of a model of the magnetic ordering (Koehler I965). . 

The f i g u r e shows the various moment arrangements f o r 
successive planes going down the c-axls. The moments 
l y i n g i n a given (0001) plane order ferromagnetically, 
i . e . p a r a l l e l t o each other. There are two temperature" 
regions of magnetic order, except f o r Gd. There i s 
observed a . t r a n s i t i o n t o an o s c i l l a t o r y ^ aatiferromagnetic 
c o n f i g u r a t i o n of a h e l i c a l or l i n e a r o s c i l l a t o r y type 
f o r each of the metals Tb> Dy, Ho, Er and Trh. The 
temperature a t which t h i s t r a n s i t i o n . o c c u r s i s the Neel 
temperature Tj^. Lowering the temperature a - f u r t h e r 
t r a n s i t i o n i s observed t o ferromagnetic ordering at the 
Curie temperature T^. Between the two temperatures T̂ ,̂ 
and T^ a s p i r a l s t r u c t u r e has been found f o r the elements 
Tb, Dy. and Ho . I t i s - h o l d s between 179 and 85K f o r the 
element Dy, while i t Is'present between 230 and 221K f o r 
the element Tb. The ,splra,l turn angle between the 
moments o f successive hexagonal l a y e r s varies w i t h 
temperature. This angle f o r Dy changes from 4^° at 
the Neel temperature t o 26° a t the Curie temperature.. 
For Tb the angle i s smaller and varies from 20° t o 17°.-

The ferromagnetic alignment below T i s along an a-axls 
i n the hekagonal plane for-Dy, and i t i s along a b-axis 
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i n the hexagonal plane f o r Tb. For Ho, the basal plane 
components r e t a i n the h e l i c a l s t r u c t u r e , but below T^ = 
20K there e x i s t s a small ferromagnetic component i n the 
c-axis d i r e c t i o n . The conica l or ferromagnetic s p i r a l 
c o n f i g u r a t i o n i s i l l u s t r a t e d i n f i g u r e ( 4 . I d ) , i n which 
the planar and a x i a l components are shown separately. 
For each plane the t o t a l moments l i e . on the surface of a• 
cone. At low temperature Jordon and Lee (I967) found 
t h a t Dy ;also may have a small a x i a l component. 

I n f i g u r e (4.1b) i s observed a d i f f e r e n t type of 
o s c i l l a t o r y magnetic s t r u c t u r e . This s t r u c t u r e I s 
found f o r Er and Tm and i s c a l l e d s inusoidal spin arrange­
ment, l i n e a r spin wave type or o s c i l l a t o r y z-component 
s t r u c t u r e . I n t h i s s t r u c t u r e the z-components of the 
moment i n any l a y e r are p a r a l l e l t o each other but the 
magnitude of the component varies s i h u s o l d a l l y when going 
along the c-axis. The sinu s o i d a l spin arrangement i s 
observed f o r Er and Tm i n the temperature range between 
85 - 53.5 K and 56 - 40 K r e s p e c t i v e l y . 

The s t r u c t u r e found f o r Tm at very low temperatures 
below ^0 K contains-,three layers w i t h moments pointed 
down the c-axis followed.by four layers w i t h moments pointed 
up the c-axis as i n f i g u r e (4.1a). . T h i s i s a type of 
antiphase domain s t r u c t u r e . Figure (4.1c) shows a type 
of s t r u c t u r e where the components of moment perpendicular 
t o the c-axls order i n the h e l i c a l arrarigment, while the 
p a r a l l e l components form a type of antiphase domain 
s t r u c t u r e . This s t r u c t u r e i s observed i n Er at temper­
ature 53.5K and below. 
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As stated e a r l i e r , the o r i g i n of the magnetization 
of the ordered state arises from the indirect"exchange 
mechanism i n the heavy rare earth metals. Relating to • 
t h i s theory i t has been found t h a t the paramagnetic 
Curie temperatures w i l l be p r o p o r t i o n a l to a f a c t o r 
known as the de Gennes f a c t o r and given by the r e l a t i o n 

G = ( g j - 1)^ J ( J +1) 
I n p r a c t i c e t h i s i s reasonably w e l l obeyed. The Neel 
points of the heavy metals are discovered also as a 
f u n c t i o n of. the de Gennes f a c t o r , but are given by the 
r e l a t i o n 1!.^<^G^^^. This v a r i a t i o n was given by 
Weinstein et a l (1963). 

I t was found t h a t i t i s not possible to obtain magnetic 
s a t u r a t i o n i n a magnetic f i e l d of the order 20 kOe i n 
measurements of p o l y c r y s t a l l i n e samples of the heavy rare 
earths other than Gd. This i s due t o the exlstance of large 
magnetocrystalljne a n i s o t r o p i e s , which have been observed 
i n s i n g l e c r y s t a l measurements. This i s clear from .deter­
mination of the magnetization along the d i f f e r e n t c r y s t a l l -
ographic axes. Sa t u r a t i o n i n the hard d i r e c t i o n has not 
been obtained i n f i e l d s up t o 15O kOe (Schleber et a l 
(1968). Yet f o r erbium t h i s value has been observed t o be 
the s a t u r a t i o n f i e l d , but i t has been d i f f i c u l t t o determine 
the anisotropy constant. 

Neutron d i f f r a c t i o n work has shown the c o n f i g u r a t i o n 
i n the antiferromagnetic phase t o be a h e l i c a l spin s t r u c t u r e 
Applying a magnetic f i e l d i n the basal plane t o the h e l i c a l 
c o n f i g u r a t i o n d i s t o r t s the h e l i x u n t i l a large value of the 
magnetic f i e l d (the c r i t i c a l f i e l d ) i s enough t o r o t a t e 
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the spins i n t o the general d i r e c t i o n of the f i e l d making 
a fan s t r u c t u r e . Further increasing the f i e l d brings 
about the collapse of the fan s t r u c t u r e and the. spins 
are aligned i n the d i r e c t i o n of the f i e l d . This s t r u c t u r e 
gives s a t u r a t i o n as I n f i g u r e (4.2). 

The magnetostriction s t r a i n s have been found by many 
workers t o be large i n the heavy rare earth metals (Corner 
et a l (1960)) and (P. de V.Plessis et a l (19.65)). As stated 
before an applied f i e l d i n excess of the c r i t i c a l f i e l d 
changes the specimen from antiferromagnetic s t r u c t u r e s 
t o ferromagnetic ordering'at higher temperatures. - I t 
.has been suggested t h a t the t r a n s i t i o n i s driven by 
•enormous magnetostriction associated.with the ferromagnetic 

s t r u c t u r e . : .Clark et a l (1962) found a l l the magneto-
• 2 

s t r i c t i o n terms t o be p r o p o r t i o n a l to H above the Neel 
p o i n t . I t has been found t h a t the magnetostriction i s 
dependent on the temperature. Callen and Callen (I966) 
:have t r e a t e d the temperature dependence of the magneto­
s t r i c t i o n . 

•4.2 The Lig h t Rare Earth Metals 
The l i g h t rare earth metals have c r y s t a l s t r u c t u r e s 

t h a t are morecompllcated than those of the second h a l f 
of the se r i e s . These include the double hexagonal 
s t r u c t u r e i n which the stacking layers are i n the form 
ABACABAC r a t h e r than ABAB f i g u r e (4.3.b), the f . c c . 
s t r u c t u r e w i t h stacking sequence ABCABC figure' (4.3d) and 
a complicated s t r u c t u r e i n which the sequence of layers 
i s ACACBCBABA known as the Sm-type s t r u c t u r e f i g u r e (4.3c). 
Lanthanum, praseodymium.and neodymlum have the double hexagonal 
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s t r u c t u r e at room temperature, f i g u r e (4.3b). Samarium has a 
rhombohedral s t r u c t u r e which i s only f o r t h i s element, f i g u r e 
(4.3c). Europium c r y s t a l l i z e s i n the body centred cubic 
s t r u c t u r e at. room temperature while ytterbium possesses 

. the face centred cubic s t r u c t u r e . A l l the l i g h t rare 
.earths have the a x i a l r a t i o s c/a i n excess of 1.6 and are 
c l o s e r t o the i d e a l value f o r close packing than are the 
heavy rare earths. Anomalies i n the s p e c i f i c heat and 
maxima, i n the s u s c e p t i b i l i t y have been observed i n a l l the 
metals except Praseodymiun. 

The observed magnetization i n the l i g h t rare earths 
i s s t r o n g l y c o n t r o l l e d by the c r y s t a l f i e l d . I t has 
energy s p l i t t i n g s comparable t o the energy of the exchange 
i n t e r a c t i o n . At low temperatures, below 300K, the 
s u s c e p t i b i l i t i e s of most of the elements deviate from the 
Curie-Weiss behaviour. The l i g h t elements e x h i b i t magnetic 
o r d e r i n g below some c h a r a c t e r i s t i c temperature. 

The element Lanthanum i s weakly paramagnetic, and 
t h i s i s found t o be due t o the 5d and 6s conduction, 
el e c t r o n s w i t h the 4f s h e l l empty. The antiferroraagnetic 
t r a n s i t i o n f o r p o l y c r y s t a l l i n e cerium has been observed 

• at 12.5K. The magnetic ordering suggested i s th a t the 
magnetic moment parallel t o the c-axis and having the 
value 0.62y6/g* The measurements of Cable et a l (1964), 
suggested t h a t the metal Pr i s antiferromagnetic below 
25K. Ralnford (1971) confirmed antiferromagnetlsm i n 
p o l y c r y s t a l l i n e Pr and I t s absence i n s i n g l e c r y s t a l s . 
The magnetic s t r u c t u r e of neodymium has been found t o be 
antiferromagnetic i n the temperature range 1.6 t o 20.OK 
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f o r s i n g l e c r y s t a l by neutron d i f f r a c t i o n (Moon et a l 
1964). There are two magnetic t r a n s i t i o n due t o the 
independent ordering of the hexagonal and cubic, s i t e s 
i n the double hexagonal s t r u c t u r e of t h i s metal. 

Neutron d i f f r a c t i o n data from a s i n g l e c r y s t a l of Sm 
(Koehler et a l 1972) show an antiferromagnetic ordering 
t r a n s i t i o n at the temperature 100 K and ferromagnetic 
ordering l a y e r s at temperature 14 K. These involve 
the ordering of moments on the hexagonal and cubic s i t e s 
r e s p e c t i v e l y . 

The magnetic p r o p e r t i e s at temperature 4.2 K f o r 
s i n g l e c r y s t a l Europium are consistent w i t h a n t i f e r r o ­
magnetic order. The transformation at the Neel point 
at 90 K, has been shown to be a f i r s t order t r a n s i t i o n 
(Cohen et a l 1969). The I n t e r l a y e r angle varied s l i g h t l y 
with-temperature. 

4.3 Magnetic Properties of Gadolinium 
Gadolinium i s a n o n - t y p i c a l member of the heavy rare 

earths. I t has the usual hexagonal close packed s t r u c t u r e 
w i t h the r a t i o c/a equal t o I.591, smaller than the value 
f o r p e r f e c t hep which equals 1.633' 

An i o n i n a pure s-state has a cloud of completely 
s p h e r i c a l charge and a l l multlpoles of i t s moment are zero. 
According t o t h i s case there i s no c r y s t a l f i e l d e f f e c t and 
a l l the c^. = 0 . The s p i n - o r b i t coupling w i l l modify 
t h i s r e s u l t , and then the s t a t e i s simply one of J = 7/2* 
I t requires an extra order of s p i n - o r b i t coupling t o i n ­
crease the L value. Perturbation theory suggests t h a t 
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the ef f e c t i v e o^g'^^Zf'^ ̂ g - This i s according t o 
magnetic resonance measurements. 

Gd e x h i b i t s an e f f e c t i v e magnetic moment i n the 
1 2 

paramagnetic s t a t e . The valance electrons 5d 6s 
are l o s t t o conduction bands, then there i s l e f t a 
h i g h l y l o c a l i z e d moment due t o unpaired electrons i n 
the 4f s h e l l . The moment i s q u i t e w e l l given by 
a p p l i c a t i o n of Hund's Rules. 

As the temperature i s reduced below a c e r t a i n 
c r i t i c a l temperature i t i s found t h a t a t r a n s i t i o n from 
the paramagnetic s t a t e t o a ferromagnetic ordered state 
occurs, i n which the moments adopt ordered magnetic . 
c o n f i g u r a t i o n . 

Gadolinium has no antiferromagnetic phase and trans­
forms d i r e c t l y to the ferromagnetic s t a t e . The Curie 
temperature T equal 292K as determined from r e s i s t i v i t y 
measurements. The paramagnetic Curie temperature ^p i s 
obtained from s u s c e p t i b i l i t y data as 0|_ = 3i7K.. The 
s a t u r a t i o n magnetization has been measured f o r gadolinium 
p a r a l l e l t o the easy axes, is. found t o be equal t o 7.5^/3. 
This measured s a t u r a t i o n moment exceeds s l i g h t l y the pre­
d i c t e d value from the Hund's Rules ground state ..^J^) =7.0. 
The excess i s r e l a t e d t o p o l a r i z a t i o n , of the conduction 
el e c t r o n s . 

The thermal neutron absorption cross-section f o r Gd 
measured by neutron d i f f r a c t i o n experiments has been found 
t o be Cr* , (barn)= 46,000* The cross-section of Gd i s capt^ ' 
so lar g e t h a t the ordering of the 4f moments i s extremely 
d i f f i c u l t t o study except i n c e r t a i n specialized experi­
ments. Isotopes of gadolinium.... 
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e x i s t w i t h much more favourable absorption cross-

sections and these are being u t i l i z e d . 
Although Gadolinium has been reported t o be a 

ferromagnetic w i t h Curie temperature of 292K, Belov 
and Pedko (I962) observed anomalies I n very low f i e l d 
magnetization curves using p o l y c r y s t a l l i n e gadolinium. 
.These anomalies were above the temperature 210K and they 
.suggested t h a t they were due t o the existence of a s p i r a l 
s pin s t m i c t u r e . According t o t h e i r r e p o r t , a very small 
f i e l d of order one oersted was s u f f i c i e n t t o transform the 
s p i r a l i n t o a ferromagnetic. Graham (1963) has repeated . 
t h e i r measurements on a si n g l e c r y s t a l of gadolinium but 
he found no such anomalies. . A f t e r t h a t a number of 
neutron d i f f r a c t i o n studies have been made t o look f o r 
any evidence of the occurrence of t h i s s t r u c t u r e i n 
gadolinium. W i l l , Nathans and A l p e r i n (1964) studied 
a s i n g l e c r y s t a l of gadolinium, w i t h . n a t u r a l l y occurring 
isotope content. They were able t o conclude that there 
were no observable s a t e l l i t e s and gadolinium i s a normal 
ferromagnet. . Also Cable and wollan (1968) used shorter 
wavelength neutrons f o r which the cross-section i s smaller, 
they found no evidence f o r any s a t e l l i t e s t r u c t u r e . 
There was no f i e l d dependence of the i n t e n s i t i e s i n the 
range 0.1 t o 50 Oe. The evidence i s t h a t gadolinium 
i s spontaneously ferromagnetic throughout the ordered 
region. 

I t i s possible t h a t the anomalous behaviour of Belov and 
Pedko may. a r i s e from inhomogeneous or strained samples . . 
of gadolinium. I t . i s also possiblevthat these observations 
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r e l a t e d t o the anomalous behaviour of the easy magnet­
i z a t i o n d i r e c t i o n i n t h i s metal below 240K. In^a recent 
i n v e s t i g a t i o n by Kuchin et a l (/969)asingle c r y s t a l of 
Gd was studied at temperatures ranging from 78K t o room 

• termperature. They concluded t h a t Gd i s a normal f e r r o -
magnet below T^. They observed t h a t the d i r e c t i o n of 
''the moment depends st r o n g l y on. the temperature.: 

The measurements of the magnetization on single 
. c r y s t a l Gd made by Legvold (1963).at Iowa.State u n i v e r s i t y 
remain the e s s e n t i a l basic data. Gadolinium has no 
o r b i t a l momentum c o n t r i b u t i o n t o the t o t a l moment. 
Magnetization.curves.are t y p i c a l l y c h a r a c t e r i s t i c of 

•a ferromagnet of low anlsotropy. Small anlsotropy 
e f f e c t s are seen at l o w ' f i e l d w i t h a temperature dependant 
v a r i a t i o n i n the easy d i r e c t i o n of magnetization.- The 
dependence of the magnetization on the.temperature i s shown 
i n f i g u r e (4.4) and i t I s w e l l defined by the S =7/5 
f u n c t i o n . .. The s a t u r a t i o n magnetization i s represented 
by a T^ dependence from .0 t o 15OK. The v a r i a t i o n of 
tnagnetization w i t h temperature f o r gadolinium was i n v e s t i g a t e d 
by.Nigh, Legvold and Speddlng (I963). They measured 
the magnetic moment of s i n g l e c r y s t a l Gd i n f i e l d s . f r o m • 
0 t o 18k Oe along the [ooOl] , D-Ô O]! and .fll203direction 
at temperatures, ranging from 1.4 t o 900'K, f i g u r e (4.5) 
and f i g u r e (4.6). . The c-axis i s o f i e l d curves show a 
peak a t 220"K. and. a broad mLnimum a t r60-l80 K at low 
f i e l d s , while the b-axls curves show a peak at 120 K. 
For high f i e l d s the curve was shown t o e x h i b i t nearly 
normal Weiss behaviour. Thei magnetization of gadolinium 
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i n weak f i e l d was found to f a l l r a p i d l y between temp­

erature 210 K and the Qurie poirit temperature. 

