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ABSTRACT 

This thesis is a study of the magnetic properties of small 

but highly perfect ferromagnetic platelets, as found from observations 

of their domain structures. The thickness range of these platelets, 

0.1-10.0 gm., overlapped that of thin magnetic films, whose properties 

have already been extensively studied. Thus, a knowledge of the 

structure and behaviour of domains and domain walls in thin films is 

an essential background to this work. The various terms which 

contribute to the total magnetic free energy of a body are reviewed 

in Chapter 1, together with the experimental and theoretical work 

studying domain walls in thin films. The variety of techniques 

available for the observation of magnetic domains are reviewed in 

Chapter 2, outlining their limitations and suitability for different 

specimens. 

The platelets themselves were produced by the hydrogen reduction 

of bromides of the elements concenled in a vapour transport reaction. 

As a ready supply of crystals was necessary for the observations 

described in Chapters 5 and 6, considerable attention was paid to the 

nature of these processes. These investigations are described in 

Chapter 3 together with a Discussion of the platelet and related 

whisker growth habitats and a possible explanation of their development. 

The platelets grew with (100) faces and low index crystallogra-

phically limited edges, usually as triangles or rectangles. The 

majority or inventigations were made on nickel platelets where the 

domain patterns were complicated by the fact that no easy axis existed 

in the platelet plane. The formation of these domains and their 
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behaviour during the application of in-plane magnetic fields are 

discussed in Chapter 5. In thicker platelets, planar magnetisation 

configurations no longer had the minimum enerr and more complicated 

stripe domain patterns were formed. The structure and behaviour of 

these and their relation to stripe domains in thin films are discussed 

in Chapter 6. 

The small dimensions of thee- platelets caused their domain 

behaviour to be strongly affected by the magnetostatic energy. This 

energy, however, cannot be expressed analytically and requires a 

numerical treatment. The problems of correlating observed domain 

behaviour with a theoretical approach are discussed in Chapter 7. 



"But if any see fit not to agree with the 
opinions here,expressed and not to accept certain 
of my paradoxes; still let them note the great 
multitude of experiments and discoveries." 

"And let whosoever would make the same 
experiments, handle the bodies carefully, skil-
fully and deftly, not heedlessly and bunglingly; 
when an experiment fails, let him not in his 
ignorance condemn our discoveries, for there is 
naught in this book that has not been investigated 
and again and again done and repeated under our 
eyes." 

William Gilbert 
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PREFACE 

During the late 1950's and the 1960's the magnetic properfes 

of thin polycrystalline ferromagnetic films were extensively 

investigated because of their potentiality for computer applications. 

Digital storage, fast switching achieved by coherent magnetisation 

rotation, and possible ease of fabrication made them initially very 

attractive. 

Switching, however, did not always occur by coherent rotation 

and the possible reversal by domain wall motion introduced difficulcles 

in the utilisation of these devices. Even the structure of the domain 

walls was found to show a complicated dependence on film thickness, 

making film parameters even more difficult to classify. 

The majority of these films were prepared by the condensation 

of a vapourised metal beam on a glass substrate. A refinement of 

this process produced single crystal films by expitaxial deposition. 

Although this was of no commercial advantage, these films had 

crystalline anisotropies which gave rise to 90°  as well as 180°  walls. 

However, they suffered from strains and imperfections which a non-

epitaxial trithod of preparing these crystals would avoid. 

Such a technique for the growth of free-standing platelets was 

found by the vapour phase reduction of felromagnetic bromides. This 

produced small facetted platelets with thicknesses in the range 0.1 - 

10.0 pm, i.e. overlapping with the thin film thickness range. Iluch 

of the information gained from investigations on thin films therefore 

forms a background to a study of platelet properties. 

Observations (,1 magnetic domains, and the growth of these 
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platelets were first reported by De Blois (1965), and continued an 

earlier line of research into the properties of Ferromagnetic whiskers. 

The thinner platelets showed regular and simple structures, as seen by 

the magnetic colloid collections but in thicker platelets these 

became very much more complex and stri.oe structures appeared. 

This thesis describes further observations made on platelet 

domofn structures, both as they are initially formed after growth, and 

as they behave in applied fields. The colloid technique used for 

these investigations suffers from the disadvantage that the surface 

collection can give a misleading interpretation of the underlying 

magnetic structure. This restricts the number of cases where direct 

comparisons can be made between observed domain configurations and 

theoretical calculations of such structures. 

Sone comparisons are made but further possible ones are prevented, 

largely through the inability to cope with the magnetostatic energy, 

which controls the magnetic behaviour of specimens the size of these 

platelets. An incomplete attempt to surmount this difficulty by an 

entirely numerical approach is included. 

Although stripe domains have been observed in thin films, the 

sub-division of domains that occurs in the thiclrer platelets is more 

varied and interesting. The origin of the 'out of plane anisotropy' 

is crystalline and can therefore be assumed as known, unlike the thin 

film case. Yet despite this, many of the observations are not entirely 

explained because the Bitter colloid teclinique gives no clear 

indication of the internal magnetic structure. 

The conditions necessary for the production of thin strain-fre, 

platelets suitable for these investigations are fairly stringent. It 

has therefore also been necessary to study the problems involved in 

obtaining one and two dimensional growth habits of ferromagnetic 

materials, by the process of vapour phase chemical transport reactions. 



CHAPTER 1 

THE  THEORY OF DOMAINS IN FERROMAGNETS 

INTRODUCTION 

At the turn of the century it was common knowledge that the 

overall magnetisation of a suitably prepared ferromagnetic specimen 

could be changed from zero to a large saturation value b7 the 

application of a small field. This fact, however, was inconsistent 

with. the Langevin theor7 of a paramagnetic gas, where thermal 

agitation prevents the large ordering influence of a small applied 

magnetic field. 

Weiss (1907) modified the theory by postulating the existence 

of a large internal molecular field proportional to the magnetisation. 

This led to the prediction that all ferromagnets below their Curie 

temperature would be magnetised, even in zero field. Weiss overcame 

this difficulty by further postulating that, although saturated in 

small regions, overall demagnetisation was accomplished by the random 

orientation of these regions. The effect of an applied magnetic field 

was then to align these regions, or domains, to give a total saturation. 

The internal_ molecular field has subsequently been justified quantum 

mechanically by the exchange force, and domain theory understood in 

terms of magnetic field energies. 

Indirect experimental evidence for the e7.istence of domains 

first came in 1919 with the observation by Barkhausen that the 

application of a continuously varying field on a magnetic specimen 

Produced discontinuous changes in magnetisation. Although at the 

time this effect was wrongly attributed to the rotation of magneti- 

1 



sation in whole domains, it is now known to correspond to 

irreversible movemeaLL,s of domain boundaries. 

During the 1930's workers accepted the existence of domains 

as a basis for magnetisation curve explanations, but in this state 

the theory could only produce limited quantitative results. A theory 

of the transition layer separating adjacent domains was first 

proposed by Bloch (1932) who supposed the local spontaneous 

magnetisation to go through zero at the mid plane of the wall. On 

this basis he made the first calculation of the thickness and free 

energy of the transition layer, now known as the 'Bloch Wall'. 

This work was superceded by the model of Landau and Liftshi:,z 

(1935) in which magnetisation of constant magnitude was assumed to 

rotate about an axis normal to the wall. Their calculation gave 

expressions for the direction of magnetisation at any point inside 

the wall, its thickness and its surface energy density. The paper is 

an important watershed, being one of the first calculations in 

micromagnetics. 

In domains and domain wall calculations a model is postulated 

and its energy calculated, perhaps allowing one parameter to vary. 

Micromagnetic calculations however are performed by minimising the 

total free energy of a system with respect for the imposed constraints. 

It is a more basic and rigorous approach, treated fully by Brown 

(1962a and 1963), but is often insoluble without approximations. 

Observed domain structures should arise as a natural solution to 

micromagnetic problems correctly formulated. However, the theory has 

not yet reached the stage where it can be generally applied so domain 

calculations still play a very important role in explanations of 

magnetic behaviour. 

1.1 THE MAGNETIC FREE ENERGY 

A necessary prerequisite to the understanding of domain 

configurations in ma,i,netic materials is a knowledge of the various 

2 



factors contributing to the total magnetic free energy of a body. 

1.1.1 Exchange Ener,:y  

In ferromagnets the magnetic moments of neighbouring electrons 

are coupled via an exchange interaction which tends to align them. 

This interaction operates between the uncompensated spins of partly 

filled 3d electron shells and appears as an extra term of electro-

static origin, not present.in.a classical treatment of the interaction 

between neighbouring atoms. This extra term is denoted by the 

expression for the potential energy of neighbouring spins of -J S..S.. 

Si  is the spin angular momentum of atom i measured in units of Ii, 

and J is the exchange integral which is positive for ferromagnetic 

alignment. By considering only nearest neighbour interactions we may 

write the exchange energy Eex as  

L 	-,f2 J S27- 0 	Ø. ex 	dz 

	

i>j 	
i 

 

where S is the total spin momentum per atom, 0.. the angle between 13 
spin momentum vectors of atoms i and j, and d.c is an element of volume. 

If01  . . is assumed small the exchange .:nergy between each pair of spins 

is:- 
AE 	= J S 2 0?- 

ex. . 13 

The full expression for a cubic lattice as first proposed by 

.Landau and Liftshitz (1935) is:- 

E
ex 	

A  [(7c,(1)2 (Da2)2 (vcc3)21 
dti 
	(1.1)  

where al, a2, a3  are the direction cosines of the magnetisation vector 

and A, the exchange constant = n J Sc-/a for a lattice constant of a. 

n = 1 for a s.c. lattice 
= 2 for a b.c.c. lattice 

= 4 for a f.c.c. lattice 
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The exchange constant cannot be measured directly but may be 

estimated from the Curie temperature where thermal energy is 

approximately equal to exchange energy; from a direct relationship 

with the constant in the Bloch law for the temperature dependence of 

the saturation magnetisation at low temperatures; or from spin wave 

resonance experiments. Although not discussed further the limitations 

(on calculations involving spin transitions such as domain walls) of 

an imprecise value for the-exchange constant of materials is impartant. 

This term then is a measure of the tendency of the spins, or 

magnetisation, in a ferromagnetic body to self align, and opposes 

variations in the magnetisation direction throughout the body. To 

give an estimate of the magnitude Kittel and Galt (1956) quote A for 
-6 

iron as 2.0 x 10 erg/cm. 

1.1.2 Anisotrop-NLelatEa 

Exchange energy was seen to arise from mutual spin interactions 

as an angular function of neighbouring spins. The complete spin 

system could adopt any angle with respect to the crystal structure 

without affecting the exchange energy. There is, however, an inter-

action between the electron spins and the crystal lattice which 

removes this degeneracy to make certain directions preferred. This 

results from the combined effects of spin-orbit interaction and 

partial quenching ef the orbital angular momentum by inhomogeneous 

crystalline electric fields. Thus the free energy becomes a function 

of the orientation of the spontaneous magnetisation. 

The effects of this anisotropy show up very markedly in the 

magnetisation curves of specimens which can be saturated with the 

expenditure of considerably less energy in some directions than in 

others. This gives rise to the terminology of easy  and hard directions 

of magnetisation. There is a tendency for the anisotropy energy to be 

high for crystals with a lattice of magnetic ions of low symmetry, and 

low for crystals with high symmetry. 
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Phenomenologically this anisotropy may be expressed as a 

power series of the direction cosines of the magnetisation vector 

with respect to the crystal axes, the expression having the same 

symmetry as the crystal lattice to which it applies. 

For cubic crystals 

E
K 	

(a2a2 
a
2a2 + a2a2) + K a2a

2
a
2 
+.... 	(1.2a) 

	

1 12 	.2 3 	3 1 	2 1 2 3 

In this form with K
1 
 positive the cube edges are easy directions 

and the body diagonals hard directions, as in iron, with K
1 
negative 

the directions are reversed,- as in nickel. 

For uniaxial crystals the magnetocrystalline anise.ropy is more 

conveniently expressed in polar co-ordinates, even though the 

hexagonal nature of the basal plane symmetry of say cobalt is lost. 

This gives 

E
K 

= 

 

1
-1( 	sin20 + K

u 
sin40 +.... cit 	 (1.2b) 

L u1 	2 

  

Anisotropy can also arise from other sources. Uniaxial 

anisotropy may be induced in some bulk ferromagnets by heat treating 

or cold rolling in a magnetic field, leading to materials of great 

technological impoftance. Polycrystalline films show several types 

of anisotropy, the most important being the M induced uniaxial 

anisotropy. The origins of this anisotropy are interesting and 

complex and the reader is referred to the reviews of Prutton (1964) 

and Cohen (1969) for a study of the various contributing mechanisms. 

General reviews on magnetic anisotropy have been given by 

Chikazumi (1964) and Kanamori (1963). Anisotropy constants can be 

determined from magnetisation curves, Stoner (1950), by ferromagnetic 

resonance and by torque magnetometry; the last being the most accurate 

method. The most recent results obtained by torque magnetometry have 

been given by Franse and De Vries (1968) and Aubert (1968) for nickel 

and Franse (1969) f(,,. iron. 
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Fig. 1.1 Magnetocrystalline anisotropy in the Ni/Fe and 
Ni/Co systems. (At room temperature) 

The specification of temperature is important because anisotropy 

constants are strongly temperature dependent, varying as the tenth or 



higher powers of the saturation magnetisation. In alloy systems 

the anisotropy cons47ents are functions of the alloy composition. 

This variation can be of great interest especially in low valued 

regions where the anisotropy is changing sign, as in, say, permalloy. 

FIG (1.1) shows the anisotropy values of the Ni/Co and Ni/Fe systems 

referred to later. 

1.1.3 Magnetoelastic Enera 

Like exchange energy anisotropy energy is dependent on the 

lattice spacing of the crystal, hence any change in spacing gives 

rise to a further contribution to the free energy. The magnetoelastic 

energy arises from the interaction between the magnetisation and the 

mechanical strain of the lattice, being defined zero for an unstrained 

lattice. Magnetostriction, the relationship between strain and 

magnetisation has been the subject of reviews by Lee (1955), Birss 

(1959) and Callen (1968). The preferred directions of domain 

magnetisation are thus controlled not only by the magnetocrystalline 

anisotropy but also by the strained region: within the material which 

effectively alter the directions of the anisotropy energy minima. 

Kittel (191+9) shows that under conditions of constant stress 

the lattice deforms and there is an increase in the anisotropy energy 
r 

AEK 	
I AK 1 1 (aa2 	

2 
a  a 

3 

4. 2 2 	2 
a3a1

2  
)..] 	

(1.3) 2
2  

X 

,where 9  [ 	2 	
2 = 	(C 	- C )X 	- 2 C44X11.1 AK1 	4 11 	12 100 

  

C11,  C12 
and  C

44 
are the elastic moduli 

X100 
and  X11.1  are the magnetostriction constants. 

For iron 4•C 	10-3  and for nickel ^ 10-1  

If for simplicity we assume isotropic magnetostriction Xs, 

constant stress at an angle 0 to the magnetisation,"the expression 

for magnetoelastic or3rgy reduces to 
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3 , 	2 
= s  0- sin 2A 

However because of the approximations involved, this expression 

should be used with caution. 

1.1.4 Magnetostatic Energy 

By virtue of its own magnetic state any magnetic body possesses 

a potential energy arising.from the interaction of its magnetisation 

with ambient magnetic fields. It is necessary to distinguish betw..en 

applied fields H and fields from the magnetic material itself H , 

the total local field being given by 

H = H + Hi  —o — 

H
P 
 is assumed to be unaffected by the body itself and in this 

work can be taken as uniform throughout. The energy from the applied 

field is 

E
Ho 	

=1,0 I  Ho  . M dti 	 (1.4) 

M is the magnetisation per unit volume. H is the field 

arising from the magnetic body itself and in this type of work is 

most readily explained as arising from free pole effects. H can be 

derived from the scalar magnetic potential 0: H = - grad 0. 

In any element d the dipole moment is M d and the magneto-

static potential can, by analogy with the electrostatic potential, 

be written es:- 

0 1 
= 	 . grad 

47I 

where differentiation is with respect to the co-ordinates of the 

volume element d 

Using the vector identity 
M 

div r 	= 1 div M + M . grad (r) — 
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we have 

= 	div 	dt -7-1-.1 1 divt dt 1 .1 	 M  

which, by using Gauss's divergence theorem, becomes 

1 
4n 4n 

	 dz, 
j  M . ds 	i div M 

9 

0 
rr 
r 

0 r (1.5) 

showing that the potential can be attributed to an apparent surilace 

distribution of magnetic charge M . ds, and a volume distribution of 

density - div M. This equation is of great importance in that it 

allows H to be derived from given charge distributions, and will be 

referred to later. It is usually necessary to assume uniform 

magnetisation with div M = 0, but this is only true for ellipsoids 

where the demagnetising field is proportional to M, H = NM, N being 

the demagnetising factor. Values for N along major semi-axes of 

various shaped ellipsoids are well tabulated, Osborn (1945) and Stoner 

(1945). For specimens which cannot be approximated to ellipsoids the 

application of equation (1.5) and numerical methods are dictated. 

But for every volume of material for which H can be determined, the 

self energy will be 

EH' 	H . M c11:. 
1 jr ' (1.6) 

Unlike H
o
, H will usually lie in a direction such that H M 

is negative. 

This then gives a total magnetostatic energy of 

' EH  = -Ito 	o  
1 

(H + 7  LI ) . M dt f(1.7) 

1.1.5 Domain Wall Energy  

Energy arises at the boundary between dolle.ins from the 

magnetisation rotating out of an easy direction, showing a rapid 

variation with position etc. If complete micromagnetic calculations 

could be attempted this term would not be necessary, however it is in 



fact more convenient with these sudden transitions to consider the 

energy of the domain wall as a separate entity. Various models have 

been proposed for the form that walls take in bulk materials or thin 

films for varying physical properties. These will be discussed in 

the following sections of this chapter. 

It suffices here to attribute an energy density to the wall 

area )such that:- 

E
w = 	

(1.8) 

where ds in an element of wall area. 

1.1.6 The Total Free Energy  

The magnetic energy of a sample may now be expressed as :- 

E = E
ex 

+ E
K 
+ AEI( + E

H 
+ E

w 
	(1.9) 

One or more of these terms may dominate according to the nature 

of the specimen, its shape, composition or physical state but the 

domain structure will adjust to produce a minimum in the free energy. 

Thus a specimen with a large anisotropy may adopt an equilibrium 

domain configuration with a high magnetostatic energy which would 

not have formed in a specimen of lower anisotropy. The minimisation 

of the total energy of a body computed from the above expressions 

should theoretically predict observed domain configurations. However 

because of its complexity this is seldom possible, although 

qualitative thinking based on these principles can be most rewarding. 

1.2 	DOMAIN WALLS IN BULK MATERIALS 

Estimates of the energy ar.d thickness of a Bloch wall were 

made by Lifshitz (1944) and lie-el (1944), also by Kittel (1949a) using 

a simpler model. Kittel summed the exchange and anisotropy energies 

and found a. minimum in the total energy as a function of wall. width. 

From this he deduced 1 wall energy density and width given as:- 

10 
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= 2 1AK 

a =FAc. log tan 0 
	 (1.1o) 

where 0 is the angle between the spin direction and the magnetisation 

in one of the bounding domains. 

A typical value for the energy density \X  is 1 erg/cm2  with a 

width a of 1000 R. 

This solution only provides for a transition through 90° but 

by including the effects of magnetostriction it becomes possible to 

consider the 1800 wall as being composed of two successive 90
o 
 walls. 

The solution is acceptable within its accuracy which is limited by 

the importance which can be attached to the value of the exchange 

constant A. Th3 effect of magnetostriction on the value of the wall 

energy is small but it does affect the spin orientation and hence the 

width. Also, if the magnetocrystalline anisotropy is low and the . 

stress large magnetostriction effects contribute significantly to the 

wall parameters. 

Earlier calculations were extended by Lilley (1950) to include 

walls in crystals, with uniaxial anisotropy and positive or negative 

cubic magnetocrystalline anisotropy, to give energies and widths of 

the domain boundaries in important directions. In addition the effect 

of the magnetoelastic anisotropy was also considered. 

In bulk materials the nature of the wall types is basically 

very simple but the domain structures alter with the magnetic 

Parameters of materials,showing great variety. Complications are 

introduced by the presence of inclusiora, imperfections or strain 

within crystals, but the nature of the structures is still determined 

by the energy considerations outlined in the previous section. The 

multitude of reported observations on a wide variety of materials 

have been reviewed by Craik and Tebble (1965). 



1.3 DOMAINS IN THIN FILMS  

With the possibility of single domain particle behaviour, 

reversal by coherent rotation, and the report by Blois (1955) of an 

induced uniaxial anisotropy, thin magnetic films appeared to have 

good potential for digital storage. The realisation of this 

potential has not been easy and has raised many fundamental problems 

in magnetism. Many of the problems that have been encountered have 

centered around the behaviour of the domain walls which exist in 

films, their structure and their effect on hjsteresis behaviour. 

These domain structures are a function of film thickness, physical 

structure and past magnetic history, and thus display considerable 

variety in properties. Polycrystalline films with uniax'al anisotropy 

have been subject to the greatest research effort and an understanding 

of the domains and walls in these films is a prerequisite to the 

study of domains, first in single crystal films and then in platelet. 

crystals. 

Reviews of all aspects of magnetic thin films have been given 

by Prutton (1961+) and Cohen (1969). In addition two bibliographies 

have appeared listing the thousands of articles on the subject, 

Chang and Feth (1964) 

1.3.1 The Bloch Wall  

and Chang and Lin (1967). 

   

In bulk materials we saw that the transition in M inside the 

wall is accomplished by a rotation of M about the wall normal. No 

volume pole distribution is created, the ends of the wall are so far 

removed that the influence of the surface poles can be neglected and 

the normal component of M is continuous across the wall. The wall 

shape is then determined by a balance .uetween exchange and anisotropy 

energies. 

In a thin film the energy contribution of the magnetostatic 

field from surface poles can no longer be neglected and must be 

included in the ener7 sum to be minimised. However, in order to 

12 



estimate the stray field energy the magnetisation distribution in 

the wall must first ce known, yet this itself is influenced by the 

stray field. One method of avoiding this situation is to postulate 

a magnetisation distribution inside the wall and to base calculations 

on this distribution. Although distributions have been proposed by 

several workers the first and simplest due to N6e1 (1955) is still 

the most widely used, in a modified form due to Middelhoek (1961). 

A 1800 wall parallel to-the easy axis of a uniaxial film is 

considered, 0 is defined as the angle between the magnetisation and the 

film normal in the plane of the wall, and x the co-ordinate normal to 

the wall. The rotation is shown in FIG (1.2a). 

, a 
x•  - 

2 

- a \z x \ 
z  a 
— 

2 	2 

a 
2 	x > 

2 

Straightforward account is taken of the exchange and anisotropy 

energies, and the stray field energy is calculated by approximating 

the wall to a cylinder with elliptical cross section, seen in 

FIG (1.2c). 

This gives an expression for the energy per unit area of a Bloch 

wall as 
2 

= A(21)2a + 	+ 	n ' 
a 	2 	u a+

a 
 t Ms 

(1.12) 

reinserted to obtain the actual value of\,Y
B. 

The equations do not 

\i iB 
can be minimised with respect to a and the resulting value 

K
u 
is the uniaxial anisotropy, t the film thickness. 

give a simple analytical expression, except whc:. t a and t a, and 

have to be evaluated numerically. 

For 	i.e. bulk material, the results give:, 
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\XB = n  /245E1: 

aB 	 r-j-T 
	 = n v2 

(1.13) 
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These may be compared with the exact solutions for a Bloch 

wall determined from the tangent to the theoretical spin orientation 

at the middle of a bulk wall 

= FAT 
71  p--  

ao 	K 

( . ) 

The variation of wall energy and width with film thickness is 

found by successive numerical evaluation and illustrated graphically 

in FIG (1.3). It is found that the Bloch wall energy can be one or 

two orders of magnitude higher in very thin films than the value in 

bulk material. 

1.3.2 The Nel Wall  

Pdeel (1955) showed that below a certain film thickness, with 

increasing magnetostatic energy, the Bloch wall becomes energetically 

unfavourable compared with a distribution where M rotates in the plane 

of the film. No surface poles are produced but 0. volume pole 

distribution is formed within the film at the edges of the wall, and 

the normal component of M is no longer continuous. 

As before • 0 = 	- 	a ix  
a 	2 

but now 0 is the angle between the magnetisation and a direction 

normal to the wall in the plane of the film. The rotation is seen in. 

FIG (1.2u). Again the wall is approximated by an elliptic cylinder, 

but this time it lies in the plane of the film, FIG (1.2d), so that 

the energy density is 

= 	A(
n 2 a + 7 1 	n a t 2 

a Ku  -4- -7 
l
-
a + t)  its 

(1.15) 



NEEL WALL 

CROSS TIE WALL 

BLOCH WALL 

ENERGY OF 
BLOCH LINES 
INCLUDED 

I 	 I 	 I 

10 
ERGS /CM 2  

(A) 

wall energy in 

Nall type as function 
of thickness 

500 	 1000 	 1500 	 2000 0 
Film thickness in A 

(B) 
20,000 

10,000 

5000 

wall width 0  
in A Wall width as a 

function of thickness 

1000 

1E3 

500 

 

BLOCH 

NEEL 

 

   

100 
O 

t
00 500 	 1000 	 15 	 2000 

0 
Filrn thickness in A 

Filg.(1.3) Wall energy and width in uniaxial films 
(after Middelhoek) 



As in the case of the Bloch wall the expression can be 

minimised but does liut lead to a simple analytical expression and 

the results have to be numerically evaluated. For very thin films, 

t(Ka, we can approximate to get 

N =n PArC  

aN  = 
(1.16) 

The similarity of the result with (1.13) is to be expected 

from stray field energy considerations. The variation of wall energy 

and width with film thickness are again illustrated graphically in 

FIG (1.3). It will be noticed that in the thickness range where ;;he 

Ngel wall becomes energetically favourable the width has increased by 

an order of magnitude. 

The structure and behaviour under fields of ITgel walls has be,,a 

observed with Lorentz microscopy, (see section 2.3.3), by Feldtkeller 

and Liesk (1962). Lorentz microscopy measurements by Fuchs (1961) on 

nermalloy films have shown that the uniform rotation model used by 

Middelhoek is less applicable to Ngel walls than to Bloch. He found 

that the magnetisation changed very rapidly near the centre of the 

wall;  passing through 800  in only 400 R, the remaining 100°  rotation 

occurring over a much larger distance to give a total width near 

6000 R. Further discussion of this-will appear later. 

1.3.3 Orientation Dependence of Wall Energy  

So fa:' we have only considered domain walls between anti-

parallel domains, and in the absence of external fields these are the 

only stable structures in uniaxial Mills. The application of hard 

axis fields however removes this restriction and the change in wall 

energy with angle must be considered. A more general type of vall is 

taken as bisecting the magnetisation in two domains making angles 00 
and -0o 

with the centre of the wall. Again we use equation (1.11) to 

define 0. 
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For a Bloch wall the anisotropy contribution is much less 

than the exchange or magnetostatic energies and can be neglected. 