The v a r i a t i o n of magnetostriction c o e f f i c i e n t 

f o r gadoUnium with the temperature i s shown i n fig u r e 

( 4 . 7 ) . I t shows the v a r i a t i o n of the magnetostriction 

constant f o r a s i n g l e c r y s t a l and polycrystal Vine samples. 

4.4 The anisotropy of gadolinium 

The e a r l y magnetization measurements of the gadolinium 

metal were found to show evidence of c e r t a i n amount of 

magnetocrystalline anisotropy. Torque measurements 

of a x i a l anisotropy of gadolinium showed that i t s 

magnitude was s e v e r a l times that of the hexagonal 

t r a n s i t i o n metal cobalt (Comer 1962). 

The v a r i a t i o n of the anisotropy constant (11 = 

1, 2, ^, 4).with temperature f o r t h i s metal are shown 

i n f i g u r e (4.8). I t was shown by the measurements of 

Comer et a l (1962) and Graham (1962), that at l e a s t 

three parameters are required to represent the anisotropy 

of gadolinium. The anisotropy energy Ej^ i s given by 

the following equation, 

•̂ K ^ 1̂ sin 0+ Kgsin 0 + sin ̂ + sin 9 cos^cf? 
where ^ i s the angle between I.^ and the hexagona;i a x i s 

and ( p the projected angle with one of the a-axes i n the 

b a s a l plane. Below T^ the c - a x i s i s the easy d i r e c t i o n , 

but at temperature 240 K there i s a change from t h i s 

alignment of spins to one making a f i n i t e angle with the" 

c - a x l s r e s u l t i n g i n a c o n i c a l alignment of the moments 

below t h i s temperature. The observed change i n s i g n 



g X 

+2 

ANISOTROPY CONSTANTS OF GADOUNIUM 

• r— T 

12-5 ko« 

' 1 ' T-7 i 1 1 1 

Full curve at 
126 koe 

Broken curve " 
extrapolation 
to H* » 0 

t > 
, \ 

\ 

\ * 
I2-5V\ 
koe 

. '^'^^.^ 
• 

-

' \ 12-5 koc 

oo 

* 

-

1 ' , 1 . . 1 . I 1 1 

+1 

80 160 240 320 
TEMPERATURE K 

FIG.(A-8) AFTER CORNER et .d . 



62. 

of the p r i n c i p a l a x i a l term at about 240K corresponds 

to sudden change i n the moment away from the c - a x i s . 

The magnitudes of Kg £̂ nd K-̂  are such as to prevent the 

easy d i r e c t i o n from reaching the b a s a l plane. The b a s a l 

plane anisotropy measurements made by torque, magneto­

meter, Taylor and Darby (1964) and Graham (I967), have 

shown that the K̂^̂  term i s r e l a t i v e l y small, becoming 

appreciable only below about 100'K and I n d i c a t i n g a 

pre f e r r e d a - a x i s . Combination of these constants with, 

the magnetization r e s u l t s leads to the polar energy 

diagram shown i n f i g u r e (4.9), In. the f i g u r e i t may 

be seen that j u s t below 240 K, the moments are prevented 

from a l i g n i n g p a r a l l e l to the ba s a l plane by a small 

energy maximum i n that d i r e c t i o n . 

As s t a t e d before, a t temperature above 240'K, the 

easy d i r e c t i o n i s p a r a l l e l to the c - a x i s and at lower 

temperature i t l i e s on the surface of a cone whose a x i s 

i s the c - a x i s . The v a r i a t i o n of the cone angle of the 

moment o r i e n t a t i o n with temperature i s given i n f i g u r e 

(4.10). I n the f i g u r e i t i s seen that the angle between 

the c - a x l s and the easy d i r e c t i o n has a maximum value 

of 70° at temperature 220K, while at temperature JJ .5^ 

i t has a value of 30° . The o r i g i n a l r e s u l t s of Graham 

(1962) i n d i c a t e d that f o r a small i n t e r v a l of temperature 

from 232K to I8OK, the ba s a l plane was the easy d i r e c t i o n . 

Neutron d i f f r a c t i o n s t u d i e s by(Cable et a l 1964) and (Wlllv 

Nathansand A l p e r l n . 1964) have e s t a b l i s h e d that there i s : 

no such b a s a l plane easy d i r e c t i o n , and t h e i r curve was 

the same as the curve obtained. by Comer et a l (1976). 
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Near the Curie point there i s an appreciable 

c o n t r i b u t i o n to the anisotropy due to a d i f f e r e n c e i n the 

paramagnetic s u s c e p t i b i l i t y p a r a l l e l and the perpendicular 

to the c - a x i s . Graham has i n v e s t i g a t e d the f i e l d depend­

ence of the anisotropy f o r gadolinium i n the v i c i n i t y of 

the Curie temperature. The data on forced magneto­

s t r i c t i o n show that f o r Gd near the Curie temperature, 

the l a t t i c e constants change with the value of applied 

f i e l d i n an a n i s o t r o p i c way. Also Comer et a l (1976) 

have shown that the anisotropy constants were functions 

of the applied f i e l d . They r e l a t e d t h i s e f f e c t to an' 

i n c r e a s e i n spontaneous magnetization due to the f i e l d . 
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CHAPTER FIVE 

EXPERIMENTAL 

5.1 O r i g i n < ^ I d e n t i f i c a t i o n of Specimens 

A number of s i n g l e c r y s t a l s of high purity Gadolinium,. 

have been used i n the present i n v e s t i g a t i o n s . A l l but 

one were obtained from the Center f o r MaterialsScience at 

the U n i v e r s i t y of Birmingham. They had been grown by "a 

s o l i d s t a t e e l e c t r o l y s i s technique which had improved 

the o v e r a l l , p u r i t y of the m a t e r i a l as w e l l as inducing 

c r y s t a l growth. The m a t e r i a l was generally of s i m i l a r 

p u r i t y to that described by Jordan (1974) and had an 
O 

oxygen content of l e s s than 10 p.p.m. (atomic). As 

a consequence the presence of oxide as a second phase was 

infrequent. I t i s convenient to l i s t the specimens 

as below. 

A. . This was wedge-shaped with the basal plane as one 

of the l a r g e r f a c e s . T h i s was of length 6 mm and width 

4 mm tapering, from a thickness of 4 mm to one of 1 mm. 

B. A d i s c of e l l i p t i c a l c r o s s - s e c t i o n with major and 

minor axes of 7 mm and 5 mm r e s p e c t i v e l y and t h i c k n e s s 

6 mm. The. surface of the d i s c was a b-plane, but small 

s e c t i o n s perpendicular to an a - a x l s and to the c - a x l s 

were l a t e r cut on the s i d e s of the d i s c . 

C. A f u r t h e r disc-shaped c r y s t a l of thickness 3 mm and . . 

diameter 6 mm, the plane surfaces being b-surfaces. 

D. E. Two rectangular c r y s t a l s , with dimensions 1 x 2 x ;5 mm, 

the l a r g e r s u r f a c e s being b-planes. Specimen E however, 

was of 99.9^ p u r i t y m a t e r i a l from Metals Research Ltd., 

Cambridge,,and contained.appreciable q u a n t i t i e s of oxide 
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as a second phase. A l l specimens were cut from l a r g e r 

c r y s t a l s using the spark erosion technique. 

5.2 O r i e n t a t i o n of the c r y s t a l s 

The c r y s t a l s were oriented by X-ray technique 

Using a back r e f l e c t i o n Laue technique. The specimen 

was placed on a goniometer fa c i n g one beam from the 

X-ray s e t . A Polaroid c a s s e t t e was placed to stand 

between the goniometer and the X-ray s e t , and c a r r i e d 

both the X-ray f i l m and c o l l i m a t o r . 

Before mounting the specimen on the goniometer I t 

was w e l l etched to remove any s t r a i n e d l a y e r . E t c h i n g 

the s u r f a c e continued u n t i l c l e a r spots appeared on the 

f i l m . The etching s o l u t i o n used was the same s o l u t i o n 

as used f o r p o l i s h i n g and described l a t e r . The specimen 

was r i n s e d with absolute alcohol and dried i n a stream 

of warm a i r . Exposures were made using an X-ray tube 

with Molybdenum anode. T h i s tube was operated at tnA-

and 30 kV/ and the exposure time was about s i x minutes. 

Many exposures were made with the X-ray beam i n c i d e n t at 

d i f f e r e n t points on the surface i n order to make sure 

that the specimen was a s i n g l e c r y s t a l . 

The specimen was set at a f i x e d distance from the 

f i l m , 3 cm f o r convenience. T h i s permitted the use 

of a Greninger chart constructed f o r t h i s s e p a r a t i o n 

to measure angles of prominent.zone i n t e r s e c t i o n s . 

One of these was then chosen and the c r y s t a l rotated 

through appropriate angles to c e n t r a l i z e i t . T h i s • 
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was done by changing the goniometer to the required 

angle. The r e s u l t i n g pattern was compared with 

patterns computed f o r r e f l e c t i o n from the three 

p r i n c i p a l axes of a hexagonal c r y s t a l . I t was 

easy,by t r i a l and e r r o r , to l o c a t e one of these axes. 

T h i s method i s capable of determining the o r i e n t a t i o n 

of the c r y s t a l to w i t h i n + ^° with the apparatus used. 

3.!^ C u t t i n g and shaping the c r y s t a l s 

Next i t was necessary to cut c e r t a i n surfaces 

p a r a l l e l to c r y s t a l l o g r a p h i c planes on the oriented 

c r y s t a l s . I t i s e s s e n t i a l that t h i s c u t t i n g i s as 

s t r a i n - f r e e . a s p o s s i b l e s i n c e t h i s w i l l avoid the need • 

f o r annealing. Also i f the specimen i s badly s t r a i n e d 

then i t could p o s s i b l y show no true domain s t r u c t u r e but. 

only maze patterns, due to surface s t r a i n . 

For the above reasons i t was decided to c a r r y out 

the c u t t i n g operations using an electro-spark technique. 

I n t h i s method an e l e c t r i c discharge passing between two . 

e l e c t r o d e s causes erosion of the contacting areas. With 

the use of a s u i t a b l e t o o l the specimen, which forms the . 

anode, wears away at a greater rate, than the t o o l . 

The t o o l i s a continuously moving tinned copper wire. 

Th(5 c u t t i n g head I s counterbalanced by an adjustable 

weight and the c u t t i n g i s c o n t r o l l e d e l e c t r o m a g n e t l c a l l y .. 

by a small selonold. When the machine i s sparking . 

there i s a small current flowing through the selonold. 

T h i s I s cut o f f when the distance between the electrodes 

i s too l a r g e f o r a spark to pass and so the t o o l moves . 
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downwards due to the e f f e c t of the weight. U n t i l 

sparking once more takes place. 

The specimen i s mounted on a twin arc goniometer. 

The goniometer can r o t a t e about a v e r t i c a l a x i s , and. 

can move i n a h o r i z o n t a l plane on two s l i d e s at r i g h t 

angles. Thus the specimen can be set up at any d e s i r e d 

angle with respect to the c u t t i n g t o o l to a very high 

accuracy. The c r y s t a l i s f i x e d on the goniometer by 

Durofix cement mixed with graphite powder to render i t 

conducting. A f t e r c u t t i n g t h i s . Durofix mixture can 

be removed by d i s s o l v i n g i t i n acetone. The anode i s 

mounted i n a tank which contains the coolant, transfonner 

o i l , chosen for. i t s low v i s c o s i t y and high d i e l e c t r i c 

constant. T h i s prevents the. electrodes from melting 

and f u s i n g . A range of charging p o t e n t i a l s i s a v a i l a b l e 

and the r a t e of c u t t i n g i s d i r e c t l y proportional to the 

voltage. The machine used was a commercial model by 

Metals Research Ltd., 

The s u r f a c e produced was examined under the microscope 

and found to be p i t t e d to a depth of 10 - 20 microns. 

The s u r f a c e so.prepared showed ve i y l i t t l e contamination 

from the decomposition of o i l and cathode m a t e r i a l . 

I n some cases the surface was found to be a degree • 

or so from that d e s i r e d . T h i s was detected by making, 

an X-ray Laue photograph,after c u t t i n g and before 

d i s s o l v i n g the Durofix. 

5.4 Specimen preparation 

Observation of domain s t r u c t u r e r e quires a plane 
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s t r a i n - f r e e and highly polished s u r f a c e . Methods 

of specimen surface preparation are c l e a r l y of primary 

Importance i n p r a c t i c a l i n v e s t i g a t i o n s . I n c e r t a i n cases 

no problems a r i s e , f o r instance, the. surface of evaporated 

f i l m s and of c r y s t a l s which have been grown from the melt• 

without subsequent c u t t i n g or grinding. 

I n the general case a c r y s t a l w i l l , have been cut : 

to a s p e c i a l shape, or to expose a p a r t i c u l a r c r y s t a l 

plane. The r e s u l t i n g surface w i l l be s t r a i n e d or. 

deformed by the preliminary c u t t i n g and any subsequent 

grinding. These e f f e c t s may be minimized by c a r e f u l 

treatment, such as choosing the. c o r r e c t r a t e of c u t t i n g 

. when using the spark erosion machine.., / 

5.4.1 Mounting the specimen 

F i r s t the specimen was mounted, the ma t e r i a l being 

c a r e f u l l y chosen s i n c e some mounting m a t e r i a l s could 

produce a high compression during s o l i d i f i c a t i o n which . 

I n t u r n produces a s t r a i n i n the sample e s p e c i a l l y f o r 

the r a r e e a r t h metals which are comparatively s o f t . 

Obviously i t i s necessary to take care to avoid any 

p l a s t i c deformation of poss i b l y f r a g i l e specimens. 

A cold-mount r e s i n "Trylon "C€- ^03" mixed with a 

few drops of a c c e l e r a t o r and hardener, gave e x c e l l e n t 

r e s u l t s , but one disadvantage of t h i s mount i s that, i t . .; 

needs about 24 hours to set at a temperature of 290 K. 

I t i s very easy to remove the specimen, by c u t t i n g and 

breaking the edges of the mounting m a t e r i a l . Also I t 

i s ea.sy .to d i s s o l v e t h i s mount. i n acetone. 
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5.4.2 Mechanical p o l i s h i n g 

.After the specimen had been s e t , a mechanical 

p o l i s h i n g was c a r r i e d out by using s u c c e s s i v e l y f i n e r 

grades of emery paper (G, 0/0, 2/0, VO.and 4/0). T h i s 

was followed by the use of diamond compound paste on a 

r o t a t i n g d i s c . There are three d i s c s , one f o r each 

grade of the compound, 6/3, 3/2 and l/^^m r e s p e c t i v e l y . 

The.discs were covered by a c l o t h to carry the a b r a s i v e . 

Throughout the process a spray of dry Kerosene was used 

as a l u b r i c a n t . Between every stage the specimen was 

c a r e f u l l y washed with absolute a l c o h o l to prevent the 

c a r r y i n g of p a r t i c l e s of a b r a s i v e from the previous stage. 

A s u i t a b l e pressure should be applied to the specimen 

to ensure the maximum pos s i b l e p o l i s h i n g r a t e . • I t 

must be noted that high pressures may r e s u l t i n a s i g n i f ­

i c a n t d e t e r i o r a t i o n i n the q u a l i t y of p o l i s h . I n the 

case of Gadolinium high pressures may give r i s e to heavy-

s c r a t c h e s . 

Cloths such as "Metron" ( M e t a l l u r g i c a l S e r v i c e s Ltd.) 

c o n s i s t i n g of s y n t h e t i c rayon f i b r e s bonded to a heavy 

cotton backing.and manufactured as s y n t h e t i c suedes have . 

proved to be the most s a t i s f a c t o r y f o r t h i s work. 

Low r o t a t i o n a l speeds are d e s i r a b l e f o r a p o l i s h i n g 

d i s c , about 300 r.p.m. maximum, to enable b e t t e r c o n t r o l 

and reduce throw-off l o s s e s of a b r a s i v e . 

For c l e a n i n g the specimen, a stream of a l c o h o l was 

d i r e c t e d on to the s u r f a c e from a squeeze b o t t l e . The 

method of drying the washed surface i s important s i n c e 

i t must, be carried, out without causing strain.. A 
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standard technique i s to warm the specimen under a 

stream of hot dry a i r . A hand h a i r - d r y e r which conven­

i e n t l y s u p p l i e s a stream of e i t h e r hot or cold dry. a i r was 

used. 

When a specimen surface i s mechanically polished, 

an amorphous, g l a s s - l i k e surface l a y e r is.formed. The 

damaged l a y e r present on the surface i s always shallow. 

T h i s l a y e r has a s s o c i a t e d with i t a high strain-induced 

anisotropy and f o r most m e t a l l i c m a t e r i a l s , t h i s s t r a i n -

Induced anisotropy o v e r r i d e s the normal magnetocrystalline 

anisotropy of the specimen. I t i s e s s e n t i a l to remove 

t h i s damaged l a y e r by a very b r i e f chemical or e l e c t r o ­

chemical p o l i s h i n g treatment. 