The magnetisation can be considered as turni:g on a cone shaped 

shell, thus making the total angle through which ii; turns ncos0
0 

So we can write the exchange energy 

ncos0
o)2 E

ex 
= 022)2  = A( 

ex 	a 

The component of M normal to the film plane is Msin00  and this 

gives a stray field energy of (n a t/(a + t)) M2  sin20o.  

By summing these two terms and minimising with respect to the 

wall width Middelhoek expressed the energy as a function of the 180°  

wall energy. 

= 	0 	cos2  0 BO
o 	Bn 

(1.17) 

But as 0o 
approaches 21 the equation begins to lose its validity. 

The angular variation of Ngel wall energy can also be found by 

a similar method although in this case the magnetostatic energy alone 

is the dominating factor. Repeating the calculations Middelhoek 

derived the variation with respect to the 180°  walls as 

Neo - (1 - sine o)2  
(1.18) 

These variations of Bloch and Ngel wall energy densities are 

displayed graphically as a function of the angle 00  in FIG (1.4), and 

the stabilities at given film thicknesses and angles shown in FIG (1.5). 

1.3.4 Nerd_  and Bloch Lines  

The energy -)f walls can be lowered in certain circumstances by 

the inclusion of Ngel lines in Bloch walls or Bloch linos in Ngel walls. 

In a sub-divided Bloch wall regions where the magnetisation 

rotates in a left handed sense are separated from regions with a right 

handed rotation by a transition region. The centre of this transition 
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region is effectively Neel in form as seen in FIG (1.2e). Sub- 

divided Bloch walls were first reported from observations on Perminvar 

by Williams and Goertz (1952), and on iron ',Ariskers by De Blois and 

Graham (1958). Harrington (1958) from his work on silicon iron 

considered simultaneous spin transitions along two axes. He predicted 

the presence of alternating polarities from his general equations for 

the magnetisation directions and assumed the changes which occurred 

along the wall length to be gradual. 

Shtrikman and Treves (1960a & 0) treated De Blois and Graham's 

results by considering the wall as being a sub-domain structure itself 

and showed how their observed displacement of different sections of a 

wall could be explained by relative movements of the sections near 

the surface, to lower the magnetostatic energy. A more elaborate 

model was produced by Bhide and Shenoy (1963), using gradual spin 

transitions, which gave better agreement with the observed spacing 

of sub-divisions. The energy density, however, is high, which accounts 

for the infrequent appearance of this type of structure, but is also 

a limitation of the model. Finally, Janak (1966) extended the 

Shtrikman and Treves approach and showed that the energy gain of Bloch 

wall subdivision would only be favourable if the anisotropy of the 

material involved was sufficiently low. 

Bloch lines in Neel walls play a very important part in the 

structure of Cross-Tie walls as we shall see in the next section, and 

have been studied by Feldtkeller (1961) and Feldtkeller and Thomas 

(1965). Parts of a Neel wall in which the magnetisation rotates 

clockwise and anti-clockwise are separated by a transition region in 

which the magnetisation points vertically out of the film plane. This 

gives it a Bloch character with attending surface charging, see 

FIG (1.2f). Feldtkeller and Fuchs (1964) have shown how a mixed wall 

can be formed by the enlargement of the Bloch or Neel lines into small 

sections of wall, as seen in FIG (1.6), and Feldtkeller (1965) has 

paid attention to the energies of these point singularities. 
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It is possible for Bloch lines to behave independently of the 

walls and interaction between lines and walls can lead to the formation 

of 360
o walls. The Barkhausen jumps which 1Lies make under alternating 

fields contribute to the phenomenon of creep, Kayser (1967) and Torok 

et al (1969), a hazard of thin film storage. This type of wall 

hysteresis has been observed by Lorentz microscopy (Cohen, 1965). 

1.3.5 The Cross Tie Structure,., 

We have shown that with decreasing film thickness the Bloch wall 

is replaced by a lower energy Neel wall structure, with FIG (1.3) 

showing a definite thickness for the transition to occur. By equating 

Bloch and Neel wall energi^s Middelhoek derived an approximate 

expression for this transition thickness as 

2.5 IT ttrans 	Ms 
(1.19) 

The actual change over however is not sudden and an intermediate 

structure, known as a Cross-tie wall, was first observed by Huber et al 

(1958) on permalloy films and later by Fuller and Rubinstein (1959) and 

Rubinstein and Spain (1960). High resolution Bitter patterns were 

obtained by Moon (1959) and the structure confirmed with Lorentz 

microscopy by Fuchs (1962). 

A 1\rel wall broken into segments by Bloch lines, to provide 

greater flux closure, forms the basis of a Cross-tie wall, but this 

simultaneously gives localised fields at alternate Bloch lines in 

opposition to the magnetisation direction. Closure is thus made 

between every second segment with the rapid change in magnetisation at 

alternate sc,, gments leading to the Cross-tie colloid collection, see 

FIG (1.7). 

Due to the complexity of the cross-tie structure exact evaluation 

of the energy is impossible but by making suitable approximations 

Middelhoek derived an expression for the energy of the wall as:- 



CT 

and length of cross-ties p as 

p = 

0.6iYNIt 

1.6 
2 - t Ms  

(1.20) 

(1.21) 
K

- 	u 

The length of the cross-ties reach a maximum when t^J400 R. Up 
to this thicknessN N

oct thus making p proportional to t, but at 

greater thicknosses; N 
increases more slowly and p consequently 

decreases. 

We see from FIG (1.3) that at t = 900 R a transition from Bloch 
to Cross-tie walls is expected but no transition from Cross-tie to 

Neel as the Cross-tie energy is always more favourable. No allowance 

has been made, however, for the energy of the Bloch lines which 

separate the positive and negative Ng:1 wall segments. The energies 

of Bloch lines, like the walls, increase with decreasing film thickness 

and if this energy is now included in the total Cross-tie energy the 

Neel wall appears as a more favourable configuration below 200 R. 

Under the influence of hard axis fields the angle through which 

the magnetisation turns increases in one type of section but decreases 

in the other. This would have the effect of keeping the wall energy 

constant were it not for the Bloch lines which are not fixed but move 

so as to decrease the total energy. The angular variation can thus 

he expressed in similar terms to the Bloch wall as 

\6CTO
o 
	CTn

cos20o 	(1.22) 

Prubton (1960) devised a model using the equations of Harrington 

(1958) but these gave a Neel structure to the centre of the Cross-tie, 

which from subsequent Lorentz microscopy was found not acceptable. 

More recently Mohiuddin (1966) has extended Cross-tie calculations to 

thin foils but again had difficulty in accounting for the Bloch line 

energy. 
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Finally, mention must be made of the work of Gomi and Odani 

(1960) who examined the effect of scratches parallel to the easy axis 

of films in the Cross-tie thickness range. T'ese films showed 

interesting flux closure patterns across the scratelles to give chain 

and displaced Cross-tie wall structures. 

1.3.6 Intermediate Walls 

The gradual transition between wall types as a film thickness 

varies has been observed experimentally by Methfessel et al (1960). 

For values of t> 1000 R the lowest energy state is the Bloch wall with 

sections of opposite polarity separated by Neel lines. The energy 

gain from Neel lines is not large because most cf the flux closure 

occurs outside the film. As t decreases below 90C R Neel walls begin 
to have comparable energies and_Cross-tie structures form around the 

small Neel sections. With further decrease true Cross-tie walls are 

formed which eventually become pure Neel walls as the energy of the 

Bloch lines rise. 

When a hard axis field is applied the magnetisation vectors on 

either side of a wall turn away from a 180°  angle and both Cross-tie 

and Bloch walls transform into Neel walls, see FIGS (1.4 and 1.5). 

Under a.c. fields a hysteresis occurs in this effect Middelhoek (1962) 

which causes deviations from the expected hard axis loop. It also 

extends the range over which various wall types are expected, 

Middelhoek (1963). 

More recently the film thicknesses at which various wall 

structures are expected were thought to be less well defined, and the 

type of s-1-xreture more diffuse. Torok et al (1965) have shown by 

Lorentz microscopy that the Neel to Bloch transition is gradual with 

Neel and Bloch ccaponents superposed to give a hybrid of the two, an 

intermediate structure. They also conclude that there exists a 

critical angle Oc  for films of any given thickness such that walls 

with 00?0c  are of pure Neel type and walls with 0, >0
o  >0 are of an 
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intermediate type. This angle 9c  increases with increasing thickness. 

Finally, only when 00  = 0 do the walls become pure Bloch, and then 

they are unstable and degenerate into intermciate walls, with the 

Ngel component changing direction by 180
o 

periodically along the wall 

to give a Cross-tie like structure. 

From low angle diffraction patterns (see p.51) Ricker (1963 and 
0 

1969) has suggested a spin distribution for 180 walls in films of 

intermediate thickness. The wall consists of an extended outside or 

tail region of Ngel type in which the magnetisation vector rotates 

within the plane of the film, until a transition angle 00 is reached. 
In the small kernel of the wall the magnetisation turns out of the 

film plane on a cone shaper shell, i.e. like a Bloch wall under the 

influence of a hard direction field. This field component is 

generated by the rotated magnetisatior in the Ngel type region. As 

the film thickness increases 0
0 

decreases, reaching zero as t 

approaches 1000 R. 

A different and interesting approach was adopted by Wang (1968) 

who approximated the spin configuration in a transition layer by a 

generaled functional form of spiral. Equilibrium wall widths and 

energies were obtained by minimisation of the total energy. For each 

case the cone angle provided an additional parameter with external 

conditions causing the spins to follow a different cone angle. From 

the resuts a phase plot was given for a 180°  Neel wall. of wall width 

against film thickness for different helices. 

1.3.7 Domains in Single Crystal Films 

By Je-eosition on heated single crystal substrates it has proved 

possible to obtain single crystal films by epitaxial growth. Cleaned 

or polished crystals of NaC1, LiI or Mg0 have enabled films of Fe, Ni 

or Co to be grown by Gondo and Funatogawa (1962) and Sato and his 

co-workers (1962, 1963, 1964). More recently improved epitaxy has 

been obtained by Blackburn and Ferrier (1968) using PbTe coated 

substrates. 
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(100) films of iron show biaxial anisotropy with the third 

magnetocrystalline axis suppressed by shape anisotropy. Domain 

structures form with both 180°  and 90°  walls to give checkerboard 

type patterns which decrease in size with decreasing film thickness 

because nucleation of domains becomes more sensitive to imperfections. 

Cross-ties are found to form on 180
o walls but not on 90

o walls. 

One reason is that on 90°  walls th s would entail the introduction of 

270°  segments which would only increase the energy of the wall. 

Blackburn and Ferrier (1968) showed chat in iron films the energy of 

the 90°  Neel wall is substantially lower than the 180
o 
wall and thus 

unlike the polycrystalline case there is less tendency to form Cross-

tie sections. However, they assumed the 90°  wall to be completely 

14e1 which need not be the case and the energy difference is probably 

not as great as they predicted. 

F.C.C. cobalt films have also been deposited in the (100) 

orijntation and show similar patterns to the iron films, but rotated 

through 45
0  indicating the negative anisotropy coefficient of cobalt 

in this phase. 

Dr-mains  on nickel films have been much more difficult to observe. 

This probably due to the higher magnetostriction and consequent 

sensitivity to the strain, inherent from lattice mismatching. The 

presence of negative biaxial anisotropy modifies the Middelhoek 

equations for domain wall energy. Equations (1.12 and (1.15) now 

become, from Appendix (A) 

m 	

2 
= AA(a) a+ 	

a2 
B 	

m  2 
32

K 
 la  a

n
+ t 

2 
, = A 7-) a + 1  7  Aa 	

mat 
 M 
 2 

(a + t) 
0  E,. 	l 	 s 

(1.23) 

( t.24) 

The variation of wall width and thickness as a function of film 

thickness is shown for nickel in FIG (1.8). 
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Kaczer (1957) has made calculations for Bloch walls using a 

more rigorous derivation of the stray field energy and obtaining 

expressions for the energy density of 1800  arlf 900 walls. He finds, 

in agreement with Middelhoek, 

\Xi; = 2 
dm/2 

1.3.8 Domain Substructures' 

It was tacitly assumed at the beginning of this chapter that 

the magnetisation within a domain was uniform. However, from their 

investigations by Lorentz microscopy, Fuller and Hale (1960) found 

that on a microscopic scale the domain magnetisation was non-uniform. 

Defocussed electron micrographs showed patterns of intensity variation 

which were interpreted as local in-plrI,e angular variations of the 

magnetisation called RIPPLF1. 

Two possible configurations which would give rise to the 

observed striations on micrographs are called longitudinal and 

transverse modes 
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The exchang: energy density for the two modes is similar but 

the longitudinal mode has a lower magnetostatic energy and is thus 

more favourable. Ripple is thought to arise from the variations in 

the local anisotropy and is thus intimately connected-with the 

structural and magnetic variations encountered in thin films. This 



makes the theoretical treatment of ripple complicated from the nature 

of the models used. The current state of ripple theories has been 

recently reviewed by Leaver (1968) and Hoffmasn (1968). The effect 

of ripple variation is greatly reduced through the diminished local 

anisotropy variations of single crystal films, Spain and Fulchalska 

(1964). 

Ripple is usually small,enorsbh to have only secondary effects 

on the hysteresis properties. However, films produced under slightly 

non-standard conditions show strange properties, e.g. inverted films, 

with wall coercivity larger than rotational coercivity, can show Ngel 

walls forming normal to the easy axis. 