5.4.3 Chemical p o l i s h i n g 

To remove s t r a i n and scr a t c h e s and a l s o any secondary 

e f f e c t s which appeared on the surf a c e of the gadolinium 

c r y s t a l s , a technique of chemical p o l i s h i n g was used. T h i s 

was considered p r e f e r a b l e to the a l t e m a t l v e of vacuum 

annealing both from the point of view of convenience and 

a l s o the avoidance of any f u r t h e r contamination. A 

technique of chemical p o l i s h i n g suggested by Roman (1965) . 

was adopted i n t h i s work using a s o l u t i o n containing the 

following 
20 ml l a c t i c a c i d 

5 ml phosphoric a c i d 
10 ml a c e t i c a c i d 
15 ml n i t r i c a c i d 

1 ml . s u l p h u r i c a c i d 

Water should not enter t h i s s o l u t i o n during the preparation 
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or i n subsequent use and ac i d s should be highly pure. 
\ 

P o l i s h i n g was done by using a cotton swab, wrapped 

around an end of a g l a s s rod, soaked i n the above s o l u t i o n 

and moved gently over the surface of the specimen. T h i s 

was c a r r i e d out f o r a few seconds a f t e r which the specimen 

was r i n s e d c a r e f u l l y with a stream of alcohol on to the 

su r f a c e from a squeeze bott'le. The . specimen was then 

d r i e d i n a stream of warm a i r . 

I t was then examined under a microscope and the 

process repeated u n t i l a s a t i s f a c t o r y surface was 

obtained. T h i s s o l u t i o n could be stored for. a long 

time. I t should be kept i n an open container such as 

a small g l a s s beaker. I f the constituent a c i d s are 

impure the s o l u t i o n may damage the surface so that i t 

needs r e p o l i s h i n g mechanically. I f the damage i s not 

deep it.may r e q u i r e mechanical p o l i s h i n g f o r only the 

f i n e r grade (l/^) and not f o r a long time. 

5.5 Apparatus 
5i5.1 For wet c o l l o i d technique 

The conventional c o l l o i d method of studying domain 

s t r u c t u r e s on the surface of bulk specimens of f e r r o ­

magnetic metals r e l i e s on the f i e l d inhomogeneity at 

the domain boundaries. . These boundaries a t t r a c t the.' 

very small s i n g l e domain ferromagnetic, p a r t i c l e s . They, 

are decorated by these small p a r t i c l e s which can be 

observed by an o p t i c a l microscope. I t i s obvious 

that the domain w a l l s w i l l be observed r a t h e r than 

domains. However, I f a small f i e l d i s applied 
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perpendicular to the surface under examination the 

small p a r t i c l e s w i l l be pola r i z e d and i n turn a t t r a c t e d 

and deposit p r e f e r e n t i a l l y on domains magnetized i n 

d i r e c t i o n s s;uch that the free surface has a s u i t a b l e 

p o l a r i t y . T h i s technique i s known as the B i t t e r 

technique a f t e r . i t s o r i g i n a t o r . I t has been applied 

to the study of domains at room temperature and f o r many 

magnetic m a t e r i a l s . The wet c o l l o i d B i t t e r technique 

cannot be applied at very high or very low temperatures. 

The c o l l o i d p a r t i c l e s produced by the .Elmore method.(1934) 

are of Fe-^ Ô^̂  which i s ferrimagnetic. They have a 

diameter of nea r l y 100 2 and are s u i t a b l e f o r the 

observation of domain w a l l s i n Gadolinium. A s u i t a b l e 

suspension l i q u i d i s secondary butyl a l c o h o l . This 

l i q u i d does not freeze u n t i l i t reaches l84 K which I s 

below the Curie temperature, of gadolinium. I n t h i s 

work . i t has been used f o r temperatures down to 220 K. 

The arrangement f o r observing domains i n t h i s range 

of temperature i s shown i n fi g u r e (5.1). A chamber of 

bras s with two si d e tubes was used. I n a depression 

on the top side of t h i s brass chamber the specimen was 

placed. Through a small hole i n one side near the 

top a thermo-couple was joined to measure the temp­

erature of the specimen. The brass block was of 

c y l i n d r i c a l shape with a diameter of 1.5 cm and the 

length of i t s a x i s was 3 cm. I t maintained a f a i r l y 

constant temperature and was cooled by nitrogen gas 

passing f i r s t through a copper s p i r a l , tube Immersed 
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i n l i q u i d n i t r o g e n . A l t e r n a t i v e l y i t could be cooled 
by a i r passing f i r s t r^hrough a s p i r a l tube Immersed i n 
i c e or dry i c e . A s p e c i f i c temperature was obtained 
by c o n t r o l l i n g the rate of flow of the cooled n i t r o g e n 
gas or a i r . The magnetic f i e l d used i n t h i s case was 
provided by a permanent magnet f o r a f i x e d value and an 
electro-magnet f o r v a r i a b l e values of the magnetic f i e l d s . 
The sample on i t s mounting and the magnet Were a l l 
mounted on the stage of the microscope. This method 
can be used f o r observing the changes i n s t r u c t u r e or 
movement of the domain w a l l s according t o the v a r i a t i o n 
of the temperature or the value and the d i r e c t i o n of 

the applied f i e l d . 

The s t a i n i n g of the surface by the c o l l o i d was 
not a serious problem as t h i s took about h a l f an hour. 
Often the complete experiment could be c a r r i e d out i n 

t h i s period. I f t h i s was not possible, the surface could. 
be cleaned by soaking the c r y s t a l i n absolute a l c o h o l . 

The domains were observed using a Cook r e f l e c t e d 
l i g h t microscope at magnifications varying from 50X t o 
400X, although the most u s e f u l magnification was found 

t o be 120X. 

Photographs were taken w i t h a. Praktlca LTL 35 mm 

camera which was coupled t o the microscope by means of . 

, an adaptor w i t h a focusing eye piece. The camera has 

through-the-lens metering so t h a t exposure times could 

e a s i l y be determined. The f i l m s used were I l f o r d FP4 

and HP4, chosen f o r t h e i r high contrast and small g r a i n 

s i z e . The FP4 was developed using a f i n e g r a i n Pater-

son "Acutol" developer f o r seven and.a h a l f minutes 
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while HP4 needs about eleven minutes I n the same 

developer. This s o l u t i o n was d i l u t e d one t o ten parts 

of water and the developing temperature was 20°C. The 

f i l m was then washed and f i x e d I n Kodak " u n l f i x " f i x e r , 

d i l u t e d one t o three parts of water f o r ten minutes. 

I n order t o c a l i b r a t e the system, photographs were taken 

at various magnifications of a small scale w i t h 1 yU.m 

d i v i s i o n s . The photographs were p r i n t e d on high 

contrast Kodak paper of grade 4 . 

A s u i t a b l e magnetic c o l l o i d had t o be developed f o r 

the wet c o l l o i d studies. The c o l l o i d was prepared 

f o l l o w i n g the recipe of Elmore (1958) . However, a f t e r 

preparation the magnetite was separated by f i l t r a t i o n 

and washed c a r e f u l l y using secondary b u t y l alcohol. 

This has the advantage t h a t i t does not react w i t h rare 

e a r t h metale and has a f r e e z i n g point of l84 K. I t 

was t h e r e f o r e used as the suspending f l u i d . The c o l l o i d 

used by Bates and Spivey (1964) using methyl-cyclohexane 

s t a b i l i z e ^ ! by sodium oieate as. a suspending l i q u i d f o r 

observing domain i n gadolinium was u s e f u l , but i t e a s i l y 

evaporated and on t h i s account i t was found d i f f ­

i c u l t t o use. The c o l l o i d prepared i n t h i s study 

was a g i t a t e d i n a bath by an u l t r a s o n i c tranducer f o r 

about one hour and a s u i t a b l e very f i n e l y dispersed c o l l o i d 

was produced. This c o l l o i d d i d not s t a i n the surface 

very q u i c k l y since i t s rate of evaporation was very low. 

The c o l l o i d was put on the specimen surface by a 

small p i p e t t e . Then the c o l l o i d on the specimen 

surface was covered by a microscope cover s l i d e t o 

r e t a i n a uniform amount of the c o l l o i d on the specimen 
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surface. This served t o spread the c o l l o i d i n t o a 
t h i n f i l m of s u i t a b l e thickness t o show c l e a r contrast 
under the microscope. A drop of secondary b u t y l 
a l c o h o l was placed on the top of the s l i d e t o prevent 
the formation of fog and f r o s t when the temperature was 
reduced. The c o l l o i d used moved f r e e l y i n the l i q u i d 
under the cover s l i d e . A small magnetic f i e l d , applied 
e i t n e r perpendicular or p a r a l l e l t o the specimen surface 
and of the order of 100 Oe was used t o increase the 
contrast of the patterns . I t was found t h a t the lowest 
temperature at which t h i s c o l l o i d could be used was. 220K. 
On reducing the temperature below t h i s value the c o l l o i d 
p a r t i c l e s became very r e s t r i c t e d i n t h e i r movement and 
they adhered t o the surface regardless o f the e f f e c t of 
the stray f i e l d s on the surface before the l i q u i d froze 
at 184K. 

5.5'2 Apparatus f o r dry c o l l o i d technique 
The B i t t e r technique cannot be applied at very low 

temperatures. The technique used f o r producing magnetic 
domain patterns at low temperatures was based on t h a t 
developed by Hutchinson, Lavin and Moon (1965) and t h i s • 
has been applied i n the present work.. The technique 
developed consists b a s i c a l l y of evaporating i r o n or 
n i c k e l on to. the specimen surface i n a chamber containing 
a small pressure of helium. I t was found that when the 
evaporation i s c a r r i e d out i n an i n e r t gas of low.pressure 
the deposit consists of very f i n e magnetic p a r t i c l e s . 
Consequently t h e s e . p a r t i c l e s w i l l deposit p r e f e r e n t i a l l y 
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on the surface of a ferromagnetic c r y s t a l at those regions 
where the l o c a l magnetic f i e l d s t r e n gth i s a maximum. 
The patterns obtained i n the deposit w i l l t herefore 
give i n f o r m a t i o n about the magnetic f l u x d i s t r i b u t i o n at 
the surface of the specimen due t o the domain s t r u c t u r e . 
Subsidiary experiments showed t h a t once the. p a t t e r n was 
obtained, subsequent f i e l d or temperature changes d i d 
not modify the p a t t e r n . 

A schematic diagram of the apparatus which was used 

f o r production of the small ferromagnetic p a r t i c l e s i s shown 

i n f i g u r e ( 5 . 2 ) , the apparatus consisted merely of a vacuum 

chamber containing an evaporation source. The chamber • 

was evacuated by a pumping system capable of producing 

10 t o r r i n the chamber. This system consisted of.. a 

two stage Edward's (model ED 50,.no.A4403 - 6 l 4 ) r o t a r y 

pump and small o i l d i f f u s i o n pump (model 102A, no . 1653 ) . . .' 

The pressure was measured by P l r a n l guage. I t i s important 

t h a t the specimen and i t s surroundings be very nearly at 

the same temperature. The chamber consisted of a 80 cm 

long s t a i n l e s s s t e e l tube of diameter 7 cm and w a l l t h i c k - . 

ness 0.1 cm. The tube was r e i n f o r c e d by rin g s o f brass of 

0.25 cm thickness and 1 cm width, soldered around the tube 

at distances of 10 cm between any two ri n g s . The s t a i n ­

l e ss s t e e l tube was brazed,, at i t s top end, t o a brass 

p l a t e t o which was sealed a perspex disc of thickness 1.5 

cm by means of an ' 0 ' r i n g . . Through the perspex were 

two vacuum-tight electrodes j o i n e d t o two brass leads of 

diameter 0 .5 cm and whose lengths could be varied . The 

current was supplied through these electrodes t o the fil a m e n t . 

A copper tube was j o i n e d ,to the perspex disc using an ' 0 ' 

r i n g s eal. 
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The copper tube was i n t u r n joined t o a. vacuum system 
and a helium gas c y l i n d e r . The disc made of perspex • ., 
was very u s e f u l since i t i s a transparent m a t e r i a l 
which enabled the operator t o see through and to c o n t r o l 

: the amount of evaporation t a k i n g place. The evaporation 
heating source used consisted of a tungsten wire f i l a m e n t 
of diameter 0.1 cm bent i n t o the form of a "V" shape. 
On t h i s a very f i n e wire of i r o n of diameter 0.027 cm 
was wound.. I r o n was used through out... the experiment 
r a t h e r than n i c k e l since the l a t t e r e a s i l y a l l o y s w i t h 
the tungsten f i l a m e n t . The "V" shaped filament was 
used t o reduce the iron-tungsten contact area, thereby, 
reducing a l l o y i n g of the two metals. On heating the 
fil a m e n t the i r o n melted and formed a bead. A large 
bead, corresponding t o 7 cm length of i r o n wire, was 
used so t h a t pure i r o n was evaporated from i t s surface. 
The q u a n t i t y of i r o n evaporated was.controlled by using' 
standard evaporation times. For obtaining the best 
r e s u l t s the amount of i r o n evaporated must be optimized 
s e p a r a t e l y . f o r each observation. 

The high current supply consisted of a Variac connected 
t o a large transformer w i t h an input of 240 v o l t s and an. 
output of up t o 130 amperes and 2 v o l t s . I t was found 
I n t h i s case t h a t a current of 50amperes at 1 v o l t used ^ 
at l i q u i d n i t r o g e n temperature gave the best r e s u l t s . 
For temperatures i n the region of 25K the optimum 
current was l a r g e r and i n the range of 70 amperes at 
1.5 v o l t s . The current was applied slowly t o the heating 
source t o ensure t h a t the i r o n wire completely melted and 
formed a bead which slowly evaporated. . The process was 
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terminated while the bead was s t i l l q u i t e large t o 
reduce the p o s s i b i l i t y of evaporating any a l l o y formed. .. 
I t was also found t h a t the optimum pressure of helium 
gas depended on the temperature. I t i s useful t o 
f l u s h the system w i t h high p u r i t y helium before s t a r t i n g 
the evaporation of i r o n . I f the helium was not o f high . 
p u r i t y iron oxide formed. I n t h i s work i t was found t h a t . 
three stages of f l u s h i n g helium gas were very s a t i s f a c t o r y . 
The'helium gas was i n l e t t o the s t a i n l e s s s t e e l tube 
through a needle valve, so I t was easy t o adjust the pressure 
of the helium gas t o the desired value. I t took between 
f i v e and ten minutes f o r the i r o n p a r t i c l e s t o deposit 
on the surface of the specimen. 

The specimen was placed on a brass rod which was 
screwed i n t o the end of the s t a i n l e s s s t e e l tube. This 
brass rod had a very large and heavy top t o ensure temp­
erature u n i f o r m i t y . A washer of PTPE of thickness 0.1 
cm was used t o ensure a t i g h t vacuum seal. I n a redesign 
of the apparatus t o allow lower temperatures t o be achieved 
i t was decided t o seal the bottom of the tube and put 
the specimen on another holder i n s e r t e d through the top 
of the tube. This specimen holder consisted of a brass 
d i s c , of diameter 5 cm and thickness 0.5 cm, and three 
brass s t r i p s soldered t o i t s circumference and j o i n i n g 
i t t o a brass r i n g of the same diameter. 

For low temperature observation of domains, the 
s t a i n l e s s s t e e l tube was Immersed i n l i q u i d n i t r o g e n 
or dry i c e . This ensured an e q u i l i b r i u m temperature 
between a l l the objects i n s i d e the s t a i n l e s s s t e e l tube. 
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I t i s u s e f u l t o leave the l i q u i d surrounding the tube 
long enough t o maintain steady state temperature and i n 
the same time t o allow the domain s t r u c t u r e t o s t a b i l i z e . 
I t was found t h a t about twenty minutes are enough t o 
o b t a i n t h i s c o n d i t i o n . 

A f t e r decoration, the specimen was warmed up t o 
room temperature by d i r e c t i n g stream of hot a i r onto 
the end of the tube. I t took about h a l f an hour t o 
warm the tube. Then the c r y s t a l was removed from the 
apparatus and the domain patterns examined by the o p t i c a l 
microscope. Photographs were taken as before and . i t was 
n o t i c e d t h a t the patterns were c l e a r e r i n t h i s case than 
w i t h wet c o l l o i d . 

5.5.3 Temperature measurement 
Throughout the major part of t h i s study, temperatures 

are measured using a copper/constantan thermo-couple. 
Both thermo-couple wires are i n s u l a t e d w i t h PTFE sleeving, 
and the j u n c t i o n s are soldered. For the wet c o l l o i d work 
temperatures were measured using a Noronix d i r e c t reading 
temperature meter. For the dry c o l l o i d observations the . 
thermo-couple e.m.f. was measured e i t h e r by means of Pye 
po r t a b l e potentiometer, or by a S o l a r t r o n d i g i t a l voltmeter, 
and temperature then obtained from a c a l i b r a t i o n chart. 
The d i r e c t reading meter w i l l measure.down t o 77K, but the 
other methods give r e s u l t s down t o 4K. 

The reference j u n c t i o n was placed i n a dewar 
co n t a i n i n g a mixture of water and i c e or l i q u i d n i t r o g e n , 
dependent on the measuring range o f temperature. The 
other sensing j u n c t i o n i s held as close to the specimen 
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as possible i n order t o prevent temperature'lag. This' 

i s achieved by threading both thermo-coup'l^'^wires down 

Ins i d e the s t a i n l e s s s t e e l tube arid a t t a c h i n g the Junction 

t o the base of the specimen holder^.. . The t-hermo-couple 

wires were passed through home-made vacuum ̂ ^eals i n the 

perspex d i s c . These permitted the use o'f continuous 

runs.of wire and avoided spurious, e'.m.f.'s due. t o j o i n t s . 

5.5.4 System f o r observing domains below 77K 

The apparatus was modified so t h a t i t could be used 

at lower temperatures than t h a t of l i q u i d n i t r o g e n . This 

was done, as.in f i g u r e (5.3)^ by surrounding the tube by 

two double-walled Pyrex glass dewars. The inner dewar .. 

vessel contained the l i q u i d helium, around t h i s was a 

dewar vessel f u l l of l i q u i d nitrogen.. Both the two 

dewars were s i l v e r e d and c l e a r s l i t s ran v e r t i c a l l y . 

The evaporation tube was joi n e d at i t s top end t o a 

brass •dlsc'^. ;- This disc lay on another large disc which 

formed the top of a housing for^'the't30p of the dewar-'of 

l i q u i d helium, the vacuum was sealed'by an 'O' r i n g 

between the two discs. ' The' llqulti.'-helium dewar was •"̂ '-C' ' 

sealed t o the housing by a rubb'er ^tirbe' si"eeve\'- l^ts^- •"'̂  • ar 

diameter being s l i g h t l y ress-"tt®Sri[iŴ '' devJaa? JcĤ 'am̂ êr̂ i-

The dewar was also sealed by •belng-'.iheld>'agaihst a f l a t 

surface r i n g i n s i d e the housing. 

The housing was usually supported r i g i d l y on. a 
framework and the helium dewar hung from the housing. 
The supports on which the dewar hung were made of cotton 
c l o t h s t r i p s which do not conduct too much heat i n t o the 
c r y o s t a t . The evaporation tube was. mounted e c c e n t r i c a l l y 
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i n s i d e the dewar vessel w i t h a clearance of about 0.5 cm 
on one side and 3 cm i n the other. The tube could 
e a s i l y be removed by undoing the 'O' r i n g seal, between 
the disc and the housing, and withdrawing i t . 

The amount of l i q u i d helium used depends on the . 
dimension of the s t a i n l e s s s t e e l tube. For the i n i t i a l 
c o o l i n g of t h i s from 77K i t was estimated th a t two l i t r e s 
of l i q u i d helium would be required. An a d d i t i o n a l two 
would be required t o f i l l the i n n e r dewar t o a reasonable 
l e v e l . The c r y o s t a t was made f a i r l y l o n g , so t h a t the 
top, which i s at room temperature, i s w e l l separated 
from the l e v e l of the l i q u i d helium. . This reduced the ' 
r a t e at which the l i q u i d helium evaporated. 

The tube could be put back i f necessary, while the 

c r y o s t a t contained l i q u i d . h e l i u m , though some gas would 

be l o s t d uring t h i s process. Before i n s e r t i n g the tube, . . 

i t should be pre-cooled by immersion i n l i q u i d n i t r o g e n 

f o r some time. 
The procedure f o r cooling down the tube was as fo l l o w i n g . 

The tube was f i r s t pumped out when the sample was i n s i d e , 
by j o i n i n g the tube t o the vacuum system. With the whole 
system at room temperature, space i n s i d e the helium dewar 
was then pumped out through an exhaust tube (not shown i n -
f i g u r e 5.3) w i t h a r o t a r y pump. The inner dewar. was 
then f i l l e d w i t h helium gas from a gas c y l i n d e r . I t was 
then re-evacuated and helium again admitted. This 
f l u s h i n g out process could be repeated several times t o 
be sure t h a t no a i r remained i n the dewar. The space 
between the w a l l s of the helium vessel was evacuated w i t h 
a r o t a r y pump and then helium was admitted t o t h i s also. 
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Before syphoning i n l i q u i d helium, the system must 
be pre-cooled, and t h i s was accomplished by f i l l i n g the 
outer dewar w i t h l i q u i d n i t r o g e n . The amount of helium 
l e f t between'the w a l l s of the inner dewar conducted the 
heat away from the i n s i d e of the dewar, so that the contents 
oooled t o the temperature of the l i q u i d n i t r o gen. This . 
c o o l i n g normally took two t o three hours at l e a s t . A f t e r 
the I n s i d e of the inner dewar had cooled i t was re-evacuated 
and f r e s h helium gas was admitted from the gas c y l i n d e r . 
The space between the w a l l s of the inne r dewar was then • 
evacuated t o ensure t h a t no helium gas remained between 
the w a l l s . A small pressure of helium would be enough t o • 
s p o i l the heat i n s u l a t i n g p r o p e r t i e s of the Inner dewar. 

L i q u i d helium could then be t r a n s f e r r e d through a 
syphon which entered the dewar by way of a gland i n the 
dewar housing (Figure 5*3). The syphon was a demountable 
one of s t a i n l e s s s t e e l which was i n place throughout the 
evacuation process w i t h i t s outer end sealed by a rubber 
bung. I n order t o t r a n s f e r l i q u i d helium the bung was 
removed and the other h a l f of the syphon, already i n the 
helium t r a n s p o r t dewar, was joined t o the part attached t o 
the c r y o s t a t . The section I n the helium dewar passed 
through a tube w i t h a f o o t b a l l bladder and a release 
valve connected t o the gas space i n the t r a n s f e r dewar. 
Transfer could be i n i t i a t e d by c l o s i n g the valve and 
squeezing the bladder and stopped by releasing the valve.' 
When enough helium had been t r a n s f e r r e d the syphon could 
be uncoupled and the rubber bung again used t o close the 
par t attached t o the c r y o s t a t . 

When the temperature reached the desired value evaporation 
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o f the ir o n took place i n the manner previously des­
c r i b e d . Then the tube was taken from the cryostat 
and warmed t o room temperature while the sample was 
i n i t . Then the sample was removed and the surface 
of the c r y s t a l observed under the o p t i c a l microscope. 

5.6 P a r t i c l e formation 
To prepare f i n e p a r t i c l e s , a metal must be evaporated 

not i n vacuum but i n an i n a c t i v e gas at low pressure. 
The metal vapour thus produced i s cooled i n the gas and 
f i n e metal p a r t i c l e s are formed l i k e a. smoke. 

I n v e s t i g a t i o n of the production o f f i n e metal 
p a r t i c l e s by t h i s technique have been made by, amongst 
others, Tasaki and Wada (1965). However, i t was necess­
ary, t o carry out some pre l i m i n a r y experiments t o discover 
the optimum conditions f o r the production of p a r t i c l e s 
fo.r the present purpose. . The p a r t i c l e size i n the exper­
iments of Tasaki and Wada was c o n t r o l l e d by changing the 
pressure of the helium gas. P a r t i c l e diameter varied from 
about one hundred Angstroms at 1 t o r r t o a few tenths of 
microns at 30 t o r r . P a r t i c l e s of ferromagnetic metals 
showed remarkable necklace-like arrangements at higher 
pressures of the i n e r t gas.- For decoration of domains 
s i n g l e p a r t i c l e s are required and I n v e s t i g a t i o n i n t o 
appropriate conditions were c a r r i e d out using e l e c t r o n 
microscopy t o study the p a r t i c l e s produced. 

.5.6.1 Experimental . . 
Evaporation was c a r r i e d o u t . i n the s t a i n l e s s tube' 
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described before. A f t e r the a i r was evacuated from 
the work-chamber u n t i l a pressure of 10"-̂  t o r r was 
achieved, helium gas was Introduced i n t o i t . The 
gas had a p u r i t y b e t t e r than 99.9 per cent. . The 
pressure, of the gas i n the chamber was varied between 
0.07 t o r r and 3 t o r r . The metal evaporated was i r o n 
,of 99.99^ p u r i t y . The i r o n wire was of dlam©ter0.27 
mm and of l e n g t h 6 cm wound around the tungsten f i l a m e n t . 
The i r o n metal wire evaporated i n about three seconds.. 
As soon as the filament was heated," metal smoke was 
produced as shown I n f i g u r e (5.4) provided t h a t the. 
gas pressure was higher than 0.05 t o r r . Some of the 
smoke went upwards due t o the convection of the gas, 
w h i l e some moved downwards. P a r t i c l e s moved through 
only a l i m i t e d distance below the filament and under 
the conditions of the present experiment, t h i s distance, 
was mainly determined by the gas pressure and the temp­
erature of the gas and of the surrounding. I t was 
found t h a t at any f i x e d temperature t h i s l i m i t e d 
distance decreased as the pressure of the helium gas 
increased. At the same time i t was observed th a t at a 
f i x e d value of the gas pressure t h i s l i m i t e d distance 
increased on decreasing the temperature of the helium 
gas and the surroundings. These e f f e c t s are shown i n f i g u r e 
(5.5) and f i g u r e (5.6). These were constructed by 
p l a c i n g specimen g r i d s c a r r y i n g evaporated carbon f i l m s 
under the tungsten filament at d i f f e r e n t distances.. 
The p a r t i c l e s deposited on the g r i d s were studied i n 
an e l e c t r o n microscope. Most of the micrographs were, 
taken a t a m a g n i f i c a t i o n of X 20,000. . For the. g r i d s . 
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outside the smoke. I t was found t h a t no p a r t i c l e s 
deposited on them and only t h i n f i l m s were observed. 
A t y p i c a l micrograph of a t h i n f i l m I s shown i n . f i g u r e 
( 5 . 7 w h i l e f i g u r e (5.8) shows a deposit of i r o n 
p a r t i c l e s . The r e s u l t s shown i n figures(5.5) and (5.6) 
can be used t o p r e d i c t the most s u i t a b l e l o c a t i o n of the 
sample r e l a t i v e . t o the filament f o r a range of pressures 
and temperatures. The distance must not be much less ' 
than the l i m i t i n g distance or a s a t i s f a c t o r y deposit i s not 
obtained. 

Tasaki and Wada in v e s t i g a t e d the v a r i a t i o n of p a r t i c l e 

s i z e w i t h pressure of the i n e r t gas; t h e i r r e s u l t s are . 

shown i n t a b l e (5.1). 

Helium Pressure P a r t i c l e diameter 
t o r r 

• 

0.5 80 
500 

.55 2000 

I n a helium atmosphere the i r o n atoms coalesce t o 
give small p a r t i c l e s which have a r e s u l t a n t magnetic 
moment and experience a force i n a f i e l d gradient. .The 
smaller the p a r t i c l e the less domains i t w i l l contain and 
s u f f i c i e n t l y small p a r t i c l e s w i l l be s i n g l e domains, each, 
behaving as a small permanent magnet. 

Bergmann (1956) has pointed out t h a t s i n g l e domain•. 
p a r t i c l e s i n c o l l o i d a l suspension are a f f e c t e d by two 
f i e l d s which i n f l u e n c e t h e i r d i s t r i b u t i o n on the surface ' 



Figure (5.7) Micrograph of t h i n f i l m 

Figure (5.8) Deposit of i r o n p a r t i c l e s 
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of>^a polished ferromagnetic specimen. These are the 
'*' 

s e l f f i e l d Hp of each p a r t i c l e and the s t r a y f i e l d s ' . 

H^ due t o irihomogenlties i n the magnetization at the . 

specimen surface. 
For dry c o l l o i d the p a r t i c l e are not i n suspension 

and they have a d i s t r i b u t i o n of v e l o c i t i e s . We suppose 
t h a t the p a r t i c l e s . a r e i n thermal e q u i l l l ^ l u m . We 
might use the same treatment as Bergmann when considering 
the i n t e r a c t i o n of magnetic p a r t i c l e s as they f a l l onto 
the surface of a magnetic m a t e r i a l . . Thus t o get p a t t e r n s , 
i t i s required t h a t the appropriate magnetic energy must 
be l a r g e r or smaller than the thermal energy. i . e . 

K / 3 kT f o r i n t e r a c t i o n between 
y ^ / specimen and p a r t i c l e s . 
n E: <^ 3 kT f o r i n t e r a c t i o n between 

y P \ p a r t i c l e s . 

The p a r t i c l e f i e l d s encourage the p a r t i c l e s t o 
aggregate, and thus reduce, the magnetic moment. So t h a t 

the aggregate plays no part i n p a t t e r n formation. The 
magnetic moment of a s p h e r i c a l s i n g l e domain p a r t i c l e 
of diameter d and magnetization I ^ - i s given by 

^ = I^As The f i e l d 
Hp due t o a s p h e r i c a l p a r t i c l e which acts on an adjacent 
p a r t i c l e i s given approximately by 

H. = 2yU 

The c o n d i t i o n f o r p a r t i c l e aggregation i s s a t i s f i e d when . 
3 kT. This means t h a t p a r t i c l e s w i t h diameter 

greater than dg given by 
1/3 

w i l l form s e l f c l o s i n g aggregates and p a r t i c l e s w i t h 
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diameter less than d w i l l be e f f e c t i v e i n formation 
e 

of p a t t e r n s . 
There i s a lower l i m i t on the diameter of u s e f u l , 

p a r t i c l e s below which patterns cannot be formed f o r 

c e r t a i n specimens. This i s obtained from the c o n d i t i o n 

K i t t e l (1949) estimated the magnitude of the st r a y 

f i e l d H^ at distance r above a l80° domain w a l l as 
„ . ^ 2 Iw^w . 2 • 
"w r 1 

where = 1 + 2 ^ Iw where i:^^ i s the 
spontaneous magnetizatio?{ of the specimen, CQ^ the w a l l 
thickness and the magneto c r y s t a l l i n e anisotropy of 
the sipecimen. Bergmann deduced the lower l i m i t of. the 

(5.2) 
p a r t i c l e diameter f o r p a t t e r n formation t o be 

d^ = 3( k T( 1 +./w) Y 2 
2-rJ'Is Iw^pw 

Thus c l e a r patterns w i l l be formed when ^ 
and the p a r t i c l e size should l i e between d^ and d^. I t i s 
noticeable t h a t the diameters ( d ^ or d^) vary w i t h the 
temperature. I n Equations (5.1) and (5.2), f o r evap­
o r a t i o n , i n s e r t i n g s u i t a b l e values f o r the constants of 
i r o n p a r t i c l e s on a gadolinium s i n g l e c r y s t a l gives the 
f o l l o w i n g c o n d i t i o n . 

TABLE (5.2) 

Temperature K Range of p a r t i c l e , diameter a" Helium pressure-
t o r r 

77 . 26 < d < 27 0.7 

210 50.6 0.5 
270 . 40 < 1 < , 0.2 
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This narrow range of diameters was s u r p r i s i n g , 
but i t must be r e a l i s e d t h a t the expressions used 
were only crude approximations and r e f e r 
s t r i c t l y only t o the decoration of l8o° w a l l s . 

The p a r t i c l e diameter at low temperatures was 
dependent on gas pressure. I t appears th a t the 
diameter at a given pressure decreases on decreasing 
the temperature. This was found by varying the 
pressure to. get the r i g h t diameter of p a r t i c l e f o r 
domain observations. The experimentally observed 
pressures are shown i n the f i n a l column of Table (-5.2). 
Sarma and Moon (I967) found th a t the mode of p a r t i c l e 
diameter was 40 at pressure of helium of 1 Torr, 
at temperature 4.2 K. 
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CHAPTER SIX 

EXPERIMENTAL RESULTS 

The domain s t r u c t u r e of gadolinium was f i r s t observed 
on a sample i n which a large amount of oxide i n c l u s i o n 
was present. Then successive samples were used, of 
considerably higher p u r i t y and.containing l i t t l e or 
no oxide. Clear domain patterns have been observed 
on a l l prepared surfaces. As explained before gadol­
inium i s e s s e n t i a l l y d i f f e r e n t from the other rare earths 
i n t h a t i t e x h i b i t s normal ferromagnetism over i t s e n t i r e 
o r d e r i n g range. The easy d i r e c t i o n i s the c-axis between 
the Curie temperature 292 K and. 24G K. . Below.240 K the . 
easy d i r e c t i o n l i e s on a cone about the c-axis. . Also 
the basal plane magneto-crystalline anisotropy constant' 

has heen determined by Darby et a l (1964) and Graham 
(1967). I t i s found t o be small and of order 10-̂  erg/ 
cm^/ at 90 K and does not c o n t r i b u t e appreciably t o the 
.anisotropy energy above I60 K. 

The present work w i l l provide i n d i r e c t evidence of 
the i n t e r n a l magnetic domain s t r u c t u r e as w e l l as the 
nature of the s u p e r f i c i a l domain at the surface. I t 
includes s t u d i e s of domain patterns i n both the region-
of temperature i n which the c-axis i s the easy d i r e c t i o n 
and t h a t i n which an easy cone applies. Also the. 
r e s u l t s of a study of the e f f e c t s of magnetic f i e l d s as 
w e l l as v a r i a t i o n s of temperature are presented. The 
v a r i a t i o n of the s t r u c t u r e w i t h the thickness of the-
specimen has also been i n v e s t i g a t e d . 

The./sample was f i r s t mounted I n the p l a s t i c as 
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mentioned i n the previous chapter.; a f t e r p o l i s h i n g the 
c o l l o i d was put on the surface at d i f f e r e n t temperatures. 
A t y p i c a l domain p a t t e r n obtained at 273 K w i t h a f i e l d 
of 300 oe applied p a r a l l e l t o the surface i s shown i n 
f i g u r e (6.1). This shows the in f l u e n c e of i n c l u s i o n s 
on the domain s t r u c t u r e . At very low temperature the 
d i f f e r e n c e between the e l a s t i c constants of gadolinium 
and of the oxide i n c l u s i o n s i s thought to prevent the 
observation of domain s t r u c t u r e . Work was th e r e f o r e . 
s t a r t e d on other samples which had been previously treated, 
by s o l i d s t a t e e l e c t r o l y s i s and were nearly f r e e from 
oxide i n c l u s i o n . 