Films with negative magnetostriction can give mottled Bitter 

patterns above a critical thickness arising from an out of plane easy 

axis. This disappears when the film is removed from its substrate, 

showing how film stresses affect the easy axis. These films also 

show rotatable initial susceptibility (R.I.S.). R.I.S. films 

demonstrate similar hysteresis loops in all directions and from 

studies by Cohen (1962) appear to fall into two types. 

Tna importance of R.I.S. films lies in the tendency of thicker 

samples to demonstrate stripe domain patterns. These stripe domains 

form structures rather like ripple structures but in a direction 

normal to the film plane. These will be discussed in greater detail 

when we come to study the domain patterns obtained from thicker 

platelets, Chapter 6. 

1.4 DOMAINS IN WHISKERS 

A precursor to the studies on platelets, described in this 

thesis, were the investigations made in the late 1950's on the 

properties of whiskers. Reduction of ferrous chloride by a very 

dilute stream of hydrogen (see Chapter 3) gave whiskers with smooth 

strain free surfaces in simple crystallographing orientations, ideal 
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for domain investigation. 

Domains in <100> Fe whiskers were first studied by Coleman and 

Scott (1957, 1958) who noted the simple structures with complete flux 

closure. They studied the wall movement with Bitter colloid under 

longitudinal and transverse fields up to 200 oe where domains could 

no longer be seen. 
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Fowler et al (1960, 1961) using Kerr -ffect studied the end closure 

structures which were found to persist up to at least 5 k.oe., thus 

reducing the large demagnetising fields which would otherwise form at 

the corners. Shtrikman and Treves (1960c) used these results to 

provide an explanation for Brown's paradox 
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De Blois and Graham (1958) studied the effect of stress on 

whiskers of this same orientation. Axial compression introduced an 

easy axis normal to the stress and the direction of magnetisation of 

the domains was Plen to change until all that remained was a Bloch 

line along the centre of the whisker, as shown overleaf. When a 

whisker was bent opposite faces came under tension and compression 

and a serrated domain wall appeared along the neutral-axis, flux 

closure being made internally. 
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<111> axis whiskers with (110) faces have also been studied by 

Coleman and Scott. These whiskers have a hexagonal cross section but 

cubic end faces which show interesting closure patterns 
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These patterns have been explained by Kaczer and Gemperle (1959a) 

by postulating the existence of one or two domain walls which do not 

appear on the surface of the material. Later (1959b) this work was 

extended to the more complicated case of cobalt whiskers. 

1.5 DEVELOPMENTS IN DOMAIN WALL THEORY  

Several theoretical objections can be made to Middelhoek's 

treatment of Bloch and Neel walls which subsequent workers have 

attempted to circumvent. As we have seen Middelhoek assumed M to 

rotate linearly across the wall and estimated the magnetostatic energy 

ER' from an ellipsoidal cylinder. The resulting total energy was 

minimised with respect to the wall width parameter. It is apparent 

that EH' is not calculated from the same magnetisation distribution 

as the other terms a.-.d the final result could be too high or low. 



Furthermore, no indication of the wall structure is given because it 

is an a priori assumption of the model. Thus intermediate structures 

cannot emerge as minimum energy configurations at any stage. 

The primary difficulty in any wall calculation lies in 

estimating the stray field energy. Dietze and Thomas (1961) used a 

parametric form for the M distribution, cos 0 = a2/(a2 + x2) which 
alloyed a precise analytic expression to be included for the stray 

field, thus overcoming the firstobjection to Middelhoek's work. The 

total k.dergy was summed and minimised with respect to the wall width 

giving the energy as a function of thickness. Feldtkeller (1963) by 

using two parameters was able to obtain lower values for the wall 

energy, thus illustrating a drawback of the method. Although a 

functional form can be chosen so that all energies can be calculated 

analytically there is no assurance that the true distribution is even 

a close approximation to the class of functions being considered. 

Brown and La Bonte (1965) circumvented this difficulty by 

replacing the continuous by a discreet distribution for which the 

static energy can be exactly calculated. The wall is divided into 

cells in which M is constant but may have varying orientation, and 

the conditions for minimising the total energy found by variational 

methods. The resulting equation is then used to find the equilibrium 

structure. The method shows that the magnetostatic field due to the 

main reversal is such that at the outer edges of the Bloch wall M 

is reverse rotated to give a component normal to the plane opposite 

to that in the centre. It ishencepossi'cle for external field lines 

to begin and terminate on the same side of the film thus lowering the 

magneLostatic energy. For Bloch walls the energy versus thickness 

curve is parallel to Middelhoek's but at lower energy values. 

With the number of cells used it was found that the solution 

of the Neel wall calculation did not converge but certain factors 

emerged. The N6e1 distribution was found to be very dependent on 

the wall width to film thickness ratio which, if sufficiently large, 
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showed the Neel wall to be more favourable than the Bloch wall. The 

transition was predicted at 700 R which is closer to observations than 
Middelhoek's 350 R. In addition the long Ngcl tail was predicted 

in agreement with Lorentz observations. 

Aharoni (1966a) replaced Brown's expression for the magneto-

static energy by a plausible approximation, later justified. Using 

this he was able to obtain an.energy for the Bloch wall in good 

agreement with Brown and La Bonte's result. The calculation was 

extended to the Neel wall giving values at the most a few percent 

below previous estimates, but predicting a functional form for the 

tail distribution as tanh(x/a). 

Later Aharoni (1966b) extended the calculation to embrace the 

cross-tie type structure. He calculated Eex  and EK  analytically and 

obtained an overestimate of
-
E
H
' by using a volume charge distribution 

applicable for infinite film thickness and a surface distribution for 

zero film thickness. These assumptions gave an upper bound of 

10 ergs/cm? and estimates for the Bloch line radius and Cross-tie 

separation as 100 R and 1000 R. 

However, in 1967 Aharoni showed that although an exact solution 

to Brown's equations was impossible, inspection revealed that they 

could not have a solution with one component of M being zero unless 

E
H
' vanished. Minimisation in one dimension always gives a solution 

with one component of M identically zero and thus can only approximate 

energy minima when EH' is small, i.e. zero thickness films for Neel 

walls and infinite thickness filins for Bloch walls. This implies 

that previous models have been approximations and to obtain smaller 

energy values solutions should be sought which decrease EH' at the 

expense of Eex  and EK. 

Aharoni assumed a functional form for M with three parameters. 

The energy could be minimised with respect to these, and values chosen 

for two of them to enable the energy to be calculated analytically 
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before minimisation was performed. A lower energy was obtained than 

from the Brown-La &mite calculations, the lower limit for one 

dimensional models. However, the wall energy reaches a minimum then 

tends to infinity for increasing thickness, unlike earlier calculations, 

indicating that these are more likely t- apply at greater thicknesses. 

In 1968 Aharoni showed how self consistency checks could be 

made on wall models by deriving two expressions for the energy c: a 

domain wall. For a minimum energy configuration the ratio of the two 

energies, the self consistency, should be unity. Consideration of 

previous results shows Bloch wall models to approach a self consistency 

of unity with, ironically enough,the Middelhoek model serving well as 

a working result. The N6e1 walls, however, all show high self 

consistencies with only the Aharoni model approaching unity for zero 

and infinite film thicknesses. 

La Bonte (1969) executed a complete calculation with the 

magnetisation allowed to vary in two dimensions, thus overcoming the 

objections of Aharoni (1967) to 1D models. The structure of the 2D 

Bloch wall was generated from an iterative micromagnetic energy 

minimisation equation and the result, found to differ markedly from 

the 1D calculations, is seen in FIG (1.9). 

The magnetisation varies through the thickness of the film as 

well as in the plane normal to the wall. Essentially the rotation is 

Bloch-like in the centre of the film with a transition to Neel-like 

'rotation in the outer regions, causing a considerable reduction of the 

free pole densities on the film surfaces. The centre of the wall 

consists of a magnetisation vortex but is asymmetric with respect to 

the x co-ordinate as seen in FIG (1.9). AS the film thickness is 

increased the vortex becomes relatively more compact but the overall 

width is considerably greater than its 1D counterpart and essentially 

a linear function of thickness, in qualitative agreement with the 

results of Suzuki et al (1968). 

The model not only indicates a significantly different wall 



A 	 W 	 A
i 

4s. 	.6. .4. .0. .4:P alC. .cle7 ....C. .47. .4} .118.7' ..1;C> .. ...CZ,  .."Rli. "1. 41: .10, NO. .. 	.. 	lb 	w 
l
i 

., 	A",  ...c• ..ir .C.  ....F1  .47 .12' .47.  ..IC,' -aG".-01;:. -02C". -.4 'Kt:. '""lf. Nt. "ICa. V. 	0 	a 	... 

-. 	• 	- Av.* 	.. 	.4(P" 	...111C. "aita\NZI. 	NiZ%, Nth, 'ilk 0 	'0% 	Nk 

, i 	- 0/ if  / if if 01  A" .07 .617 ata• '‘' 	N 	1 4 	k k \ \ 
. • , I / I I 0 /7 if A, ae .0. 	

VA ttl II e e e 
• I 1 I # i I 0 0 / / .. \ ki 	\'() 	0 4 I I 
. # i 6 1 % m % \ . .3. , 0 010 0 0 o o o 
. 	. . ‘ o \ ‘ t. tlk 	ii i,  i„'irlf 0 0 if I e ‘ lik ‘.. -.. . 
. . . . . o. ',.. tli. 4 4 "-12. -zr....c3r 0' a.  # (i I  4 0 if 

••• 	%I. 4 ta ck,„ p,, c6,, *cu. •o.. -31. . cir- .ds•• .437  j5f 1 , if e 	e 	• .. 	... 
../ __ _, d •O%. `Q. "zIh. a 	0 	.c... ti. 'A 	 .zi, *sp,,, ca.. -4:30...431P. .47 . LT," pilio" .4}-  	it 49 	i 	0 

.0. 	.i... .06 .0. .0.. 'ca. ca... "Qs "L-4n. <2... •z:Zita...<2a. ..:::30...cf")72 ;For ‘...ir 15 r! if 	if 	0 

o 	.-0. as. v.. -0.. as. .. .C.“... ..aa... ,. -",....,..33•....:301....4 	/9 ,cir zr a' a 	0 	0 

Or 	.0. .0. .0. .Q. 4.01. .400.. <b.. .. <30. <310. <30. <1,9 430' -.CP' ...,:20" .cr.  .4," 4,  ... 	Mr 	ib,  

Bt  

Fig 1.9 The La Bonte wall model 
A 

Vector plot of hard direction magnetisation distribution across 
the plane shown. The dashed line denotes wall centre defined 
by (X2  =0 (or a1 ECC3  =1), the direction cosines of magnetisation. 



structure but also predicts a lower energy density where the exchange 

contribution is high and the anisotropy and magnetostatic contribution 

low. Finally, the self consistency is shown to be within 1% of unity, 

a marked improvement on previous models. 

The wall energies predicted by various models are seen in 

FIG (1.10). 

The results of La Bonte's csleulation provide an interesting 

comparison with those of Hubert (1969) who performed wall calculations 

using stray-field-free micromagnetic configurations as a starting 

parameter. The resulting spin configuration for a Bloch wall is 

similar to La Bonte's. The Neel wail has a more complicated structure 

and a higher energy than the Bloch wall but this rapidly decreases in 

an applied field. Hubert suggests that the stray-field-free Neel wall 

may form the kernel of an actual 146e1 wall whilst the tail, of 

necessity, produces a stray field. 

Olson (1967) using the Brown-La Bonte type calculation had 

shown that the stray field above a calculated Bloch wall is an order 

of magnitude below the measured field above a Ne.el wall at 10,000 R 
above the wall centre. This he had assumed to arise from the opposite 

rotation of the wall edges on the Brown-Le Bonte model but which we 

can understand to result from the more complex structure of the 2D 

La Bonte model. Thus with this result we do not expect the 1800  walls 

to show up strongly with magnetic colloid. 

Olson et al (1967) also applied this same technique to the 

intermediate wall structure, postulated by the group in 1965, and 

showed tl-qt the Bloch component fell off very much more quickly than 

the Nel component above the film surface and thus as the dominant wall 

component changes so also does the visibility. 

Interest then now lies in the extension of 2D calculations to 

Neel walls to see whether a better self consistency can be achieved, 

and the nature and contribution of its stray field. 
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CHAPTER 2 

TECHNIQUES OF DOMAIN OBSERVATION  

INTRODUCTION 

The various techniques for domain observation are reviewed, 

outlining their chronological development. Finally a comparison is 

drawn between the different methods. The work in this thesis used 

the Bitter colloid method and transmission microscopy, for reasons 

discussed in Chapter 4, which reports the experimental details. 

2.1 THE BITTER COLLOID TECHNIQUE  

As first suggested by Bitter (1931) and von H6mos and Thiessen 

(1931) independently, the Bitter technique was to observe magnetic 

discontinuities on the surface of magnetic specimens by sprinkling 

a fine powder of magnetic particles over the surface. Patterns were 

formed through the attraction of these particles by stray magnetic 

fields. Although impossible to interpret, the results gave the first 

direct evidence of the existence of domains. In 1932 Bitter replaced 

the powder by a suspension of .1 ferric oxide in alcohol or ethyl 

acetate, th-.s giving the particles more time to settle. The patterns 

he observed were not truly representative of the specimens because 

the particle size of his suspension was too large to respond to the 

small fields, and his specimen surfaces were not sufficiently smooth 

and strain free. 

McKeeham and Elmore (1934) made the first truly colloidal 

suspension with Fe203  and observed the type of pattern now associated 

with surface strain. In a series of papers Elmore developed the 
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technique further using Fe3O4  : recognising the misleading effect 

of a strained surface (1937), giving a recipe for colloid 

preparation (1938a), studying the behaviour of magnetite and 

siderac colloids (1938b) aml.. interpreting their behaviour using 

the Boltzman distribution law (1940). 