6.1 Domain s t r u c t u r e on surface containing the c-axis at 

. 273 K. - ' 

Observations oh t h i s surface were made at a temper­
a t u r e where the anisotropy constant has nearly i t s . 
maximum value. The magnetization at t h i s temperature 
has a value of. about 950 e.m.u. cm"-̂ . Clear domain 
patterns were observed at t h i s temperature and there 
was no d i f f e r e n c e between, the patterns observed on (1120) 
and (1010) surfaces, which are re s p e c t i v e l y a and b 
surfaces. This I s not s u r p r i s i n g since the m a t e r i a l 
i s nearly I s o t r o p i c i n the basal plane at t h i s temperature. 

The s t r u c t u r e i s shown i n f i g u r e (6.2) on b surface, 
here the p a t t e r n consists of l80° p a r a l l e l w a l l s and the 
spacing was d i f f e r e n t at d i f f e r e n t regions on the surface. 
I n f i g u r e (6.3) the p a t t e r n shown consists of l80° 
p a r a l l e l w a l l s , and i n part of the f i g u r e domain contrast-
i s seen.. Due t o applying a magnetic f i e l d which was 



Figure (6.1) Wet c o l l o i d at 275 K (XI. w i t h oxld Inclusion) 
on b-surface specimen E. 
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Figure (6.2) Wet c o l l o i d at 273 K on b-surface 

H = ^00 Oe specimen D 
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Figure (6.3) Wet c o l l o i d at 273 K on b-surface 
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Figure (6.4) Dry c o l l o i d at 273^ on a-surface 

specimen A 
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not p a r a l l e l t o the surface but had a.small normal component, 
the c o l l o i d was p o l a r i z e d and domains ra t h e r than walls could be 
seen. The magnetic f i e l d was i n the c-axis d i r e c t i o n of 
value 500 Oe. The spacing was g r e a t l y d i f f e r e n t at 
d i f f e r e n t parts on the surface, dependent on the presence; 
of i n c l u s i o n s , and the i n c l i n a t i o n of the.magnetic f i e l d 
t o the surface. Figure (6.3) i s near the edge of the 
surface, the formation of closure s t r u c t u r e not c l e a r l y 
seen. There does not appear.to be complete f l u x . c l o s u r e , 
but there are.areas of free pole on the'basal plane surface. 
From t h i s f i g u r e there i s no evidence f o r the formation of 
reverse dagger or closure domains. 

Figure (6.4) shows some closure s t r u c t u r e on a 
surface not containing i n c l u s i o n , by using Dry c o l l o i d , , 
near the edge of a - surface. Using another c r y s t a l . . 
the domain s t r u c t u r e shown i n f i g u r e (6.5), shows w a l l 
m u l t i p l i c a t i o n i n the b-surface using wet c o l l o i d . The 
spacing of domain w a l l s i s seen to be much less near t h e . . 
f r e e CoOOl) surface than i n the i n t e r i o r of the c r y s t a l . 

Figure (6.6) shows the e f f e c t of reducing the temperature 
on the patterns, using the wet c o l l o i d and a magnetic 
f i e l d of 300 Oe i n the c-axls d i r e c t i o n . This .shows 
disappearance of domain w a l l s as T-^ 240 K. . Below '. 
t h i s temperature a new type of s t r u c t u r e would be expected, 
but t h i s i s hot c l e a r at temperature 220 ,K. This was . 
the lowest temperature at which the wet c o l l o i d could be used. 

6.2 Domain structure, on basal plane surface at 27> K 
: . As may :be Wxpect.Qd'of any. uniaxial ferromagnetic 
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Figure (6.5) Wet c o l l o i d at 273 K on b-surface 

H = 300 Oe specimen C 
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Figure (6.6) E f f e c t of reducing the temperature b-surface 

H = 500 Oe specimen E 
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m a t e r i a l the p a t t e r n observed on t h i s surface i s complex, 
and there i s no pre f e r r e d d i r e c t i o n o f w a l l alignment, 
confirming the Is o t r o p y of magnetic properties i n the 
basal plane at t h i s temperature.- Figure (6.7a). shows 
a p a t t e r n on the basal plane surface w i t h magnetic f i e . l d 
normal t o the surface and of value 200 Oe, using dry 
..colloid.. The p a t t e r n i s of honey-comb type-with a. 
geineral, but not complete, s i x - f o l d symmetry. This 
s t r u c t u r e .changesin a consistent fashion w i t h the sample 
thickness as .shown i n f i g u r e (6.7b). This i s consistent 
w i t h other evidence t h a t the size o f domains depends on 
the c r y s t a l s i z e . For t h i n c r y s t a l s the domain configur­
a t i o n i s small i n size and as the. thickness i s increased 

. the size of the p a t t e r n increases.. 
The surface s t r u c t u r e observed i s such as would 

r e s u l t from a, d i s t r i b u t i o n of f r e e poles and w i t h l i t t l e 
magnetization p a r a l l e l t o the surface. I t i s suggested 
t h a t i t i s due t o reverse domains on the ends of .long t h i n , 
domains, of hexagonal cross-section. . The e f f e c t of the 
change i n c r y s t a l thickness on domaiin width w i l l be 
discussed i n d e t a i l l a t e r . 

;.6.3 Domain s t r u c t u r e s on i n c l i n e d planes .t& a b-surface • 

• '• . at 273 K 
The domain structure.on a surface i n c l i n e d t o a simple 

- c r y s t a l l o g r a p h l c plane i s expected t o be somewhat co.mpli-cated 
-and t o depend on the i n c l i n a t i o n of the surface. Figure. ' 
(6.8 a - d). shows d i f f e r e n t types of domain at d i f f e r e n t 

•places o f a.surface i n c l i n e d at 10° t o the.b-surface with. 
.. a magnetic f l e w , of 300 ,09 applied i n the d i r e c t i o n of 
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Figure (6.7) Dry c o l l o i d at 273 K on basal plane 
H = 200 Oe specimen A 
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c-axis (c) \ ^ c - a x i s (d) 

Figure (6.8) Dry colloid at 273 K on plane Inclined to b-plane 
specimen B 
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the p r o j e c t i o n of the c - a x i s on the surface. These 

show c l e a r l y the existence of d i f f e r e n t s i z e s of dagger 

domain. Figure (6.8d) shows a s t r u c t u r e near to a 

b a s a l plane s u r f a c e . The appearance of domain r a t h e r 

than w a l l contrast shows that there i s a component of 

magnetization normal to the s u r f a c e . 

Figure (6.9) shows more complicated domain s t r u c t u r e s 

at d i f f e r e n t points on another c r y s t a l surface i n c l i n e d 

w ith a l a r g e r angle 30° to the b-surface. The applied 

magnetic f i e l d of order 300 Oe was p a r a l l e l to the 

p r o j e c t i o n of the c - a x i s on the surface. I t shows 

d i f f e r e n t types and s i z e s of domain in c l u d i n g loops 

and daggers. 

6.4 Domain s t r u c t u r e on planes i n c l i n e d to basal plane 

at 273 K 

The domain on a surface i n c l i n e d to the b a s a l plane 

gave r i s e to a tsirly r e g u l a r but very complicated pattern. 

Figure (6.10a) shows domain on a surface i n c l i n e d , at 15° 

to the b a s a l plane. A magnetic f i e l d of order 200 Oe 

was applied normal to the s u r f a c e . This shows a b a s i c 

l a r g e s c a l e s t r u c t u r e of roughly hexagonal symmetry 

containing a complicated smaller s c a l e s t r u c t u r e . . I t 

appears, that t h i s i s derived from the honeycomb str u c t u r e ' 

. seen on the b a s a l plane, but i n c l u d i n g more complicated 

arrangements f o r the reduction of magnetostatic energy. 

Figure (6.10b) shows domains on the same surface of 

t h i s wedge-shaped sample at a t h i c k e r part of the wedge. 

The e f f e c t of changing of the c r y s t a l thickness on 

domain, s t r u c t u r e I s c l e a r l y seen^ the .domain s t r u c t u r e 



c - a x i s 

Figure (6.9) Dry c o l l o i d technique at 273 K on i n c l i n e d 
plane to b-surface H = 300 Oe 

specimen C 
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Figure (6.10) Dry c 
b a s a l plane H = 200 Oe 
specimen A . 

o l l o i d at 275 K on surface i n c l i n e d to 
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remaining the same type but growing l a r g e r i n s i z e as 

the t h i c k n e s s of the c r y s t a l i n c r e a s e s . Figure (6 .11) 

shows another type of complex domain s t r u c t u r e on a 

su r f a c e i n c l i n e d by 30° to b a s a l plane, and i t i s c l e a r 

t h a t i t . i s d i f f e r e n t from that observed oh the surface 

i n c l i n e d a t 1 5 ° . 

6.5 Domain s t r u c t u r e on b-plane at 77 K 

Patterns were observed on both a-planes ^1120^ 

and b-planes ( lOlO) but no d i f f e r e n c e s were evident. 

Therefore only the d e t a i l e d r e s u l t s on the b-plane w i l l 

be presented here. At 77K as explained before, the easy 

d i r e c t i o n i s on a cone with angle 9 around the c - a x i s 

equal to 37°j according to Comer and Tanner (197,6) 

f i g u r e (4 .10) . Because of t h i s the domain s t r u c t u r e 

was expected to be d i f f e r e n t from that f o r the case of the. 

c - a x i s being the easy d i r e c t i o n . Figure (6 .12) . shows .. 

the domain s t r u c t u r e observed on the surface containing , 

the c - a x i s , with a magnetic f i e l d applied p a r a l l e l to the . 

surf a c e and i n the c-axi.s d i r e c t i o n . These patter n s 

show domain co n t r a s t r a t h e r than w a l l contrast with 

rev e r s e or clo s u r e domains hear the edge of the sur f a c e ; , 

Experiments with stronger f i e l d s showed a narrowing of 

a l t e r n a t e domains, but above 600 Oe contrast became so 

low that the patterns were no longer v i s i b l e . The domain 

s t r u c t u r e shown i n fi g u r e (6 .13) was observed on the same-

su r f a c e ; . i n t h i s case the magnetic f i e l d was applied 

normal to the c - a x i s d i r e c t i o n but p a r a l l e l to the plane 

of the su r f a c e . The domain s t r u c t u r e i s the same but 
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Figure (6.11) Dry c o l l o i d at 273 K on i n c l i n e d plane to 
b a s a l plane 
H = 300 Oe specimen A 



c - a x i s 

Figure (6.12) Domain s t r u c t u r e at 77 K on b-plane 
H = 200 Oe specimen B 
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Fig u r e (6.13) Domain s t r u c t u r e 
at 77 K on b-plane 
H = 200 Oe 

specimen B 
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the dWalns are clearer-and the reverse domains become 

much longer, than i n the previous case. The domains 

i n these two ca s e s look l i k e a loops along the c- a x i s 

d i r e c t i o n , running over the c r y s t a l surface and few of . 

them reach, the other edge of the sample.. The magnetic 

f i e l d was applied i n these two cases by using a. permanent. 

horseshoe magnet g i v i n g a f i e l d of 200 Oe. The p r i n c i p a l 

domain s t r u c t u r e i n the previous twd cases was p a r a l l e l 

to t V a c - a x i s , but there are t r a c e s of regions of domains 

or wallV-i^ manning normal to the c - a x i s . These l i e I n s i d e ,. 

the princj^oal domains and show opposite p o l a r i t y . 

Flgurt^ (6.l4a) shows the domain s t r u c t u r e with an 

applied .magnetic f i e l d of 75 Oe normal to the surface 

of t h i s plaL\p. Here the domain s t r u c t u r e i s very c l e a r 

and runs ovei\ the whole surface to the other edge of the 

sample as shoua i n fi g u r e (6.l4b). There i s s t i l l the 

same type of sWucture of reverse domains near.the edge. 

The p r i n c i p a l domains running i n the c - a x i s d i r e c t i o n 

and the tr a n s v e r s e s t r u c t u r e s both^ become c l e a r e r than i n 

the previous f i g u r e s . On i n c r e a s i n g the magnetic f i e l d 

a p p l i e d normal to the surface to a,value of 100 Oe, the 

domain, s t r u c t u r e s observed are as shown i n figu r e (.6.15). 

The t r a n s v e r s e s t r u c t u r e s have developed i n t o a c e l l 

s t r u c t u r e and the p r i n c i p a l domains are now represented by . 

wavy w a l l s ; the reverse domains near the edge have n e a r l y 

disappeared. I n fi g u r e (6.16) obta.ined on i n c r e a s i n g 

the f i e l d normal to the surf a c e to the value of 500 Oe, 

the c e l l s t r u c t u r e has developed f a s t e r and the boundaries 

of the principal.domains are now no longer e x a c t l y p a r a l l e l 
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F i g u r e (6.14) Domain s t r u c t u r e at 77 K on b-plane 
H = 75 Oe 
specimen B 
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Figure (6.15) Domain s t r u c t u r e at 77 K on b-plane 
H = 100 Oe 
specimen B 
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Figure (6.I6) Domain s t r u c t u r e at 77 K on b 
H = 500 Oe 
specimen B 

- plane 



96. 

to the c - a x i s . I t should be noted.that the f i e l d , f o r 

t h i s f i g u r e i s i n the reverse sense to that i n f i g u r e s 

( 6 . 1 4 ) and ( 6 . 1 5 ) . 

With ho magnetic f i e l d applied to t h i s surface, 

w a l l s r a t h e r than domains should be seen. Figure ( 6 . 1 7 a ) . 

shows the domain pattern on the b-plane without applying 

•magnet the w a l l s appeared c l e a r and some .reverse" 

or. closure, s t r u c t u r e s are observed, near the edge of the. 

s u r f a c e as i n f i g u r e ( 6 . 1 7 b ) . There are i n t h i s domairi 

p a t t e r n some weak w a l l s running normal to the main walls-

which take the c - a x i s d i r e c t i o n . 

Figure ( 6 . l 8 , . a, b, c and d) show the domain s t r u c t u r e 

i n the middle p a r t s of the c r y s t a l s u r f a c e s , with higher 

magnification corresponding to each of the phot.ographs •; 

i n F i g u r e s ( 6 . 1 2 ) , ( 6 . 1 3 ) , ( 6 . l 4 ) and ( 6 . 1 5 ) r e s p e c t i v e l y . 

Figure ( 6 .19 ) . shows the e f f e c t of i n c r e a s i n g the • 

value of the helium gas pressure a t the time of evaporation, 

the p a r t i c l e s Joined together, i n chains before depositing . 

on the domain s t r u c t u r e . T h i s had a de t p i n w a t a l - e f f e c t 

on the c l a r i t y of the pa t t e r n s . 

6 . 6 Domain s t r u c t u r e on ba s a l plane a t 77 K 

6 . 6 . 1 Thin C r y s t a l 

The domain s t r u c t u r e observed at 77K on t h i s plane 

i s very complicated as i n f i g u r e (6.20), when deposition .; 

took place i n the absence of a magnetic f i e l d . The 

domain pattern, showed a w a l l s t r u c t u r e of very compllo.-

ated pattern looking l i k e small s t a r s of di f f e r e n t , s i z e s . .. 

Applying.a magnetic f i e l d normal to the surface of order 

15 Oe, begins to s i m p l i f y the pattern which becomes more /• 



C-axis 

Figure (6.17 Domain s t r u c t u r e at 77 K on b-surfaoe 
H = zero 
specimen B 
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c - a x i s 

F i g u r e (6.18) Domain s t r u c t u r e at 77 K on b-plane 
(a ) H = 200 Oe (b) H = 200 Oe 
( c ) H = 75 Oe (d) H = 100 Oe 

specimen B 
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Figure (6 .19) Domain s t r u c t u r e on b-plane at 77 K 
Helium gas pressure = 2 Torr 
H = 500 Oe 
specimen B 
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r e g u l a r as i n f i g u r e (6.21). I n t h i s case i t shows 
domains of d i f f e r e n t p o l a r i t y on the surface as expected. 
Figure. ( 6 .22) shows a regular domain s t r u c t u r e on t h i s 
•surface abtalned by increasing the normal a p p l i e d " f i e l d 
:t6 a value, of 50 Oe. The magnetic f i e l d used i n a l l 
•these caises was from a small c y l i n d r i c a l shape permanent-
magnet, g i v i n g a homogeneous magnetic f i e l d . 

Figure (6.25) shows the p a t t e r n observed on the 
basal surface by applying a f i e l d of 70 Oe normal to 
the -surface. The.patterns are not very d i f f e r e n t from 
•that i n f i g u r e (6.22) but-the black area, which has a 
magnetization i n the same sense as the magnetic f i e l d . 
Increases. 

Figure (6.24) shows a f u r t h e r change i n the domain 
s t r u c t u r e on increasing the f i e l d to a value of 120 Oe. 
I t has not changed completely, but the white area w i t h 
magnetization i n opposite sense t o t h a t of the magnetic 
f i e l d has Increased. The c e l l s are separated by sections 
of nearly s t r a i g h t boundaries w i t h small c i r c u l a r domains 
i n s i d e both c e l l s and boundaries. 