To obtain domain pafterns a drop of colloid 	placed on the 

specimen surface to be examined and formed into a thin layer by 

placing a cover slip on top. The pattern that forms can be observed 

under a microscope and is seen to best advantage under dark field 

conditions. 

A modification to the Elmore recipe was given by Baker et al 

which with a low chlorine ion concentration gave less surface damage, 

cf. Bozorth (1951, p.533). At the same time Williams et al (1949) 

developed the technique for electropolishing surfaces. Together these 

techniques gave the very important results on unstrained iron surfaces. 

The staining of specimen surfaces which had previously occurred was 

overcome by Craik and Griffiths (1957) using a stabilising solution 

of Celacol. In additi,d, Craik (1956), Craik and Griffiths (1958) 

and Garrood (1962) first coated the specimen surface with a layer of 

collodion. This enabled a colloid pattern that had been allowed to 

dry, to be removed from the specimen surface and examined by electron 

microscopy. 

An.  analysis of the formation of Bitter patterns has been given 

by Kittel (1949a & b). He has shown that the density distribution 

of colloid particles is determined by a balance between the local 

field from the domain wall and the Brownian motion of the particles. 

For pattern formation to occur FAH >3kT, where p is the magnetic 

moment of the colloid particles and AH is the local field variation. 

The interaction between particles is neglected, and the inequality 

cannot be realised by multi-domain particles, which play no part in 

the process. 
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Bergmann (1956) separated the field which influences the 

single domain particles into two parts, the dispersion field above 

the magnetic surface and the self field of th col]oid particles. 

Using the Kittel criteria he was able to show that particles above 

a certain critical size would form self-closing aggregates and play 

no part in the formation of patterns. Similarly by estimating the 

stray field at a distance above a 180°  Bloch wall he was able to 

deduce a lower limit for pattern formation. These two limits are 

close to one another and indicate th't only particles with 

diameters near to 10-6  cms. contribute to pattern formation. This 

value is less than the critical radius for single domain behaviour, 

Kittel (1949a, p.573), justifying the rejection of multi-domain 
particles. The size range was confirmed by electron microscope 

observations on sols both of iron and magnetite. 

Garrood (1962) noticing the change after storage of some 

colloids paid attention to the ageing of aggregates. He found that 

the sensitivity of colloids could be improved by initially 

precipitating the magnetite in a magnetic field. The particles thus 

have a greater tendency to form chains rather than closed loops and 

the chains then aggregate into cylinders giving a larger net moment. 

In addition he found that boiling, whilst still alkaline, has the 

effect of artificially ageing the solution thus accelerating the 

process of aggregation. 

With the action of these colloids being so dependent on 

aggregate size it is essential to have good stability. This can be 

achieved with most lyophobic sols if the pH is sufficiently far from 

the iso-elePtric point. Magnetite sols however are only stable in 

acid solutions, the limit of stability being at pH5.2 with the iso-

electric point at p116.5. Garrood investigated the improvement in 

stability attained by the addition of a lyophylic sol, such as Celacol. 

He found it necessary to achieve charge stability in the dispersing 

medium before dispersion could take place, then on reduction of the 
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acidity the stability became entirely due to the protecting sol. 

Garrood's paps:~' gives two recipes for colloid production. 

The work reported in this thesis used a colloid made by following 

a modified version of his recipe for the coarse colloid. The walls 

in the specimens investigated are mostly Bloch type or else have a 

large Bloch component, thus producing lower stray fields. This 

dictates the choice of a coarse colloid. However despite Garrood's 

assertion that the resolution with the coarse colloid is lower, it 

was found that the resolution of this work was as high as any 

reported using this technique. Details are given in Appendix (B). 

The visibility of Bitter patterns is dependent upon the nature 

of the stray fields above the walls which vary with the wall type 

viz. Methfessel et al (1960). This becomes very important when the 

nature of the walls themselves is being considered, (see p.152). 

Much useful information can be obtained quickly and simply 

from the Bitter technique and this explains its widespread use. 

However it remains essentially static in its mode of operation and 

cannot be applied to materials with low anisotropy where the walls 

become wide and the field intensity insufficient to gather colloid 

particles. The suspended particles must remain mobile hence the 

temperature range over which observations can be made is restricted 

although observations have been made' down to -90°C with methyl-

cyclohexane as dispersant, Bates and Spivey (1964) and up to 380°C 

'with paraff4n oil, Andra (1956a). 

A further disadvantage has been noted by Kranz et al (1964). 

By correlating magneto-optic and colloi-1. IwItterns they found that 

Bitter patterns need not lie directly above domain walls because it 

is the overall stray field distribution which affects the colloid 

particles. 

Finally with many samples there is the possibility of an acidic 

oxidising attack on 	surfaces under investigation. This decreases 

111 



the time for observation and necessitates fresh preparation of the 

surface after investigation. 

2.2 MAGNETO-OPTICAL TECHNIQUES  

Since Kerr's first observation in 1876 that plane polarised 

light on reflection off an energised electromagnet became elliptically 

polarised magneto-optics has played a very important role in the 

investigation of magnetic properties, both static and dynamic. This 

is demonstrated by a recent survey, Palik (1967), in which almost 

200 references are quoted covering work done in all four possible 

modes of operation. Explanations for the effects have been advanced, 

amongst others, by Voigt (1903) and Robinson (1964) using classical 

electromagnetism and Argyres (1955) using quantum mechanics and will 

not be discussed here. Recent investigations on thin films have 

been reported by Lambeck (1968). 

2.2.1 The Faraday Effect  

On Transmission through a ferromagnetic specimen the plane of 

polarisation of a plane polarised electromagnetic wave is rotated by 

any component of magnetisation in the direction of propagation. The 

extent of this rotation is governed by the saturation magnetisation 

of the specimen and its thickness, but is typically 100°/mm. The 

fact that it is a transmission technique places limitations on the 

thickness of material which can be used. Within these limits there 

'is a further restriction that the magnetocrystalline anisotropy 

should be sufficiently large for the magnetisation to remain normal 

to the specimen surface, despite the large demagnetising energy 

invoked in so doing. The use with metals is very restricted because 

they are opaque above 2000 R and have high saturation magnetisations, 

thus minimising any components normal to the plane. Fowler and 

Fryer (1956) have used this technique with permalloy films, obtaining 

a magnetisation component in the beam direction by tilting the film. 
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The observational apparatus is straightforward: light source, 

polarizer, specimen at objective focus, microscope and analyser, 

with camera or nhotomultiplier attached. If the analyser is set 

for the acceptance of light transmitted by domains with one 

direction of magnetisation, other domains will show up in darker 

contrast. 

The Faraday effect has given useful results on garnets, 

Dillon (1960) and on ferrites, Kooy and Enz (1960). Dillon's first 

study Lf domains in ferrimagnetic garnets (1958 a & b) is also of 

interest being the first time that a magnetic material was found to 

be transparent in the bulk. The technique has subsequently been 

extended at the Bell Laboratories by Bobeck et al (1969) and 

Perneski (1969) to observe the action of domains in orthoferrites 

and apply them to act as domain wall devices. 

Recent reviews of Faraday rotation have been given by Dillon 

(1968) and Bongers (1969). The extension of the Faraday effect into 

the infra-red is most useful for materials with windows in this 

region. Applications at these wavelengths to devices have been 

discussed by Cooper et al (1969). 

2.2.2 The  Kerr Effect  

Generally reflection from a metallic surface causes plane 

polarised light to become elliptically polarised. If the plane of 

polarisation is parallel or perpendicular to the plane of incidence 

then from symmetry considerations the reflected beam remains plane 

polarised. If the surface is magnetic, the symmetry is destroyed, 

the reflected light is again elliptically polarised and the component 

perpendicular to the incident light called the Kerr component. This 

effective rotation of the beam is much smaller than the Faraday effect. 

The effect can be observed in three different forms corresponding to 

the relative direction of magnetisation with respect to the incident 

beam. 
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The POLAR effect is the interaction of a component of 

magnetisation normal to the specimen surface with the reflection 

process. It is the only effect which is non zero at normal incidence. 

For the LONGITUDINAL effect the magnetisation component must lie both 

in the plane of incidence and in the plane of the reflecting surface. 

Finally the TRANSVERSE effect which is not a rotation of the 

polarization but a change in surface reflectivity for light polarised 

in the plane of incidence. -  Here the surface magnetisation must .pie 

normal to the plane of incidence. 

(a) Polar Mode 

The polar effect was the first magneto-optic effect to be 

used for the investigation of magnetic domains, but like the Faraday 

effect is restricted to materials with non zero normal components 

of magnetisation.. The technique has been described by Williams et al 

(1951) reporting their work on the basal cobalt plane, and has been 

used by Andra (1956b) and Mayer (1960) to study manganese bismuthide. 

(b) Longitudinal Mode 

The longitudinal effect has proved the most useful of the Kerr 

techniques, first observations being made by Fowler and Fryer (1952) 

using a photomultiplier detector. The technique has certain 

inherent disadvantages which during the subsequent fifteen years 

have been slowly understood and in as mucl?. as it is possible, 

counteracted. 

The basis for subsequent designs was given by Prutton (1959). 

A collimated beam of monochromatic radiation was polarised and 

focused on the specimen's reflecting surface. The reflected beam 

Passed through an objective, quarter wave plate to reduce ellipticity, 

analyser, and was focused at a photographic emulsion. The rotation 

is small and the optical image suffers from low brightness and lack 

of contrast. In addition light scattered from imperfections of 

rough surfaces is no extinguished by the crossed polarisers; this 
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however can be overcome by an elaborate double exposure technique, 

Fowler and Fryer (154a & b). 

In the 1959 paper Prutton reported an effective Kerr rotation 

of one degree. He obtained this by using an anti reflection dielectric 

coating and quarter wave plate, following the work of Kranz (1956) 

and Kranz and Dreschel (1958). The effect of the dielectric coating 

was studied by Lissberger (1961 & 1964) whose theory involving 

multiple-beam reflections between the dielectric surfaces gave good 

agreement with his dispersion curves. The action of the blooming 

is now well understood. 

Troves (1961) considered the factors limiting the technique 

paying particular attention to the ellipticity from metallic 

reflections, and measured both this and the Kerr rotation as functions 

of the angle of incidence. Apparatus was built incorporating these 

results, Fowler et al (1960, 1961) differing from Prutton's in using 

a low angle of incidence and a microscope instead of a telescope 

for observation. This was the apparatus used for whisker observations 

(of. p.30). 

Greater resolution was obtained by Green and Prutton (1962) 

using a single lens as condenser and objective. Together with 

Carter (1963) they considered the factors affecting domain visibility, 

measuring them as functions of angle of incidence and condenser 

numerical aperture. These improvements were incorporated in a "high" 

'resolution ricroscope suitable for Faraday or Kerr modes of working. 

The details of this can be found in Carey and Isaac (1966, p.73). 

Difficulties encountered, maintaining contrast and at the same 

time keeping a reasonable field, of view in focus were overcome by 

selecting different orientations of the objecti,e lens, FeldtkeLler 

and Stein. (1967). 

The increased visibility shown by Green et al (1963) to result 

from the use of a ].o,) numerical aperture condenser, and the desirability 

45 



of monochromatic illumination has made lasers ideal light sources. 

For visual observatlen the coherence of a-laser beam is undesirable 

but can be suitably avoided, Dey et al (1969). Currently workers 

are able to observe domain wall motion at speeds limited by the 

sub-nano second rise time of the photodetector across areas limited 

by optical diffraction, Genovese and Chang (1968). It is also 

possible to compare the static and dynamic flux reversal processes 

by photographically recording'the domain movements with exposures of 

10 n.secs., Kryder and Humpirey (1969). 

(c) Transverse Mode 

The transverse effect has received less attention than the 

longitudinal effect, but uses a similar experimental arrangement. 

No advantage is gained by blooming the specimen. It was used to 

photograph domains by Dove (1963) who improved the contrast by furtilor 

reflection from a surface of the same material as that under 

investigation. The effect was also used by Green and Thomas (1966) 

in constructing a simple hysteresis loop plotter. 

2.2.3 Use of Wave Optics 

The application of wave optics 	magneto-optical techniques 

extends the scope ef the methods, as it does for Lorentz microscopy 

cf. pp,50 & 51. 

Boersch and Lambeck (1960 shower' bow the analyser could be 

set for phase contrast and demonstrated Fresnel fringes through the 

magnetic st:ucture acting as a phase changing object. Lambeck (1964) 

showed that magnetic domains could act as a grating to give Fraunhofer 

diffraction, and by placing a diaphragm in the focal plane of the 

microscope obtained dark field :dictures of the domain boundaries. 

Lambeck (1965) applied the phase contrast and dark field 

settings to the study of hysteresis loops. In this was he was able 

simultaneously to observe the total magnetisation change from domain 

wall motion, using the conventional bright field; the position of 
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the domain walls, from dark field; and any rotation of the 

magnetisation, from the quadrature signal obtainnu in the phase 

contrast settinr% 

These ideas, applicable to the Faraday or Kerr effects and 

with no inherent frequency restrictions, should gain increasing 

importance. 

2.3 ELECTRON BEAM TECHNIQUES  

The interaction of electron beams with the magnetic fields 

above or inside specimens, via the Lorentz force provides the basis 

of a variety of methods for domain observation. Currently 

transmission microscopy is the meat widely used but the application 

of scanning microscopy gives exciting possibilities. 