On increasing the f i e l d normal to the surface i n the 
same sense, the domains become more c i r c u l a r i n section 
as i n f i g u r e (6.25) and the black boundaries between these . 
become very c l e a r . . The boundaries contain clear regions 
of opposite p o l a r i t y and there are remnants of the 
structures,seen i n s i d e the c e l l s a t lower magnetic'field 
strengths. ; .. -

At t h i s point the question could be asked as to why 

an electromagnet was not used i n observing the domain 
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Figure (6.20) Domain s t r u c t u r e on basal plane at 77 K 

H = 7ero specimen C 

lOyOl m ' H © 
Figure (6.21) Domain s t r u c t u r e on basal plane at 77 K 

H = 15 Oe specimen C 



HQ 1 0 ^ m 
Figure (6,22) Domain s t r u c t u r e on basal plane at 77 K 

H = 3.' Oe normal t o the surface specimen C 
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'6o23) Domain s t r u c t u r e on basal plane at 77 K 
H = 70 Oe normal to the surface specimen C 



Figure (6.24) Domain s t r u c t u r e on basal plane at 77 K 
H = 120 Oe specimen C 

H 0 I 10/^ ^ , 
Figure (6.25) Domain s t r u c t u r e on basal plane at 77 K 

H = 300 Oe specimen C 
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s t r u c t u r e . , I t might be possible that the observed s t r u c t ­
ure ^shows the remains of a s t r u c t u r e at higher temperature 
as the f i e l d i s being applied throughout the cooling of 
the c r y s t a l . The experiment was repeated therefore at 
77 K by applying the magnetic f i e l d a f t e r the c r y s t a l 
has been cooled. Figure (6.26) shows the domain s t r u c t u r e 
observed on applying a f i e l d of 30 Ge from an electromagnet, 
I t I s c l e a r t h a t the same type of p a t t e r n has been found, 
but. here f i n e r d e t a i l i s v i s i b l e . 

. Figures(6.27a) and (6.27b) show the e f f e c t of reversing 
the f i e l d , a permanent magnet being employed i n each case 
to give a f i e l d of 30 Oe. I t i s c l e a r that the patterns 
•are 'complementary, the black areas i n one becoming white 
ories i n the other. The f i n e d e t a i l i n the two photo­
graphs. i s also reversed. Figure (6.28) shows the domain 
s t r u c t u r e near the, edges of the c r y s t a l . There i s no 
•change i n the general p a t t e r n due t o the- proximity t o the 
edge .except f o r very minor v a r i a t i o n s probably due t o 
s l i g h t i r r e g u l a r i t i e s . 

Figures (6.29a - f ) and (6.30a - f ) show how the 
domain spacing i s a f f e c t e d by changing the c r y s t a l thickness 
•These, photographs taken at d i f f e r e n t points on the surface 
of a wedge•shaped specimen. Figures (6.29) and (6.30) 
were takein w i t h normal magnetic f i e l d s of 200 cê  from a 
permanent tnagnet but i n opposite senses. 

6.6.2. Thick C r y s t a l 
For a c r y s t a l of thickness 6mm the domain s t r u c t u r e 

observed i s . the same as i n a t h i n c r y s t a l at low f i e l d . 



10 H 0 
Figure (6.26) Domain s t r u c t u r e on basal plane at 77 K 

H = 30 Oe From e l e c t r o magnet 
specimen C 
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Figure (6.27) Domain s t r u c t u r e on basal plane at 77 K 
The d i r e c t i o n of the f i e l d reversed 
H = 30 Oe 
specimen C 
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Figure (6.28) Domain s t r u c t i 
H (a) = zero-
H'(c) = 30 Oe 
specimen C 

tsal plane at 77 K 
= 15 Oe 
= 70 Oe 



Figure (6.29) Domain s t r u c t u r e at 77 K on basal plane 
thickness T as f o l l o w i n g 
T(a) = 1 mm T(b) = 1.5 mm T(c) - 2 mm 
T(d) = 3 mm T(e) = 3-5 mm T ( f ) - 4 mm 
specimen A 



Figure (6.30) Domain s t r u c t u r e on basal plane at 77 K 
thickness T 
.T(a) = 1 mm T(b) = 2 mm T(c) = 2.5 mm 
T(d) = 3 mm T(e) = 3-5 mm T ( f ) = 4 mm 
specimen A 
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By increasing the f i e l d i n t h i s case the domain s t r u c t u r e 
was not changed i n type but the p a t t e r n became more 
complicated. 

Figure (6.31) shows the domain s t r u c t u r e on a basal 
plane w i t h a f i e l d applied by the electromagnet of,value 
380 Oe normal to the surface. The domain pattern i s 
s i m i l a r t o t h a t of a t h i n c r y s t a l , but consists of s t a r s 
of black and white j o i n i n g together i n l i n e s i n some 
places on the surface. 

Figure (6.32a - f ) shows the e f f e c t of increasing 
the value of the normal magnetic f i e l d on the c r y s t a l 
surface domain s t r u c t u r e by using the electromagnet, 
the value increasing from (a) t o f") t i l l value of 400 Oe. 

, Figure (6.33a - f ) shows the e f f e c t of increasing the 
value of the normal magnetic f i e l d on basal plane domain 
using the permanent magnet on t h i s c r y s t a l . The value 
of the magnetic f i e l d applied increases to value of 1000 
Oe. A f t e r t h i s value, i t i s not possible to observe 
domain s t r u c t u r e on t h i s surface. Here the pa t t e r n i s 
more regular than using the electromagnet, and the s t a r s 
are not j o i n e d together i n l i n e s on most of the surface. 

I n the above two cases, i t i s c l e a r t h a t the domains 
r e t a i n the same type of s t r u c t u r e on Increasing the 
f i e l d , but there i s a change i n the size of the domain 
st a r s and the p a t t e r n becomes more complicated. Figure 
(6.34) shows the e f f e c t of reversing the f i e l d on t h i s 
c r y s t a l , using the electromagnet. The patterns are 
nea r l y complementary. 
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Figure (6.31) Domain s t r u c t u r e on b a s a l plane at 77 K 
H = 380 Oe Using electromagnet 
specimen B 
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( a ) H = 30 Oe (b) H = 50 Oe 

H = 100 Oe 

Figure (6.32 a, b, c ) Domain s t r u c t u r e on b a s a l plane at 
77 K Using electromagnet 
specimen B 
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( f ) H = 400 Oe 

Figure (6.32 d, e, f ) Domain s t r u c t u r e on basal plane 
at 77 K Using electromagnet 
specimen B 
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Fiffure (6.33 a, b, c) Domain s t r u c t u r e on basal plane Figure K0.:>:> , , ^ at 77 K using permanent magnet 
specimen B 
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( f ) H = 1000 Oe 
Figure (6.33 d, e, f ) Domain s t r u c t u r e on basal plane 

at 77 K using permanent magnet 
specimen B 
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Figure (6.34) E f f e c t of reversing the magnetic f i e l d 

on basal plane domain s t r u c t u r e at 77 K 
using electromagnet H = 100 Oe 
specimen B 
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' 6 . 7 Domain s t r u c t u r e on surface i n c l i n e d t o b-plane at 
216 and 77 K 
On c u t t i n g the c r y s t a l w i t h planes i n c l i n e d by 

small angles, of order 10° and 1 5 ° , to the b-plane the 
domain.pattern was found to consist.of complex shaped • 
daggers. The domain.structure depended on the angle-
of i n c l i n a t i o n . 

Figure (6.;55a) shows the domain s t r u c t u r e at 2 l6 K 
f o r a plane i n c l i n e d at 10° to b-plane, the applied magnetic 

• f i e l d was i n the plane p a r a l l e l to the surface. Figure 
(S.^^h) shows the domain str u c t u r e , at another point on ' 
the surface. 

Figures (6.36a - e) shows the domain pattern, at 
d i f f e r e n t points on the same surface i n c l i n e d by 10° t o 
the b-plane at 77 K, and i t i s clear t h a t i t consisted of 
a combination of d i f f e r e n t types of loops and daggers. 

Figures (6.37a - c) show the domain s t r u c t u r e at 
d i f f e r e n t points of a surface i n c l i n e d by 15° to the 
b-plane at 77 K, using a d i f f e r e n t c r y s t a l . I t i s 
qu i t e d i f f e r e n t from t h a t on the 10° i n c l i n e d surface, 
but i t contains the same type of st r u c t u r e s . This i s 
because the two c r y s t a l s d i f f e r i n size as well, as i n 
the angle.of i n c l i n a t i o n of the surface. . 

6.8 Domain s t r u c t u r e on surfaces inclined to the basal 
. plane .at 77 K 

The domain s t r u c t u r e on a surface i n c l i n e d t o the 

basal plane would be expected t o d i f f e r .from that already 

described f o r a temperature of 273K' 

. Figure (6.38a) ' shows the domain s t r u c t u r e • on a 
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Figure (6 .35) Domain s t r u c t u r e on surface I n c l i n e d ao iO 
t o b-plane at 2 l6 K 
specimen B 
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Figure (6 .36) Domain s t r u c t u r e on surface i n c l i n e d at 10 
t o b-plane at 77 K 
specimen B 
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Figure (6.37) Domain s t r u c t u r e on I n c l i n e d surface t o 
b-plane by 15° at 77 K H = 300 Oe 
specimen C 
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•surface I n c l i n e d by 15° t o basal plane, magnetic f i e l d 
was,applied normal t o the surface. Figure (6.38b) shows 
the domain structure' at another part of the surface, 
w i t h the same co n d i t i o n s . As- expected the domain 
s t r u c t u r e at t h i s temperature i s d i f f e r e n t ; the honeycomb 
pat t e r n s do not j o i n i n c e l l s of hexagonal symmetry and 
are less complicated than the patterns observed before 
at 273 K. Also here the domain s t r u c t u r e p a t t e r n i s not 

;so c l e a r as at 273 and the c o n t r a s t . i s observed t o be 

.'•weak. 

6.9 Domain s t r u c t u r e at 25 K 
I n t r y l r i g t o observe domain p a t t e r n at temperatures 

lower than 77 we face the d i f f i c u l t i e s of r e t a i n i n g 
a constant temperature f o r the time of evaporation and 
f o r the time during which the p a r t i c l e s deposit on the 
surface. However, domain s t r u c t u r e was observed on the 
two surfaces, the plane containing the c-axis and the 
basal plane, at temperature of 25K. 

Figure (6.39a) shows the domain structure, on the 
basal plane at t h i s temperature, the applied f i e l d was 
from the permanent magnet, applied normal to the surface 
and i t s value was 70 Oe. I t shows domains of wavy 
types j o i n e d i n patterns l i k e trees or f i n g e r s . Figure 
(6.39t)). shows a s i m i l a r domain p a t t e r n near the c e n t r a l 
p a r t of the surface, while Figure (6.39a) shows the 
p a t t e r n near the edge. I t i s noticed t h a t the domain 
size i s smaller than the size at 77 K, and the p a t t e r n 
observed shows considerable d i f f e r e n c e s from t h a t at the 
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Figure (6.38) Domain s t r u c t u r e on surface i n c l i n e at 15 to 
the b a s a l plane at 77 K 
H = 200 Oe 
specimen A 
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F i g u r e (6.39) Domain s t r u c t u r e on basal plane at 25 K 
H = 70 Oe Specimen B 



102. 

higher temperature. 
On a b-surface the observed domain s t r u c t u r e i s 

. shown i n Figure (6.40a). Despite the low contrast 
evidence of domain s t r u c t u r e may be c l e a r l y seen, but 
i t i s d i f f i c u l t t o decide whether w a l l contrast or 
domain contrast i s responsible. Figure (6.40b) shows 

"the domain s t r u c t u r e at a d i f f e r e n t part on the surface. 

6.10 E f f e c t of c r y s t a l thickness on size of domain' 
s t r u c t u r e at 273 K 
The complexity and the width of the domain s t r u c t u r e 

i n gadolinium i s a f u n c t i o n of the specimen thickness,. 
a s , i n the case of other u n i a x i a l ferromagnetic m a t e r i a l s . 
Measurement of the thickness dependence of domain s t r u c t u r e 
i s . one of the ways of v e r i f y i n g the e x i s t i n g theories on 

'doma.in s t r u c t u r e . Kaczer and Gemperle (1959) measured 
the dependence of the domain width D on the thickness T 
of a c r y s t a l of cobalt. . They obtained a power law 
r e l a t i o n s h i p of the form D = const. T̂ -̂̂ . . As explained . 
i n Chapter I I I a theory of the domain s t r u c t u r e of a 

..ferromagnetic w i t h the easy axis normal t o the surface 
was f i r s t proposed by K l t t e l (19^9) who showed that the 
r e l a t i o n between domain width and c r y s t a l thickness was 
. given by 

D =, .( ̂ T / 1.7 (6.1) . 
w h e r e i s the w a l l energy and i s the s a t u r a t i o n 
magnetization. This was derived f o r the i d e a l case 
of ;an I n f i n i t e sheet. Kaczer'et al.(.1959) showed that a 
dependence of the surface domain width on the .thickness 
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Figure (6.40) Domain s t r u c t u r e on b-surface at 25 K 
H = 200 Oe Specimen B 
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of the form DoC T̂ -̂ ^ would be expected above a c e r t a i n 
' c r i t i c a l thickness. Their treatment took i n t o account 

the existence of a surface domain s t r u c t u r e . 

.The'present work involves a study of the v a r i a t i o n 
\ of domain s t r u c t u r e w i t h thickness of the gadolinium 
c r y s t a l on the basal plane f o r a wedge'-shaped c r y s t a l . 
Mea.suremerits of the domain width have been c a r r i e d out 

.' on the . same type of domain s t r u c t u r e over as wide a 
c r y s t a l thickness range as possible. The regular surface 
domain s t r u c t u r e s i n gadolinium are simple and complex 
honeycomb .structures. 

The accuracy in.measuring the domain width was + 0.1 
yUpi. . The domain s t r u c t u r e s were obtained by using a 
homogeneous magnetic f i e l d of 200 Oe i n the c-axis. 
d i r e c t i o n . Under these conditions the domain s t r u c t u r e s . 
appear t o be regular. Domain s t r u c t u r e s were produced 
.and the sizes of I n d i v i d u a l ; u n i t s of the honeycomb were 
.measured. This was repeated many times t o ensure a 
b e t t e r average. . The observation were extended over, 
the basal surface of the sample. The sample thickness 
was.measured at several points of the c r y s t a l surface 
using a m e t a l l u r g i c a l t r a v e l l i n g microscope. The 
average domain width was. measured from the micrographs 
of 1000 X m a g n i f i c a t i o n . 

Figure:(6.4l) shows examples of the patterns on the 
basal c r y s t a l surface t h a t represent the domain s t r u c t u r e 
obtained at places of d i f f e r e n t thickness on the'surface. 
I n a l l of them the magnetic f i e l d i s perpendicular t o 
the, plane and of value 200 Oe. Figures(6.4la) and 
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Figure (6.4l) Domain s t r u c t u r e on basal plane at 273 K 
E f f e c t of c r y s t a l thickness on domain width 
H = 200 Oe Specimen A 
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\ ( 6 . 4 l f ) correspond r e s p e c t i v e l y t o c r y s t a l thickness 

•4000yW m and lOOJJm. Figure (6.4lf) shows p a t t e r n at the 

sharp end of the wedge-shaped sample. The domain patterns 

: f o r thickness from lOOyUm to 4000y(/<m were s i m i l a r , the size 

'.o.f the domains gradually increasing w i t h thickness. 

. For c r y s t a l t'hickness l a r g e r than lOOyUm the surface 

.domain s t r u c t u r e f o r H p a r a l l e l w i t h c-axis i s b a s i c a l l y 

. of, simple-honeycomb type. Accordingly as discussed i n 

C h a p t e r . I l l we expect t h a t the c r i t i c a l thickness f o r 

• .-gadoiinium must be less than 100^ m, but t h i s has not . 

"been previously determined. 

• > •. Experimental,curves of the domain width as a f u n c t i o n 

• of the c r y s t a l thickness i n the magnetically preferred 

• • d i r e c t i o n foOOlJ, at 273 K i s p l o t t e d i n f i g u r e (6.42). 

I t shows the slope of the l i n e was determined t o be 0.64 + 

,0.05. These r e s u l t s are i n good agreement w i t h Kaczer's 

.theory. From the thickness dependence of the domain 

, w i d t h r e s u l t s , the domain w a l l energy has been determined 

by using Kaczer's formula, as f o l l o w s , 

D ,3 [W T2/3 • " (6.2) 

where i s the w a l l energy and ^ = 1 + 277 (l^/K-^). The 
domain w a l l energy may thus be calculated from the experimental 
/data and c o r r e l a t e d w i t h the w a l l energy calculated from 
-a t h e o r e t i c a l model. 

'On the basis of the above r e l a t i o n (6.2), i t i s 

-possible to .determine the energy density of the Bloch. w a l l 

f o r separate points on the wedge-shaped specimen, by 

knowing the value of I s the s a t u r a t i o n magnetization and 

K-ĵ  the anlsotropy constant. . Then the w a l l energy i s 
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given by the f o l l o w i n g value. 

- 1.96 + 0.02 erg cm~^ (6.3) 
This value of the - w a l l energy may be compared with the 

•value calculated i n Chapter I I I also f o r a temperature 
•rot 273,K,' .: 

' 1^ =•• 1.9^ . " erg cm"^ (6.4) 
V'.The values of (6.3) and (6.4) c o r r e l a t e d w e l l . 

• -6.11 Domain s t r u c t u r e at non-magnetic i n c l u s i o n ' 
,When, a c r y s t a l possesses an imperfection such as 

a c a v i t y or i n c l u s i o n w i t h i n the domain, surface poles 
;'wlll- be present. The magnetostatic energy associated 
•.with these poles i s reduced by a secondary domain 
: s t r u c t u r e , f o r the poles to d i s t r i b u t e over a l a r g e r 
/area. , Neel (1944) has shown t h a t the t o t a l energy i s 
..reduced, even though the w a l l energy of these domains i s 
added to the t o t a l energy. Such str u c t u r e s have been 

• .observed, and there i s experimental evidence of domain 
nuc l e a t i o n at i n c l u s i o n s i n cubic c r y s t a l s w i t h many 
d i r e c t i o n s of easy magnetization. 

Goodenough (1954) considered the conditions which 
b r i n g about a reverse domain at a non-magnetic i n c l u s i o n . 
-Carey and Isaac (1964) examined the conditions unddr which 
the reverse spikes w i l l form around a non-magnetic i n c l u s i o n 
i n a, u n i a x i a l m a t e r i a l . Their c a l c u l a t i o n was' based on 
the assumption t h a t the t o t a l energy associated w i t h the 
•inc l u s i o n was reduced by the formation of reverse domains. 
•The two previous'papers suggested th a t the formation of 
,domains of reverse, magnetization depends on both the 
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size of the i n c l u s i o n and the applied magnetic f i e l d . 

For gadolinium,,a u n i a x i a l m a t e r i a l , there has 
been previously no experimental evidence f o r the 
existence of reverse, spikes based on in c l u s i o n s . 
Using the dry c o l l o i d technique i t has been possible 
t o observe .daggers at a non-magnetic i n c l u s i o n . 

Figure (6.43) was obtained at 77 K on the b-surface 
w i t h an ext e r n a l applied f i e l d of 200 Oe i n the c-axis 
d i r e c t i o n p a r a l l e l t o the surface. As can be seen from 
the photograph these domains of rg.vers'e magnetization 

.appear on both surfaces of the i n c l u s i o n . This would 
obviously be expected since, d i f f e r e r i t . p o l a r i t i e s appear 
at opposite sides of the i n c l u s i o n . I n f i g u r e s (6.44a, 

b ) , observed a t 2l6 K on a plan e . i n c l i n e d by 10° t o a 
b-plane, one side of the i n c l u s i o n has no reverse.spikes. 
I n f i g u r e (6.44a) the spikes .'are. .dark while i n f i g u r e : 
(6.44b) they.are l i g h t . This i s due to the formation 
of f r e e poles of opposite p o l a r i t y ; I n a l l the cases-
the reverse daggers are p a r a l l e l to the c-axis. 

Figure (6.45) shows a series of d i f f e r e n t types of 
reverse dagger at d i f f e r e n t c o n d i t i o n of temperature and • 
applied magnetic f i e l d and also on d i f f e r e n t planes.of 
d i f f e r e n t i n c l i n a t i o n . The con d i t i o n are given adjacent 
t o the photograph i n each case. 

A series of meaisurements are made of the length 1 
and base d of daggers observed, i n the curve of the 
i n v e s t i g a t i o n at various temperatures. Figure (6.46) 

shows the r e l a t i o n s h i p between these two-quantities f o r 
samples at two temperatures. I t may be concluded t h a t 
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Figure (6.43) Reverse domain on b-surface at 77 K 
H = 200 Oe Specimen B 
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Figure (6 .44) Domain of reverse magnetization on i n c l i n e d 
surface t o b-plane at 216K 
Specimen B 
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Figure (6 .45) Domain s t r u c t u r e of reverse magnetization 
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at each temperature 1 and d are i n a d i r e c t p r o p o r t i o n . 
By using a method of least squares the best s t r a i g h t 
l i n e . f i t s t o the points f o r each temperature have been 

.' obtained and are shown in. Figure(6.46). Both l i n e s 
.. i n t e r s e c t the d-axis at a p o s i t i v e value. For the • 

lower temperature i t appears th a t f o r values- of d.less 
•...than •0.l6/<m the formation of a dagger i s unfavourable. 
The corresponding value f o r 2 l 6 K i s 0.03yUm but t h i s 

, i s -not s i g n i f i c a n t l y d i f f e r e n t from zero w i t h i n the 
•-ac.curacy of the measurements. 

-Domain s t r u c t u r e s are af f e c t e d by i r r e g u l a r i t i e s , 
such as I n t e r n a l stresses-and c r y s t a l g r a i n boundaries. 
The size of the domain s t r u c t u r e i s influenced by the 
presence of inhomogeneitles i n the materials. Figure 
(5 .47) shows reverse spikes grown, around a gr a i n boundary, 
observed at 77 K on a b-surface, while Figure '(6.48) shows 

: the e f f e c t of the i n t e r n a l stress on the domain at 77 K. 

6.12 E f f e c t of the magnetic f i e l d on the easy d i r e c t i o n 
• Since many of the domain patterns were obtained w i t h 

a magnetic f i e l d applied to the sample i t i s important 
t o know what e f f e c t t h i s might have on the easy d i r e c t i o n s . 
By c a l c u l a t i n g the t o t a l energy at d i f f e r e n t values of 
the e f f e c t i v e magnetic f i e l d , i t i s possible to i n v e s t ! - . 
; gate how the anisotropy energy surface, i s d i s t o r t e d ' 
near, to the l i q u i d n i t r o g e n temperature. The t o t a l . • 
energy consists of the sum of-the magnetic energy and 
the anisptropy energy. . The - anisotropy energy Ê^ i s 
given, by the f o l l o w i n g equation: 
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Figure (6.47) Domain s t r u c t u r e on b-surface at 77 K 
around the g r a i n boundary 
H = 200 Oe Specimen B 

H 

Figure (6.48) Domain s t r u c t u r e on b-plane at 77K 
e f f e c t of i n t e r n a l stress 
H = 200 Oe Specimen B 
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= + s i n ^ 9 + s i n ^ ^ + s i n ^ ^ . (6.5) 
where the'K's are anisotropy constants. When the f i e l d 
H i s normal to the c-axis the magnetic .energy i s 
.'•given-by,•• . - - ': • • : ' • 

• = - I g H s i n ,9 • . - (6.6) 
.. where ^ i s the angle between, the magnetization and the 
c-axis. I n case of a magnetic f i e l d p a r a l l e l t o the 

- c-'axis, the magnetic energy i s given by 

Ej^ - I g . H cos e (6.7) 
Then from the graphs of the anisotropy constants 

.figure (4.8), i t i s possible to determine the .values-of 
- Kj., Kg and K-̂  at the temperature 80 K. ' Their values-
- are as f o l l o w s : 

K^".= -.0.76x10^ erg cm"^ 
..Kg - 0.84x10^ erg cm~^ • 
'•- K^ '= 0.25. .X 10^ erg cm"^. 

-The ..saturation magnetization of - gadolinium i s given by 

• I ^ • r - 2010- Gauss 
By t a k i n g - d i f f e r e n t values of the magnetic f i e l d , and 
then c a l c u l a t i n g the' t o t a l energy at d i f f e r e n t values of 
the angle 0.. ' I t i s possible t o .fi n d how the. t o t a l energy 
depends on angle Q . ' Values of the' magnetic f i e l d were 
taken from zero t o 1000 Oe, "for'both d i r e c t i o n s of the 
• f i e l d , , i . e . one p a r a l l e l to the c-axis' and the other 
.perpendicular t o the c-axis. 

Figure (6.49) shows, the v a r i a t i o n of thie t o t a l 
.energy w i t h angle Q, f o r d i f f e r e n t values of the 
f i e l d H p a r a l l e l t o the c-axis..-- The easy d i r e c t i o n s of 
magnetization correspond tb the p o s i t i o n s of-the minima in-
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..Figure (6.49)..Variation of the t o t a l energy f o r 
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. t h i s " c u r v e . I t i s noticeable that the e f f e c t on the 
forward d i r e c t e d cone i s d i f f e r e n t from that on the 
reverse cone. A f i e l d of 800 Oe i s required before the 
forward minimum moves to the c-axls ( 0 = 0°), while a 

. ; f i e l d of about 500 Oe i s enough to destroy, the reverse 
cone minimum.. 

Figure (6.50) shows the v a r i a t i o n of the t o t a l energy 
w i t h angle Q , f o r d i f f e r e n t values of .H normal t o the 
c-axis. Here the minima.are again moved i n p o s i t i o n as 
'the f i e l d i s Increased, but they move symmetrically 
towards the basal plane ( 0 = 90°). A f i e l d of 1000 Oe 
is, however not strong enough t o destroy the easy cone. 
Figure (6.51) and f i g u r e (6.52) show the change of the 
..easy cone angle w i t h f i e l d f o r the d i r e c t i o n of the 
f i e l d p a r a l l e l and perpendicular t o the c-axls r e s p e c t i v e l y . 
: . For most of tiie patterns described the applied f i e l d 
.did not exceed 300 Oe. From the graphs i t can be seen 
t h a t at t h i s f i e l d i n the d i r e c t i o n of the c-axis the 
cone w i l l not be destroyed, but the easy d i r e c t i o n w i l l 

. l i e c loser t o the c-axis than i n zero f i e l d . With H = 
;50 Oe the; easy d i r e c t i o n l i e s on a cone w i t h angle only 
s l i g h t l y d i f f e r e n t from the angle w i t h zero f i e l d . -

I f the f i e l d i s perpendicular t o the. c-axls and of 
strength 3OO Oe, from figure.(6.52), i t i s c l e a r t h a t a 
s l i g h t increase of cone angle from 39° to 46° takes place. 

The above measurements a l l r e l a t e to the applied 
f i e l d on the surface of the c r y s t a l and without c a l c u l ­
a t i n g the value of the demagnetizing f i e l d . Because of-
• d i f f i c u l t y . i n c a l c u l a t i n g r e a l i s t i c , values of demagnetizing 
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Figure (6.50) V a r i a t i o n of the t o t a l energy f o r values.of 9 
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f a c t o r the e f f e c t i v e f i e l d cannot e a s i l y be estimated. 

However, i t must always be somewhat less than the applied 

f i e l d and the e f f e c t s on the cone angle discussed above 

•must.be i f anything, exaggerations. I t i s clear t h a t 

,With the f i e l d s employed the basic. ma:gnetlc . s t r u c t u r e i s 

riot ^profoundly changed. 
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CHAPTER SEVEN 
INTERPRETATION AND DISCUSSION' 

7.1 Model of domain s t r u c t u r e at.273 K 
The easy d i r e c t i o n i s the c-axis at t h i s temperature 

.and i n consequence the p a t t e r n consists mainly of l80° 
• p a r a l l e l w a l l s . I t was observed t h a t when two surfaces 
'of a si n g l e c r y s t a l , each containing - the c-axis, were 
;cut perpendicular t o each other, both surfaces e x h i b i t e d 
s i m i l a r s t r u c t u r e s of walls running along the c-axis 
.d i r e c t i o n and the i n t e r n a l s t r u c t u r e must therefore 
consist of domains separated by arrays of l80° w a l l s . 
These domains may be i n the form of hexagonal prisms 
w i t h some- reverse magnetization domains near the 
surfaces. The domain s t r u c t u r e on the basal plane was 
•predominantly one of a l t e r n a t i n g free pole, the ends of the 
•prismatic domains being sub-divided i n t o smaller regions 
•of d i f f e r e n t p o l a r i t y . These represent the ends of 
/ spikes of reverse, magnetization which form i n order t o 
reduce the magneto-static energy. 

The model given by P r i v o r o t s k i i (1972) i s a good 
example of t h i s domain s t r u c t u r e , and he c a l l s i t 
branching s t r u c t u r e f o r u n i a x i a l ferromagnets as i n 
•figure (7..1). He shows tha t at s u f f i c i e n t l y large 
values of 1 (the c r y s t a l t h i c k n e s s ) , the domain s t r u c - • 
.ture begins to branch. I n the l i m i t l / ^ — ^ o o an 
i n f i n i t e l y branched s t r u c t u r e i s formed, i s the w a l l 
width. Comparing this model w i t h f i g u r e (6.5). observed 
f o r the domain s t r u c t u r e i n gadolinium, they are seen 
.to •foe c l e a r l y s i m i l a r . P r i v o r o t s k i i has shown tha t the 
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( a f t e r P r i v o r o t s k l i 1.972). 
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f o l l o w i n g r e l a t i o n s would be expected to apply, i r r e ­
spective of the properties of the m a t e r i a l . 

h = 0.117 1 (7.1) 

•and ; (1 • - 1 / 3 ^ ) etc. (7-2) 
. - \ ^ '= .0.807 . 

-where h i s the. length of the maximum reverse dagger domains 
•and h^ i s as shown i n f i g u r e (7.1). Figure (6.5) shows 
three regions, the apparent spacing of l i n e s on the 

' p a t t e r n changing as the surface of the sample i s approached. 
;:The changes took place at reasonably w e l l defined distances 
.'from the, surface, which were taken as representing the 
..pbsitions from which h and h^ should be measured. Measure­
ments gave average values of h- -• .23 ,02 and h-̂ ^ = .17 + .02 
mm. f o r a sample of thickness 1 =2.0 + .05mm. This leads 

^^to • h .= (0.116+0.001) 1 

• and ' ' . . . 
• h^ = ' (6.76 + 0.2) 

• . ~ 

•which i s i n good agreement of the above equations ( 7 ' l ) 
'and (7.2). So an appropriate model f o r i n t e r p r e t i n g . . 
• the domain p a t t e r n observed on. b and a-surfaces f o r a' 
• . t h i c k - c r y s t a l i s th a t of f i g u r e (7-1)^ the branching 
.structure.. This, of course, c a r r i e s i m p l i c a t i o n s f o r -
the s t r u c t u r e on the basal' plane of t h i c k c r y s t a l s , but 
-/these were not studied i n the present work. 
. - - For t h i n , c r y s t a l s of gadolinium the surface s t r u c t u r e 
•on the basal plane consists of honey-comb patterns at 
273 K. The honey-comb, s t r u c t u r e i s observed by the 

•'application of a normal f i e l d produced by a permanent 
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magnet t o the b a s a l p l a n e . 

Kandaurova e t a l (1973) p r e s e n t e d a d i s c u s s i o n 

. of t h e b e h a v i o u r of a complex honey-comb domain s t r u c t u r e 

', •: • i n Mn A Ge c r y s t a l s . They suggested a model f o r t h i s 

-. s t r u c t u r e and f o r t h e changes they observed i n I t on 

.- •-.'applyl^^ magnetic f i e l d p a r a l l e l t o the easy d i r e c t i o n . 

r ; T shown i n f i g u r e (7.2). The c r y s t a l r e p -

r e s e n t e d a m a t r i x which was magnetized i n one d i r e c t i o n 

. ( l i g h t background I n f i g u r e 7.2) and which surrounded 

. .. o p p o s i t e l y d i r e c t e d domains ( d a r k r e g i o n s i n f i g u r e 1.2). 

. These domains were i n the shape of r e g u l a r c y l i n d e r s w i t h 

r e v e r s e domains i n t he form of a d d i t i o n a l m a i n l y dagger . 

• shaped r e g i o n s w i t h m a g n e t i z a t i o n d i r e c t e d i n the same 

..; way a s the m a t r i x . A s e c t i o n of t h i s s t r u c t u r e i s shown 

s c h e m a t i c a l l y i n f i g u r e (7.2) . The magnetic f i e l d em-

; p l o y e d i n t he p r e s e n t I n v e s t i g a t i o n s was a l s o p a r a l l e l 

t o t h e e a s y d i r e c t i o n and d i d not exceed 300 Oe. F o l l -

{ :\ <mlng Kandaurova i t i s p o s s i b l e t o c a l c u l a t e the reduced 

• . A f i e l d h = H. and t h i s y e i l d s a value of a025 a t 
^ s 

- 273 K. From f i g u r e (7.2a) i t can be seen t h a t t h i s 

. , f i e l d c o u l d not be e x p e c t e d t o ca u s e any ]arge . 

change from t h e z e r o - f i e l d p a t t e r n . 

The domain s t r u c t u r e o b s e r v e d may be i n t e r p r e t e d 

; U s i n g a c o m b i n a t i o n o f t he above models. These do not 

. . " d i f f e r g r e a t l y f o r s m a l l e f f e c t i v e f i e l d s , h. An attempt 

. was made on.the b s u r f a c e to ob s e r v e any c l o s u r e s t r u c t u r e 

' ( a s d i s t i n c t from t h e r e v e r s e dagger s t r u c t u r e ) e x i s t i n g 

'•. on the edge o f the specimen n e a r the b a s a l p l a n e . The 

•\;..p̂ ^ f i g u r e (6.3) and (6.2) show c l e a r l y . t h e 
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( A f t e r Kandaurova et a l I975) , 
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absence^ of any secondary s t r u c t u r e of. true closure 
domains near the surface. The walls are s t r a i g h t 
and meet the basal plane at 9 0 ° . A l l structures 
could be i n t e r p r e t e d i n terms of domains , of. reverse 
magnetization as explained before. 

The v a r i a t i o n of domain width on the basal plane' 
surface of a wedge-shaped c r y s t a l w i t h thickness has 
been discussed i n Chapter Six. Good agreement was 
found when comparison was made w i t h the work of Kazcer 
(1959) . 

7.2 I n t e r p r e t a t i o n of domain s t r u c t u r e at 77 K 
7 . 2 . 1 . Magnetization d i r e c t i o n 

T h e . i n t e n s i t y of magnetization i n a ferromagnetic i s 
everywhere equal to the s a t u r a t i o n i n t e n s i t y I g , but the 
d i r e c t i o n of the magnetization varies from place to place 
i n such a way as t o make the free energy of the sample a 
minimum. A domain i s a region i n which the magnetization 
i s constant i n magnitude and d i r e c t i o n and knowing the 
possible d i r e c t i o n s of the magnetization i n a sample, 
-the possible magnetization d i r e c t i o n s i n each domain 
may be i n f e r r e d . The free energy i s the sum of two terms, 
the magnetocrystalline anisotropy energy and the magneto-
s t a t i c energy. 