2.3.1 Reflection Microscopy 

An electron beam incident on a magnetic specimen at grazing 

incidence is scattered by the leakage fields above it an a complex 

series of curves can be recorded on a photographic plate placed in 

the reflected beam. Blackman and Grunbaum (1957) first applied this 

technique to cobalt crystals. A fine electron beam is required, 

^a61111 wide, which after distortion by the fields above the surface 

produces cycloid type patterns on the photographic plate. The 

correlation of this shadow pattern with actual domain structures is 

difficult and the snecimen is liable to damage and contamination but 

the technique can be applied to materials with very low intrinsic 

magnetisations. 

2.3.2 Mirror Microscopy 

Mirror microscopy is an alternative technique using a normally 

incident electron beam on a sample maintained at a slight negative 

potential with respect to the cathode of the system. The surface 

thus acts as an electron optical mirror with any irregularity 
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altering the local electric field hence affecting the density 

distribution of the returning beam. The first design was given by 

Mayer (1955) using a co-linear incident and reflected beam, but this 

was later modified to separate the two. Using this technique Mayer 

observed domains on barium ferrite (195"i) and on silicon iron (1959). 

Barnett and Nixon (1967) replaced the electrostatic focusing by 

magnetic lenses, giving illustrations of the results. 

As with reflection microscopy the complexity of the image 

forming process makes the interpretation of micrographs difficult. 

However it is possible to observe properties which cannot be studied 

by other methods, with a resolution of about 100 R. 

2.3.3 Transmission Microscopy 

The use of transmission microscopy to observe domains was first 

reported by Hale et al (1959) and in more detail by Fuller and Hale 

(1960a & b) after investigations on nickel/iron films. They described 

the two modes in which the microscope can he operated,Fresnel and 

Foucault, and observed for the first time the effect of local variations 

in the direction of magnetisation within domains, called magnetisation 

ripple. From this important work the technique known as Lorentz 

Electron microscopy has grown. It has recently been well reviewed 

by Grundy and Tebble (1968). 

The magnification of the technique is high and the resolution 

of conventional electron microscopy 10-50 R. Thus it is easy to 

correlate rrgnetic and physical structures. Set against this there 

is a thickness upper limit of about 2000 R for 100kV electrons, 
confining observations to thin films and thinned bulk specimens, with 

their large demagnetising fields normal to the plane. 

The Lorentz force on an electron passing through a magnetic 

thin film is sufficient to deflect the beam by 10-4 radians. With 

an objective aperture of 10-2 radians such scattering. leads to no 

appreciable variatics in intensity across the specimen at focus. If, 
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however, the focus is changed to a position above or below the 

specimen a lateral -.:Isplacement of the domain images is observed. 

This displacement depends on the magnetisation direction of the 

domains and leads to an overlap or divergence of the images thus 

indicating the position of domain walls as light or dark lines. An 

alternative to this method is to use the microscope with the 

objective lens off and image with the intermediate and projector lens, 

but the magnification and resolution is lower. Operation of the 

microscope in this mode is called Fresnel microscopy and is seen iu 

FIGS.(6.8a & 8.1c). 

The diffraction pattern from an area containing say a 180
0  

domain wall will display a splitting of each diffraction spot by 

about 5% of the separation of the low order spots. Moving the 

objective aperture to cut out one of the subspots has the effect of 

introducing magnetic contrast into the focussed image. The 

intensity of the darkened domains is not zero because of inelastic.  

scattering and aberrations. The relative orientation of the domain 

magnetisations can be found from the splitting of the diffraction 

spots, or if this is known the thickness of the specimen can be 

determined, Warrington et al (1962). Operation in this mode is 

called Foucault microscopy, by analogy with the optical equivalent 

and is seen in FIGS.(8.1a, b & d). 

Normally a specimen is supported above the objective lens and 

near to its focal plane. Here the magnetic field of the lens can be 

very high, often sufficient to eliminate any domain structure and 

saturate the specimen. It is therefore necessary to displace the 

holder and increase the focal length o; the lens. The magnetic field 

is still present, although much weaker, and normal to the specimen 

plane. Specimen stages have been built which allow magnetic felds 

to be applied in the specimen plane, with compensation for beam 

deflection, enabling direct observation of wall motion to be made. 

Developing from the many studies on thin films and foils 
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Lorentz microscopy is the one method of domain observation from 

which it should be '.essible to measure wall widths. Indeed, using 

the defocussing mode Fuller and Hale (1960a) compared the intensity 

distribution across a wall image with a theoretical distribution. 

Wall thicknesses have been measured in his manner by Fuchs (1962) 

and Suzuki et al (1968). 

Wall widths were also measured by Wade (1962) in Ni, Fe and 

permalloy, using large defocussing distances so that geometrical 

optics could be employed, and measuring both diverging and convergThg 

wall images. But, with certain limitations on the method the results 

were not accurate. Warrington (1964) studied the effect of resolution 

upon domain. wall images considering the effects of beam convergence 

and coherence. He suggested that the arbitrary fitting of the 

intensity profile across the domain boundary can be improved by 

measuring the intensity at the centre,for a range of defocussing 

distances of which it is a function. 

In a similar manner the Foucault disOaced aperture technique 

has been used to obtain wall widths by Grundy (1965) on the basal 

plane of magneto-plumbite, by Jakubovics (1966) on a near basal plane 

of cobalt and by Rogers (1965). Rogers defocussed in addition to 

displacing the aperture thus changing the step in intensity at a 

wall into a slope, allowing correlation with theoretical curves for 

iron, nickel and permalloy. 

The mechanism of contrast formation in both modes of operation 

of the microscope had generally been interpreted in terms of 

geometrical optics. However it had been noted by Boersch et al 

(1961, 1962) that the magnetic structure of the film presented a 

phase rather than an amplitude object to the benm and hence contrast 

interpretation should be made by wave ontics. The electron deviation 

produced by a wall corresponds to the action of a Fresnel biprism 

with variations in effective refractive index corresponding to 

thickness variations. 
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This work was neglected until Wohlleben (1966, 1967) showed 

that the geometrical approach was an approximation for the wave 

treatment which is invalid for high resolution work. He showed 

that the variation in momentum at two neighbouring points on 

deflection was such that the uncertainty principle dictated the 

application of wave optics. 

The application of wave optics also suggests the further 

possibility of using Zernike phase microscopy or interference 

microscopy, but the same resolution limit applies to each mode. 

Cohen (1967) reviewing the wave optical aspects concluded that the 

defocussed mode seemed the most promising for practical application, 

using Fresnel diffraction for domain wall problems, and Fraunhofer 

diffraction with low angle diffraction techniques, cf. Ferrier (1967), 

for ripple investigation. 

2,3.4 Scanning  Electron Microscopy 

The Scanning Electron Microscope has become a useful research 

tool for the study of surface topographies and electrostatic 

potentials in specimens. Its mode of operation and range of 

applications were reviewed in 1965 by Oatley et al. However, 

conclusive evidence for the existence of magnetic contrast was not 

reported by this method until 1967 by Banbury and Nixon. 

An electron beam is focussed on the specimen in the chamber 

and secondary electrons are produced, which are then collected by 

an anode near the specimen. The incident electron beam is scanned 

across the specimen and the varying collected intensity displayed 

on a cathode ray tube whose scan is syrch-onised with the incident 

beam scan. In this way a visual image of the object is established 

on the screen with pseudo dimensionality. 

If the specimen is magnetic, electrons in the neighbourhood 

of the specimen will be deviated by localised Lorentz. forces from 

magnetic fields above the specimen surface. Banbury and Nixon 
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collected the secondary electrons emitted within a narrow energy 

bandwidth using a directional analyser, so that small deflections 

in the electron trajectories caused appreciable changes in collector 

efficienty. In addition an accentuation of the deflection due to 

specimen fields was realised by inserting screens at specimen 

potential before the collector and normal to the surface under 

examination. These restricted the lateral spread of the attracting 

- field of the detector so that magnetically deflected electrons found 

themselves in a reduced detector field, thus decreasing their 

probability of collection. 

Joy and Jakubovics (1968) made a more detailed investigation 

into the origins of magnetic contrast. They deduced that contrast 

is caused by the Lorentz force acting on the secondary electrons with 

energies of 100eV. Observations on the basal plane of cobalt showed 

a reversal of contrast when the specimen was rotated 180°  about the 

beam axis, and a collector efficiency dependent on energy and 

initial direction of travel of the secondary electrons. In 1969 

they reported further studies on domains in cobalt observing internal 

structures not apparent on the surface. 

Although very new, the technique shows great promise, but in 

a complementary role to transmission microscopy. The specimen 

surfaces do not require the careful preparation of other techniques 

as they need not be microscopically smooth. Against this, the 

,resolution is currently no better than by the Bitter technique, 

1pm, however it should be possible to reduce this. As with X-ray 

Topography, to be discussed next, it is also possible to obtain 

indications of internal domain structures, not intersecting the 

surface. 

2.4 X-RAY TOPOGRAPHY  

The use of X-ray diffraction topography for the observation 

of ferromagnetic domains is an extension of the technique which 
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enables different lattice defects in single crystals to be made 

visible, Bonse et al (1967). A well collimated Xeray beam is 

allowed to fall on a crystal and a variation in the diffracted 

intensity, due to elaetic strains in the neighbourhood of defects, 

is recorded on fine grained emulsion photographic plates. A 

resolving power of 1-211m can be obtained with a special goniometer 

and fine focus X-ray tube. 

Several of the methods have been used to observe domains, the 

most poimlar being the transmission arrangement of Lang (1959). In 

this a thin crystal is mounted at the Bragg angle for a set of lattice 

planes making a large angle with the crystal slice. The directly 

transmitted beam is blocked by an opaque screen, but the diffracted 

beam is allowed to fall on a film placed behind the screen. To 

obtain a picture of the complete crystal, the crystal and emulsion 

are kept fixed at the same orientation whilst being traversed 

backwards and forwards across the beam. 

There is in general a change in magnetostrictive deformation 

between domains and in accomodating this mismatch the lattice is 

put into a state of strain at the domain wall. The strain gives rise 

to diffraction contrast effects making the walls visible. Domains 

were first seen, in silicon iron, by Polcarova and Lang (1962) and 

by Roessler et al (1965). In 1967 Basterfield and Prescott observed 

domains in terbium iron garnet Tb3Fe5012. 

Only certain types of wall give rise to significant diffraction 

contrast. Lang and Polcarova (1965) have shown that no contrast 

appears at 180
0 walls because no lattice mismatch is produced and 

the strain within the wall itself is insufficient to give any readily 

observed contrast effects. Conditions for diffraction contrast from 

domain walls in silicon iron were studied by Polcarova and Kaczer 

(1967) using reflection topography. They showed that 90
o walls are 

visible if (Le-ni 	m2) 	2 / 0 where m and m2 
 are the magnetisation 

directions in neighbouring domains and g is the di/fraction vector,  
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In 1968 Polcarova and Lang showed that the basic properties of the 

contrast can be derived theoretically from a model treating a 90°  

wall as a coherent twinning boundary, and Schlenker et al (1968) 

gave a detailed treatment using the dynamical theory of diffraction. 

The power of this technique was recently demonstrated by 

Polcarova (1969) when studying (110) plates of silicon iron. She 

found fine domain substructures inside a specimen which had previously 

shown a conventional surface pattern under examination by Bitter 

colloid. 

This is the strength of the technique; the facility to study 

the internal magnetic structure in bulk specimens and the correlation 

of this structure with the crystal perfection. Against this have to 

be balanced several severe disadvantages. The observational 

apparatus is very critical in alignment and hence difficult to set 

up, the resolution can be good but is not high and exposure times of 

many hours preclude the possibility of any type of dynamic work. 

Finally the specimens must have a high perfection to present defect 

and imperfection contrast from completely masking all magnetic effects. 

2.5 PROBE TECHNIMES 

The stray fields which domains or domain walls create above the 

surface of a magnetic specimen enable a plot of surface domain 

structure to be made from local field variations. This however is 

'difficult, firstly because the stray fields 'fall off very rapidly 

with increasing distance above a specimen surface, and secondly 

because the probe sine is limited by the small-  dimensions over which 

field changes occur. The success of the method therefore depends 

upon having a uniform surface and a sensitive probe. 

Two probe techniques, the Hall probe and the vibrating permalloy 

probe have been described. by Carey and Isaac (1966 p.108 et seq.) 

together with instrumental details and typical results. Limitations 
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imposed by the probe and surface however reduce what might have 

been an interesting 1-echnique to a difficult way of obtaining 

results which could more accurately be observed by other methods. 

Unless a reliable and microminiature probe can'be engineered this 

technique will remain as only academically interesting. 

2.6 COMPARISON OF TECHNIQUES  

All the techniques mentioned above have their strength and 

weaknesses and the choice of a given technique for an investigation 

may finally not be very wide. 

The Bitter Technique has had the widest application because of 

its low cost and ease of operation, however its basic simplicity can 

be misleading. The production of colloids to study specimens with 

low stray fields for example can be very unpredictable, and the 

distribution of the colloid collection can lead to the wrong inter-

pretation of the underlying patterns. 

The two other methods in most common use today are the Kerr 

effect and Lorentz microscopy. Lorentz microscopy suffers from the 

thickness limitation but with the increasing use of high accelerating 

voltages this shouJ.d be less of a problem. The apparatus is, however, 

not cheap or convenient. The Kerr effect has in recent years become 

more widespread in application and been used with increasing accuracy. 

The following table enables comparisons to be made between the 

available techniques to assess their relative suitabilities for a 

given investigation. 
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TABLE (2.1) COMPARISON OF TECHNIQUES  

METHOD CAUSE SPEED RESOLUTION MAX. 
MAGNIFICATION COMMENTS hukEUT OBSERVED 

stray fields 

magnetisation 

magnetisation 

stray _fields 

magnetisation 

stray fields 

elastic lattice; 
strains 

stray fields 

domain walls 
(domains if extra 
fields are 
applied) 

domains and walls 

domains 

domains and walls 

domains 

lattice deforma- 
tion caused by 
magnetisation 

local magnetic 
field above 
specimen 

quasi-static 

static 

fast 

fast 

fast 

fast 

fast 

static 

static 

static 

1 um 

500 R 

1 u 

1 g 

100 R 

10-50 R 

1 um 

2 pm 

- 

1,500 

10,000 

1,000 

500 	- 

1,000 

20,000 

1,000 

- 

Simple in use, wide in application, 
not suitable for low anisotropy or 
wide temperature ranges. 

,Only suitable for limited range of 
materials but very good within that. 

Apparatus critical for accuracy, 
powerful technique especially for 
dynamic work. 

Complex experimental arrangement 
for results which are difficult to 
interpret. 

Restricted to thin specimens but 
very powerful method for 
investigating ':h 'se. 

No specimen preparation required can 
detect sub-surface structures, 
difficult to apply fields. 

Difficult to set up, crystal has to 
have high perfection, can detect 
internal structures. 

Elaborate apparatus, extremely 
difficult to correlate results. 

BII:A COLLOID 

WITH COLLODION 

MAGNETO-OPTICS 

FARADAY EFFECT 

KERR kihkr.:CT 

ELECTRON BEAM 

REFLECTION - 

MIRROR 

TRANSMISSION 

SCANNING 

X-RAY 
TOPOGRAPHY 

PROBE 
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CHAPTER 3 

GROWTH OF FERROMAGNETIC PIA'11,,LETS  

INTRC'TTCTION 

'..though this thesis is primarily concerned with the study of 

the magnetic properties of thin platelets, the method of their 

production is of considerable intrinsic interest. The theory 

relating to this particular growth form and the nature of the 

experimental technique used to grow platelets are discussed in this 

chapter. 

Mc,•ohological considerations relate the essentially two 

dimensional platelet growth forms to the one dimensional whisker 

growth and so earlier work on vapour grown whiskers is examined. 

Proposed mechanisms for the growth of these whiskers are discussed 

prior to considering the observations on platelet formation. 

3.1 THE GROWTH OF WHISKERS  

The study of whiskers has been motivated by the discovery of 

their unusual physical properties. Many of these, such as high 

strength, perfect surfaces, freedom from dislocations etc., result 

from the perfection of the lattice. At 	same time others, such as 

the magnetic fields required for saturation or nucleation, result 

from Lheir unusual shape as well. General reviews of the existing 

knowledge of the nature of whisker growth have been given by Nabarro 

and Jackson (1958) and Coleman (1964). Whiskers can be grown, from 

the melt, from solution, and from the va,00ur : but attention is 

confined here to the last of these processes. 

Growth from the vapour phase can occur by twc general methods, 
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the easily reversible condensation of a supersaturated vapour, or 

in a more complex system as the product of a chemical reaction. In 

the condensation process vapour atoms or molecules impinging on a 

substrate surface are adsorbed, releasing part of their latent heat 

of condensation in the process. They can then migrate across the 

crystal face until, on encountering a growth site, they either release 

their remaining latent heat and become incorporated into the crystal 

lattice, or else re-evaporate. 

In the chemical process the vapour atoms or molecules are 

chemically different from those in the growing crystal and the 

molecules adsorbed on the surface are either thermally decomposed or 

chemically reduced to release the atoms of the growing crystal. This 

method of growth, an example of heterogeneous catalysis, is very 

complex and the atomistic details almost completely unknown. 

Although large crystals can be grown by vapour condensation 

this has not been exploited for metals because in most condensation 

processes many crystals are nucleated and the crystals remain small 

from lack of control of the transport. However, growth from 

vapourised metal compounds has several advantages, high transport 

rates are possible at temperatures well below the crystal's melting 

point and the purity of the crystals can be exceptionally high. The 

crystals formed are grown under near-equilibrium conditions and are 

free from constraint, having a minimum of stress and possessing fla, 

well defined faces. The technique is limited to metals with volatile 

and easily reduced compounds, and for the transition metals the 

halide compounds are suitable. 

Vapour phase growth has been reviewed by Cabrera and Coleman, 

and the vapour growth of metals by Brenner, both in Gilman (1963). 

Before considering the mechanism of halide reduction it is useful 

to review some of the results from direct condensation experiments. 
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3.1.1 Growth from the Vapour 

Crystals grown from their own vapour are small and are generally 

formed by sealing the required metal into a .,,ube which is either 

evacuated or filled with an inert gas. A temperature gradient is 

established with the metal effusing from the highest temperature 

region to condense on the colder walls. Because of their high vapour 

pressures Zn, Chi and Mg have been the most frequently studied. It has 

been found that the presence of a foreign gas has a significant effect 

on the aspect iatios of the crystals, probably through lowering the 

surface nucleation rate by reducing the supersaturation near the 

crystal interfaces. 

Anisotropic growth in metal crystals was first studied by 

Volmer and Esternann (1921) who, when transporting mercury observed 

thin platelets to nucleate on a glass surface and grow 10,000 times 

faster in width than thickness. They concluded that an intermediate 

condensation stage exists in which the atoms are in a mobile adsorbed 

state, and postulated that Hg atoms impinging on the surface are 

unable to form new layers and migrate to the platelet edge where they 

are incnrporated into the lattice. 

This work on Hg was repeated by Sears (1953, 1955a and 1956) 

who found that the growth habit could be altered to give whiskers by 

controlling the temperature of the condensing vapour. The transition 

between platelets and whiskers was found to be a smoothly varying 

function of the vapour temperature. By measuring the bending of the 

whiskers under Brownian motion Sears was able to estimate their 

radius as 4te0.01rm. He measured their growth rate as 1.5 x 10
-4cm/sec, 

but calcillated it as 3 x 10 8cm/sec using an equation derived from 

gas kinetics. 

m  
27;kT 

(3.1) 

p is vapour pressure above whisker 	70 is density-of whisker 



m is mass of condensing atom 
	

k is molecular gas constant 

T is absolute temperature 

Thus the actual growth rate is 5,000 times that calculated, 

and if the assumption of constant whisker radius during growth had 

not been made the discrepancy would have been even larger. The 

calculation assumes that only atoms striking the advancing end 

conte:lute to axial growth. The result implies, however, that those 

striking elsewhere must also contribute. 

If the nucleation of a new layer on the surface of a low index 

plane is considered the nucleation rate N in nuclei/cm2/sec for 

surface nucleation is given by : 11 = B exp (-Af/kT) where Af is the 

free energy of formation of a critical sized surface nucleus and B 
-1\ 

is the frequency factor (usually taken as 1020 sec). 

o-2 
Af 

RT1na 

where 0; is the surface free energy of the solid 

N, the gram atomic weight of a condensing atom 

R, the molar, gas constant 

a, the atomic spacing 

Combining these two equations the rate of 2D nucleation can 

be related to the supersaturation of the vapour by 

na o-2 N 
kRT21n;4) 

kN 

If it is assumed that growth proceeds by the successive 

nucleation of fresh layers, a value for the nucleation rate P of 
2 x 1015  nuclei/cm2/sec is required. This from equation (3.2) 

would require a supersaturation a of 1024  , whereas the measured value 
lies between 102  and 103. 

Homogeneous 2D nucleation cannot therefore pecount for the 

In a (3.2) 
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observed growth rate and a face containing a permanent growth step 

must be exposed, i.e. the whisker must contain an axial screw 

dislocation, Fraik (1949). The importance of spirals had been 

implicitly recognised far earlier in observations on preferential 

growth sites such as kinks and growth steps, Stranski (1928). The 

screw dislocation provides a method of continuously avoiding the 

formation of 'complete' planes, Buckley (1951). Since 2D nucleation 

canno'l, occur on the side faces, atoms impinging on the side are 

adsorbed and can migrate to the advancing end. If all adatoms 

within a distance X
x 
of the advancing end can contribute, equation 

(3.1) becomes for a whisker of radius r 

F 1  

X is the distance travelled during a finite adsorbed lifetime of 

before re-evaporation (Burton et al (1951)). 

The axial screw dislocation could arise either from the original 

nucleus, or could have been introduced later. Beyersdorf's electron 

microscope investigations of glass surfaces (1952) showed that within 

the vitreous body, small crystalline regions were scattered which 

presented screw dislocation spirals. These sites could provide 

preferential nucleation positions which would allow propagation of 

the dislocation into the metal crystal. 

Similar arguments to those stated above apply to the growth of 

platelets, but lateral growth was assumed by Sears to involve a set 

of tressed screw dislocations. A crystal bearing such a set of 

dislocations is actually a bicrystal with a small angle twist boundary, 

and must grow laterally in all directions, for however much the crystal 

grows the edges always present screw dislocation ends. The nuclei 

leading to whisker or platelet formation are assumed to differ only 

in the crystallographic direction of the screw axis. For the mercury 

crystals investigated a whisker nucleus was believed to form with a 
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(100) face parallel to the glass substrate and a platelet nucleus 

with a (110) face parallel. Both habits have comparable growth velocities 

and the nucleation event was thought to favour either one or the other 

with small variations in deposition conditions. 

In 1955(b) Sears extended the work by growing whiskers of Zn, 

Cd, Ag and CdS. The results confirmed earlier observations that a 

critioal condition for the growth of whiskers appears to be that the 

supersaturation ratio must be maintained below a value characteristic 

of the material, which is taken as being the value for surface nucleation. 

From observations on the interactions of Zn whiskers Sears and 

Coleman (1956) claimed evidence for screw dislocation and tip growth of 

whiskers. After growth runs they observed two whiskers in contact and 

at the point of contact a platelet. They assumed that when whiskers 

crossed the grain boundary so formed. was a twist boundary defined by 

a set of crossed screw dislocations. This was taken as evidence for a 

platelet growth mechanism, with the absence of whisker thickening 

implying the absence of local screw dislocations. Furthermore, the 

fact that on touching another whisker growth did not proceed in such a 

manner as to make the whisker bow, was taken as evidence for tip as 

opposed to basal whisker growth. 

Coleman, with Sears (1957) and with Cabrera (1957), studied the 

growth of Zn and Cd whiskers in atmospheres of He and H, and found 

the crystals grew to a greater length and in more profusion than those 

grown in vacuum.' The abnormal growth observed was accounted for by 

the limitations imposed by the diffusion of condensing vapour through 

the gas phase. Exact calculations could not be made but an upper limit 

was placed. on the idealised growth rate by the dimensions of the vessel 

in which the reaction was occurring. 

Growth under more controlled conditions was achieved by Price 

(1960) in his study of Cd whiskers grown in an atmosphere of argon. 

He found the number and form of the crystals to vary greatly with 
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(100) face parallel to the glass substrate and a platelet nucleus 

with a (110) face parallel. Both habits have comparable growth velocities 

and the nucleaton event was thought to favour either one or the other 

with small variations in deposition conditions. 

In 1955(b) Sears extended the work by growing whiskers of Zn, 

Cd, Ag and CdS. The results confirmed earlier observations that a 

critical condition for the growth of whiskers appears to be that the 

supersaturation ratio must be maintained below a value characteristic 

of the material, which is taken as being the value for surface nucleation. 

From observations on the interactions of Zn whiskers Seers and 

Coleman (1956) claimed evidence for screw dislocation and tip growth of 

whiskers. After growth runs they observed two whiskers in contact and 

at the point of contact a platelet. They assumed that when whiskers 

crossed the grain boundary so formed was a twist boundary defined by 

a set of crossed screw dislocations. This was taken as evidence for a 

platelet growth mechanism, with the absence of whisker thickening 

implying the absence of local screw dislocations. Furthermore, the 

fact that on touching another whisker growth did not proceed in such a 

manner as to make the whisker bow, was taken as evidence-for tip as 

opposed to basal whisker growth. 

Coleman, with Sears (1957) and with Cabrera (1957), studied the 

growth of Zr_ and Cd whiskers in atmospheres of.  He and H, and found 

the crystals grew to a greater length and in more profusion than those 

grown in vacuum. The abnormal growth observed was accounted for by 

the limitations imposed by the diffusion of condensing vapour through 

the gas phase. Exact calculations could not be made but an upper limit 

was placed on the idealised growth rate by the dimensions of the vesoel 

in which the reaction was occurring. 

Growth under more controlled conditions was achieved by Price 

(1960) in his study of Cd whiskers grown in an atmosphere of argon. 

He found the number and form of the crystals tc vary greatly with 
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supersaturation. At low values the predominant habits were whiskers 

and thin platelets, but at higher growth rates these became gradually 

more equant. Price advanced an alternative mechanism for whisker 

growth by the addition of atoms at the whisker tip. He assumed a pure 

axial screw dislocation might suddenly become a pure edge dislocation 

and run out to a lateral surface. If the temperature was sufficiently 

high it might then be possible to maintain an equilibrium concentration 

of vacancies around it. At the surface there would be an under-

saturation in vacancies, corresponding with a supersaturation in 

adsorbed surface atoms. A concentration gradient would thus be 

established in which vacancies would diffuse to the surface from the 

edge dislocation and thus cause it to climb. Every rotation of the 

edge dislocation around the axis would incorporate a new plane of atoms 

so that the whisker would be continually lengthened. 

3.1.2 Growth by Chemical Transport  

Interest in the production of metal crystals by reduction of 

their halide vapours has increased in recent years because relatively 

large whiskers can be obtained with simple equipment. 

A technique which has been employed by several workers was first 

developed by Brenner (1956), who was able to observe the growth of the 

ferromagnetic metals, copper and silver formed by the hydrogen 

reduction of their halides. As this method has been used as the basis 

for the production of ferromagnetic platelets it is discussed in detail 

below. 