For gadolinium at 77 K the expected d i r e c t i o n of 
the magnetization, without applying a f i e l d , should l i e 
on the two cones which represent the easy d i r e c t i o n s . 
The small magnitude of the s i x - f o l d c o n t r i b u t i o n t o the 
anisotropy energy . (K̂ ^ = 0.002 x 10^ erg cm~-̂  at 77 K) 
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gives an. I n f i n i t e number of phases on the cone around 
the c - d i r e c t i o n . The cone make an angle equal to 
37° w i t h the c-axis. I n z e r o - f i e l d the two cones are 

. d i r e c t i o n s of minimum energy of magnetization. 

As soon as a small f i e l d i s applied, the angle of 
the conie changes as discussed i n Chapter Six, and the 
domain magnetizations w i l l take up corresponding -
d i r e c t i o n s . When the f i e l d i s increased, the magnetiz­
a t i o n w i l l t u r n from the cone d i r e c t i o n towards the f i e l d 
so.as to keep the free energy a minimum. This t u r n i n g 
• w i l l increase the compcnent of magnetization i n the f i e l d 
d i r e c t i o n . The d i f f i c u l t i e s a r i s e when the r e s u l t a n t 
d i r e c t i o n of magnetization i s not the same as t h a t of 
the applied f i e l d . I n t h i s case the demagnetizing f i e l d 
may modify the magnitude and the d i r e c t i o n of the f i e l d 
a c t i n g i n the i n t e r i o r of the c r y s t a l . 

B i r s s and.Martin (1975) gave a number of modes f o r 
the possible d i r e c t i o n s o f the domain magnetizations at 
various stages of the magnetization process f o r a hex­
agonal c r y s t a l . They presented equations the s o l u t i o n 
of which y e i l d s the i n t e n s i t y and o r i e n t a t i o n of the 
mean sample magnetization. They discussed the various 
o r i e n t a t i o n s of the s a t u r a t i o n magnetization i n the 
domains f o r a v a r i e t y of magnitudes and o r i e n t a t i o n s of 
the magnetic f i e l d . They applied t h i s theory of phases 
to magnetic materials which have the f u l l 6/mmm hexagonal 
symmetry. They observed th a t the d i r e c t i o n s o f magnetiz­
a t i o n i n the domains depend on the d i r e c t i o n of the 
i n t e r n a l magnetic f i e l d . 



116. 

S i t u a t i o n s relevant to the current work are shown 
i n f i g u r e ( 7 . 3 ) . These correspond to phases i n which 
the easy d i r e c t i o n s nearest to t h a t of the e f f e c t i v e 
f i e l d are p r e f e r r e d . Figure (7 .3a) shows easy d i r e c ­
t i o n s l y i n g on a cone when the e f f e c t i v e f i e l d i s p a r a l l e l 
t o the c-direc.tion. Figure (7-3^) shows a s i m i l a r mode 
f o r an e f f e c t i v e f i e l d i n the b - d i r e c t i o n . For small 
values of a l l . d i r e c t i o n on the cone would have c l o s e l y 
• s i m i l a r energies when the. e f f e c t i v e f i e l d lay i n the c - d i r e c t i o n 
The arrangement shown i n f i g u r e (7 .3b) would be modified 

. i n such a case to give only two d i r e c t i o n s of magnetization 
symmetrically placed w i t h <^ = 90° or ^ = °^ " ^o* 

I n the c a l c u l a t i o n s of Chapter Six i t was found th a t 
t i l e cone angle changed w i t h the values of the f i e l d i n 
the above..two d i r e c t i o n s i n a s i m i l a r way to t h a t i n 
the.model of B i r s s and Martin except t h a t f o r Gd at 77 K 

i s n e g l i g i b l e . Taking the equations given by B i r s s 
and Martin f o r the modes I I C and I I B , i t i s possible t o 
c a l c u l a t e the components of the magnetization at 77 K,Ip 
p a r a l l e l t o the applied f i e l d and I perpendicular to 
i t . I f the d i r e c t i o n of i s s p e c i f i e d by polar and 
azimuthal angles ^ a n d ^ ^ then: f o r Mode II C 

^r. = 1 . c o s ^ cos (H)̂  + s±n^@^. ( 7 .3 ) p b N 

.I„ = I COS. 0 s i n - cos &^ s i n &l (7 .4 ) 
. N~ 

where N i s the .demagnetizing constant of the c r y s t a l , 

f o r Mode I I B . 
Tp = . I g s i n (J> s i n 0 s i n + Hg . cos^ ( 7 .5 ) 



(a) 
Mode l i e 

Mode- I IB 

• ;: FIGURE., 17.^31.-
a f t e r Birss-and-Martin (1975). 
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I ^ = - I g s i n c|5 s i n Q cos (p^ + cos (J)^ s i n Qq (7-.6) 

By knowing the values of I ^ , H , N and the d i f f e r e n t angles 

' I p and I^.can be found from these equations. For H 

. pa, r a l l e l t o the c-axis the equations! s i m p l i f y to 

I„ = l o cosO and I„ = zero t h i s becomes y t> n 
; , (^g. =. zero. I n case of H p a r a l l e l to the b-axis • 
and Kj^ small, also both of C^^ and equal to 90° the 
equationsthen s i m p l i f y t o I •= I . s i n ^ a n d I„ = zero. 

P s • ri 
The applied f i e l d and the e f f e c t i v e , f i e l d Ĥ^ have same 

' d i r e c t i o n because of symmetry. ' • 

7.2.2 Possible types of domain boundary w a l l 
. I n most or a l l of the domain st r u c t u r e s observed 

f o r gadolinium at 77 K, the main domain walls run p a r a l l e l 
t o the c-axis w i t h traces of other l e s s , w e l l defined walls 
normal t o the c-axis. : 

Condition of zero or non-zero f i e l d determine possible 
ma:ghetization d i r e c t i o n s . Walls must form to s a t i s f y 
the c o n d i t i o n t h a t the normal component of the magnetiz­
a t i o n i s continuous across the w a l l . The various possible 
w a l l s s a t i s f y i n g t h i s requirement, are summarised i n f i g u r e 
f7.4).. This applies f o r the z e r o - f i e l d case i . e . mode I 
of B i r s s and Martin,'. When a f i e l d s u f f i c i e n t t o proceed t o 
Modes I I C or I I B i s applied fewer walls are possible and 
t h i s i s . i n d i c a t e d i n the t a b l e . 

I n the f i r s t row of the t a b l e i n f i g u r e • (7.''̂ ) i t can 
be seen t h a t i f the magnetization rotates from d i r e c t i o n . 
OA on the forward cone t o OB on the. reverse cone, the 
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normal component of the magnetization w i l l be equal t o 
I g s i n 0^ and the corresponding anisotropy term F̂ ^ •(^2) 
- Pj^ (^o^* '̂ ^̂  plane of the w a l l may be e i t h e r PQRS 

. or ABCD and i t s angle equal to TT-. .2 0^. Such .'a w a l l 
i s possible i n Modes I and I I B . -

. In. considering a model f o r the domain s t r u c t u r e i n 
Gd at 77 K we must select from these possible walls 
ones which f i t the observations. For the p r i n c i p a l w a l ls 
we may choose from those t h a t l i e i n planes ABCD, PQRS 
: or TUVW. The transverse walls must be e i t h e r o f t h e 
two which: l i e i n the basal plane.. 

A f u r t h e r consideration i s the w a l l energy. For a 
Bloch w a l l the t o t a l energy, i s made up of equal parts of 
exchange and anisotropy energy. The column headed . 
"Anisotropy term" i n the t a b l e . i n f i g u r e (7.4).therefore 
gives some, idea of the r e l a t i v e energies of the d i f f e r e n t 
w a l l s . Four types of w a l l have considerably lower 
energy (determined by alone) and may be found.in 
Modes I and I I C . However, i n Mode IIB. only, two types 
of w a l l are possible and these are of considerably 
greater energy.. I t must "also be remembered t h a t w a l l 
thickness i s . in v e r s e l y r e l a t e d t o w a l l energy and t h a t 
t h i n w a l l s give b e t t e r . w a l l contrast i n c o l l o i d observa­
t i o n s . 

7.2.3 Model f o r the domain p a t t e r n at 77 K 
With the decrea;sing of the temperature from 273 K, 

the anisotropy constant decreases r a p i d l y and K-ĵ  changes 
sign at about 245 K. The easy d i r e c t i o n moves o f f the 



119. • 

c-axis and l i e s on a cone. As a r e s u l t of t h i s a 
r e - o r i e n t a t i o n of domain, struct u r e s takes place.. 
As the temperature f a l l s the walls become less w e l l 
defined and disappear completely at 240. K. A new 

;.:.wall may. be found at lower .temperature besides the. ^ 
.180° w a l l s . When the. .temperature-falls to a value 
77 K, a new. type of s t r u c t u r e would be expected owing 

• t o t h e • r o t a t i o n of the easy d i r e c t i o n . 
I t i s c l e a r t h a t the observed patterns represent 

:true magnetic domains. The.usual d i f f i c u l t y of i n -
.t'erpretatipn Qf such patterns i s present- i . e . the.. 
development of a three dimensional model from only • 
.surface:, information.,.. but some progress may be made. 
A model as i n figUres (7.5) and (7.6).is suggested as' 
an i n t e r p r e t a t i o n of the pa t t e r n observed at 77 K. 

Most of the structures-on the c-plane and tha t on •.. 
the b-plane are viewed under d i f f e r e n t conditions of 
applied, and, e f f e c t i v e , f i e l d . The domains on the 
b-plane consist of "daggers" but the daggers become . 
narrow towards.the surface and smaller-pnes appear 
'^between... 
• The model i n fig u r e . (7-5) i s suggested f o r the p a t t e r n 
observed- oh basal plane. The magnetization i n each • 
domain may be considered as c o n s i s t i n g of.two components, 
;one normal to the surface and\the other i n the basal plane. 
Since the basal plane anisotropy i s small, the basal plane 
magnetization component w i l l ' n o t . be ..strongly. bound t o a 
p a r t i c u l a r d i r e c t i o n and.may vary i n d i r e c t i o n from point 
t o point even i n a s i n g l e domain.. The arrows i n the . ' 



to 

Fia "/-B Arrows represent direction of basal plane 
component of I s , shading represents surface 
polarity +Is cos Go, unshaded areas have 
polarity - I s cos Go-



Section XY 

(a) 

m Section UV 

(b) 

Fig. 7-6. Arrows represent directiun of c-axis connponent 
of I s J shaded areas have north polarity on 
b-pBne; unshaded areas have south polarity on 
b-plane. 
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f i g u r e represent possible magnetization d i r e c t i o n s 
on the basal plane i n each domain. The shaded areas 
are domains w i t h the normal component of the magnetiz-

', a t i o n out of the plane. The white areas are. domains. 

• w i t h t h i s component of magnetization .oppositely 
^directed'.-. 

I n any one domain the magnetization i s considered 
• t o v a r y . i n d i r e c t i o n but to l i e on a conical surface. 
I n an.adjacent domain a s i m i l a r v a r i a t i o n takes place on 
.the reverse cone. I n f i g u r e (7.4). the change of d i r e c ­
t i o n across the boundary walls could be of the type (OA -
OB), (OA - OC) or the general case-(OA - OF). A l l these 
conditions are required f o r - t h e model shown i n f i g u r e s 
(7.5) and (7.6). Thus we require walls.as i n f i g u r e 
(7.4) of types l a , l b , 2 or 5.-

Figures (7.6a, b) are sections through the domain 
s t r u c t u r e of f i g u r e s (7.5.)i (7.6a) represents the section 

.;XY while (7.6b) represents section UV. These sections 
f i t w i t h the general observation of the. domains observed • 
on the b-plane. The c o n d i t i o n of c o n t i n u i t y of the 
normal component through the w a l l i s s a t i s f i e d i n t h i s 
modeil. The f a c t t h a t the p a t t e r n shown i n f i g u r e (7.6) f o r 
a section cut through the c r y s t a l agrees w i t h the 
observations on the b-plane i s not conclusive evidence 
f o r i t s v a l i d i t y . The c u t t i n g of a surface must necess­
a r i l y a f f e c t the patterns because of-the magneto-static 
energy-involved. However, there i s , evidence from Figure 
(6.28) t h a t the patterns continue w i t h l i t t l e change r i g h t 
t o the edge of a basal plane. 
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Basal plane patterns must be s t i l l i n Mode I 
because opposite p o l a r i t y i s seen up. to f i e l d s of the 
order of 1000 Oe, but i t may change to Mode IIC.above 

. t h i s f i e l d . Patterns on the. b-plane w i t h H normal 

. to^ the su.rfa:ce are also- i n Mode I as .is evidenced, by 
- areas of . a l t e r n a t i n g ' p o l a r i t y , but the st r u c t u r e may 
:change t o Mode I I B at about 600 Oe.- This means t h a t 
the w a l l s have comparitively high, energy since r o t a t i o n 
:mUst, take place over the. basal plane, energy hump. 

The model i n f i g u r e s (7.5); and (7.6). i s . an i d e a l 
•representation, but i s c l e a r l y . n o t e x a c t l y correct'over 
the whole of the c r y s t a l surface'. Patterns contain. 
;the basic elements of the model,..but vary somewhat 
from point t o p o i n t , presumably due to l o c a l influences 
such as surface i r r e g u l a r i t y and r e s i d u a l s t r a i n . The 
wa l l s i n f i g u r e (7.5) shown as broken l i n e s would not 
be expected t o be v i s i b l e i n a c o l l o i d p a t t e r n produced, 
w i t h a normal bias f i e l d since: the component of the . 
magnetization normal t o the specimen surface i s the same 
on both sides of the w a l l . 

Various other models have been considered as-giving 
r i s e t o the patterns observed. None of these proved t o 
be s a t i s f a c t o r y f o r a m a t e r i a l .with conical easy d i r e c t i o n s 
owing t o the d i f f i c u l t y of s a t i s f y i n g the cond i t i o n . of 
c o n t i n u i t y . o f the normal component through the w a l l i n 
a l l w a l l s . A. complete and unambiguous i n t e r p r e t a t i o n •. 
of the patterns i s not possible on the evidence so f a r 
•available and some suggestions are made i n the f o l l o w i n g 
..section f o r the types of experiments which could help t o 
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resolve the remaining problems. 

7.3 Suggestions f o r f u r t h e r work 
..; . \ T technique has various l i m i t a t i o n s , 

p a r t i c u l a r l y the f a c t . that, only the' surface domain 
:: , :$tructure i ^ observed. Alsp i t i s not. possible, t o 
-.• .study the. dynamic changes of the domain s t r u c t u r e by • 
, , 'the e f f e c t of applying a v a r i a b l e magnetic f i e l d or by 
, • changing the temperature of the sample i n the low temper-
•...ature.'range where the dry c o l l o i d method i s used. 

The apparatus used i n t h i s work could operate only 
: a t a f i x e d values of the temperature, and. a range of 
; • small, values of the applied f i e l d . ' . The m o d i f i c a t i o n 
;.of the apparatus f o r use at l i q u i d helium temperature 
'was .not completely successful owing t o the need to use 

• the same sample tube and an e x i s t i n g dewar f o r l i q u i d 
;. helium. , A complete redesign of the system would be 

des i r a b l e i f helium temperatures are t o be r e l i a b l y 
•-achieved. This i s p a r t i c u l a r l y important since i n 
... f u r t h e r work on the domain s t r u c t u r e of gadolinium, i t 
.. . w i l l be of I n t e r e s t to. study between. 77K and 4K where the 

' . basal plane anisotropy constant K̂ î  has a much higher 
.;-,.value. Further i n f o r m a t i o n on the domain s t r u c t u r e 
. when the basal plane ani.sotropy i s not n e g l i g i b l e would 
- • be of great assistance i n i n t e r p r e t i n g the patterns at 
• :77 K.as there i s not a large change in- the magnetization 
'•'over t h i s temperature range and; the .anisotropy change 

•.. could .be expected t o be a c o n t r o l l i n g f a c t o r . 
•:••, :: I t would' be valuable -too t o incor^porate a small 
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heater i n the cryostat t o permit the observation of 
domain s t r u c t u r e s at various values of temperatures so 
t h a t the progressive e f f e c t of increase i n K^^ could be 
observed. 

. The, a p p l i c a t i o n of a large n o r m a l . f i e l d to the 
basal plane,, capable of being Increased u n t i l s a t u r a t i o n 
was approached would enable studies t o be c a r r i e d out t o 

..determine whether i n fact, the magnetization changes from 
Mode I , to Mode I l C i This might give more d e t a i l e d 
i n f o r m a t i o n kbout, the nature of the,.pattern observed. 

Further a t t e n t i o n could u s e f u l l y be given t o the 
design of a low,temperature Kerr e f f e c t apparatus. 
This would re q u i r e Improvements.in surface preparation 
techniques and the possible i n c l u s i o n of the ob j e c t i v e 

.inside a redesigned c r y o s t a t . A t t e n t i o n could also be 
given, t o the enhancement of the: a f f e c t by applying a 
s u i t a b l e d i e l e c t r i c l a y e r to the surface of the c r y s t a l . 
This might also be used t o . p r o t e c t the sample from con­
tamination. The equipment could then be used t o study 
the behaviour of. the domain s t r u c t u r e w i t h both temper-
.ature and magnetic f i e l d without removing the specimen 
from the apparatus. 

The domain s t r u c t u r e of gadolinium might be studied 
by using the scanning e l e c t r o n microscope i f the surface 
of the c r y s t a l was prepared c a r e f u l l y and not allowed t o 
contaminate. A l t e r n a t i v e l y , the use of high voltage 
electrons of greater penetration might reduce the e f f s c t 
of surface contamination and permit the observation of 
domains. The technique i s , a l s o capable of g i v i n g more 
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d e t a i l e d .information about magnetization d i r e c t i o n s i n 

the domains. 
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