Brenner constructed a furnace which enabled him to make direct 

obserqations during the growth process. He paid particular attention 

to the growth of copper whiskers from the reduction of CuI according 

to the reaction. 

2(CuI) + (H
2
) 	2(HI) + 2(Cu) 

(Cu) --> (Cu) whisker 
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N.B. 0 indicates gas phase and ()solid. 

It is instructive to record some of his observations. He found 

the hydrogen flow rat:,., if above a certain threshold value, to have 

little effect on whisker growth. The whiskers were observed to grow 

from the tip and not the base, but their orientation was not constant, 

the majority having <110> and <111 >axes and a few with <100 >axes. 

Some -)f the whiskers developed into blades, the broad side always 

corresponding to (110) planes. The measured growth. rates varied 

between 4 and 23 vm/sec. 

Brenner assumed the reduction of CuI to occur in the varour 

phase and the mean free path of the adsorbed atoms to be 1 mm. He 

estimated the supersaturation near the whisker surface to be 104. 

Calculating the supersaturation as the ratio of the partial pressures 

of CuI to Cu at the growth temperature (950°K) he found the value of 

2.x 10
10 

to be 10
6 
larger than necessary to explain the observed growth 

rate. Thus with these well developed platelets, bounded by smooth 

planes and apparently growing at high supersaturations, he was forced 

to conclude either that the growth mechanism was different from that 

postulated by Sears, or that 2D nucleation was more difficult than was 

estimated from an equation such as (3.2). One possibility he 

considered was that the surface of the whiskers might be covered by 

adsorbed gases, such as HI, thus lowering the non-coherent 2D 

nucleation frequency leaving the whisker sides free from overgrowths. 

This is termed the homogeneous mechanism of growth. 

Coleman and Sears (1957) proposed in the case of copper whiskers 

that CuI acted as-the carrier in the vapour phase and the whiskers 

grew by condensation of the vapour on the whisker face with preferential 

reduction of the adsorbed Cul molecules occurring at the tip: 

2 <CuI> + (H2) --> 2(HI) + 2 < Cu> 

Perfect columnar surfaces were ineffective in catalysing the reduction, 

thus contact between these surfaces and the superea:-urated vapour did 



not occur with this transport mechanism since the copper was not 

formed in the vapour phase. This is termed heterogeneous reduction. 

If this mechanism is correct the axial growth rate should be 

proportional to the rate of arrival of CuI molecules at the tip. 

This hypothesis presumes that the reduction of CuI in the vapour phase 

is negligible, and the tip has different properties from the sides of 

the whisker. A permanent growth step provides such a differentiating 

catalytic activity. Further evidence for this is the increased 

deposition observed on crystalline surfaces compared with polished 

silica glass. 

Norelock and Sears (1959) showed that the vapour from which copper 

whiskers grow was not highly saturated with copper. Therefore 

homogeneous reduction could not have been effective, and the carrier 

through the vapour was CuI. The heterogeneous mechanism is appropriate 

for small temperature gradients as rapid condensation of CuI will not 

occur. It is believed to be the general mechanism by which metal 

halides, having appreciable vapour pressures at the reduction 

temperature, can yield metallic whiskers by hydrogen reduction. 

This mechanism is understood further in terms of Brenner and 

Sears' paper considering growth in systems where transport is limited 

by material or heat diffusion, in effect dendritic growth from the 

vapour phase. Any real surface, they realised, contained screw 

dislocations and could act as a deposition sink at low supersaturations. 

The vapour concentration in the neighbouzLood of the advancing face 

decreases and the concentration gradient normal to the growing face 

becomes less steep. When the supersaturation is very small and only 

sufficient to cause growth by the Frank mechanism, closely spaced 

screw dislocations yield a smoothly advancing surface, but an isolated 

one forms a growth cone. As the summit of the cone rises it no longer 

depends on unidimensional diffusion for growth and begins to approach 

a spherical diffusion configuration, thus growing more rapidly and 



finally attaining a constant rate. This mechanism appears to support 

Brenner's observations where transport is limited by gaseous diffusion. 

The supersaturaton at the growth steps is very low but there is a 

steep concentration gradient. 

3.2 CRYSTAL GROWTH BY HALIDE REDUCTION 

The Brenner technique for the growth of low vapour pressure 

metals has been used by Frait et al (1966), Gemperle (1966) and De Blois 

(1965, '1966) in their studies on ferromagnetic platelets. Kotrbova and. 

Hauptman (1965) have studied the transport of iron as ferrous chloride, 

to give iron platelets, and Cech (1959, 1960) has made the only detailed 

study of the nickel halide reduction reactions. 

Gorsuch (1959a) had previously shown that the presence of iron 

oxide was necessary to grow whiskers of cube oriented iron. Studying 

the nucleation of Ni whiskers on Ni0 Cech (1959) measured the 

orientation of the whiskers with respect to the oxide and found a large 

degree of ordering. He was thus able to rule out any hypothesis of 

nucleation on accidental dirt particles. Similarly he was able to 

eliminate vapour deposition as a possibility and suggested that 

nucleation was achieved by hydrogen reduction of the nickel oxide. 

However, this mechanism could only apply when a metal halide and oxide 

were both present in an atmosphere capable of reducing these compounds 

to metal. 

In 1960 Cech extended the investigations and examined the reaction 

mechanisms. A boat containing NiBr2, with Ni0 as an impurity, and 

with water of crystallization, was rapidly heated to a temperature 

where the bromide was volatile. During the heating process steam 

evolved which blanketed the bromide thereby holding it in an oxidising 

atmosphere, hence:- 

(NiBr
2' 
) 	(H20) 	0110> + 2(HBr) 	(3.4,1) 

As heating continued the charge was gradually dehydrated and the 



atmosphere became reducing, with the system then containing NiBr2, 

NiO, H
2 
and H

2
O. 

Under these conditions the reaction 

NiO) + (H
2
) --> <NO + (H

20) 
	

(3.4,2) 

occurred and small particles of reduced nickel were found in the surface 

of the Ni0 substrates. As soon as Ni particles of a supercritical size 

had been formed hydrogen began to react with the NiBr
2
. 

<NiBr2> + (H2) 	<Ni> (3.4)3) + 2(HBr). 

Nickel formed in this way deposited epitaxially on the metal 

particles formed in the surface of the oxide. 

These reactions suggest that hydrogen reduced the bromide at a 

faster rate than the oxide if there was a suitable metal surface 

available for growth. 

Cech also suggested that the oxide may be reconverted to bromide 

thus 

(NiO> + 2(HBr) 	(NiBr2) + (H20) 
	

(3.11,0 

with the HBr in reaction (4) being produced in (3). It is therefore 

possible for the oxide at the base of the whisker to be incorporated 

into the whisker via the bromide. Thus Cech postulated a halide cycle 

with Ni being transported from the oxide to the metal via the halide 

with the chemical force being supplied by the oxidation of hydrogen to 

steam: 

Ni0 + 2HBr 	NiBr
2 
+ H2O 

 

(3.5) 
H
2 
+ NiBr

2 
--> 2HBr + Ni 

 

It had been suggested by Price et al (1958) and Sears (1958)  that 

crystal growth could be poisoned by the adsorption of impurities. If 
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the crystal was growing above a critical rate there would be no 

hindrances to growth, but below this rate impurities could cover the 

growth sites ar.J. completely inhibit further growth. Whisker growth 

was suggested to occur if all faces except one grew at less than this 

critical rate and Price suggested that statistical fluctuations could 

provide the initial non-uniformity. 

However, Cech showed that the H2/H20 ratio at the base of a 

growing crystal would be decreased relative to the top, because of 

the presence of the oxide causing an auxilliary reaction (3.4,4) to 

occur. Thus a smaller proportion of the hydrogen diffusing into the 

system would be available for growth on the side surfaces of a nucleus 

compared with the top. For the mechanism to operate one preferred 

growth face must cn average be at a greater distance from the substrate 

than th'L. others, and those faces favourably oriented should be found 

as whiskers with axes nearly perpendicular to the oxide substrate. A 

histogram of experimentally measured whisker orientations on oxide 

substrates appeared to confirm this. 

3.3 THERMODYHAMIC CONSIDERATIONS IN  HALIDE TRANSPORT 

Transport reactions, in which a metal is +ransported from one 

part of a system to another as a gas phase of limited stability, have 

been the subject of close thermodynamic scrutiny because of their 

importance in industrial refining processes. The scattered early work 

on these processes has been collected and reviewed by Schfer (1964), 

and the necessary thermodynamic background can be gathered from 

Swalin (1962). 

For convenience Schiifer divided the transport process into thiee 

serarate steps: the heterogeneous reaction on the starting solid, the 

motion in the gas phase and a reverse heterogeneous reaction 

depositing the solid. The quantity of material transported could then 

be found -from considerations of the gas motion and the partial pressure 

difference AP between the initial and final solid substance. Considering 
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various diffusion controlled reactions Schafer concluded that the 

variations in gas motion were small but the value of AP was significant 

in evaluating transport properties. If the partial pressure difference 

was significant then transport generally occurred. By artificially 

splitting the equilibrium forward and reverse reactions, the difference 

between the equilibrium pressures could be obtained from basic 

thermodynamic values, AH°  the enthalpy of the reaction and AS°  the 

Cchafer considered the simplest type of reaction 

<X> 	+ y(Y) 	(XYy) 	(3.6) 

under conditions of 22P . I atm. and formulated a set of ten rules for 

transport involving heterogeneous equilibria. Although these are not 

listed 'ere in detail it is instructive to consider some of the 

conclusions reached. 

Schb!fer noted that reactions which supported transport had an 

equilibrium position which was not extreme and with no solids present 

on one side of the equilibrium. The sign of AH°  determined the 

transport direction, and for any value of AS°  there existed a value of 

AH°  which gave maximum transport, the transport increasing with 

increasing AS°. But for large AS
o 

transport was only possible if AH° 

and AS° had the same sign. As an alternative.the. change in log K, the 

equilibrium constr,nt of the reaction, effected by temperature 

variations can influence transport considerably. 

With these results in mind Schafer considered the transport of 

the ferromagnetic elements according to the dihalide reaction 

equilibrium. 

<Metal> + 2(halide) 	(Me X2) 

Observations confirm Schafer's rules. Fee1
2' 
 FeBr

2 
 and NiC1

2 
will not support transport because of their large AH°  values — extreme 

equilibria. Conversely NiI2 with low AH°  decomposes too rapidly to 
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allow substantial transport. The transport maximum lies in the region 

of log K=0 with NiBr2, FeI2  and CoI2  being acceptable compounds, in 

order of increasing ease of decomposition. 

Sch;ifer's rules are not always easy to apply and Alcock and 

Jeffes (1967) and Jeffes (1968) have developed a method enabling the 

most efficient conditions for vapour transport to be determined on the 

basis of only a few of these rule:,. They considered the information 

that could be obtained by 'treatments based on the Ellingham diagram 

(1944). This is a plot of the standard free energy changes of reactions, 

AC°, shown as a function of temperature. It is a useful method of 
,  

assessing reactions for values of All aria Ab
o 
 likely to give efficient 

transport. 

Consider again the reaction (3.6) for the transport of a solid 

X, with the forward and reverse reactions occurring in two separate 

zones. It is assumed thrt the gases are in equilibrium with the solid 

in both zones. 

The equilibrium constant for the reaction, from Swalin, is 

17XY 
K = 	' 

\Y aX 

To produce transport it is necessary to lower the equilibrium 

activity of X below unity at the point of removal and raise it above 

at the point of deposition. This can be achieved by changing K (by a 

temperature variation) or the ratio f)XYy/(PY)Y 
(by altering the 

total pressure within the system), the former being the most convenient. 

The most suitable ranges of operating conditions may be 

determined from tue Ellingham diz.,gram using the fact that 

AG
o  

Differentiating 

= - RT In K = AH°  TAS° 	(3.7) 

d ln K 	AH°  

d(7'n 
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Thus, the greater the value of AH°  the greater the variation in 

K for a given temperature difference, with a fundamental requirement 

that AH° 0 making K insensitive to temperature variations. 

Jeffes has shown that large changes in K are very inefficient 

on thermodynamic grounds. For reactions with a multiplicity of one, 

(the ratio of the number of moles of reacting gas to the number of 

moles of gas produced), 	of the theoretical maximum transport occurs 

by varying K over one decade, with only a further 10/, being added by 

considering an additional five orders. Thus it is necessary for 

reactions with large AH°  values also to have large AS values to bring 

AG° close to zero at a convenient temperature. Since large values of 

AS° are produced by changes in the total number of moles of gas through 

reaction it follows that the most efficient reaction is that accompanied 

by a large volume change, an exothermic reaction involving a diminution 

in volume and an endothermic an increase. 

Hence we see that for efficient transport the enthalpy change of 

the reaction must be reasonably large but the entropy change such that 

K has a suitable value at a convenient temperature. If we are also to 

consider the co-transport of other species, to form compounds, additional 

constraints are imposed. The partial pressure of the transporting 

vapours must be approximately in the stoichiometric ratio of the final 

compound, and the chemical potentials of the constituents at the points 

of vapourisation and deposition of the compound must have suitable 

values. 

3.3.1 Anplication  to Whisker and Platelet Growth 

It was shown in section (3.1) that 1D and 2D growth morphologies 

are favoured by maintaining a low supersaturation level, below that 

for 2D nucleation. In transport reactions the amount of transported 

material is closely related to the supersaturation, and for the 

particular growth form required this transport must be kept at a low 

level. Thus, unlike most metallurgical applications, thermodynamic 

considerations are used to control rather than to maximise transport 



rates. This would imply the use of reactions with low All°  values, 

having small temperature dependencies, and thus allowing relatively 

large temperature differences to be used. If Ali°  Ls too small however, 

reactions will occur without transport, cf. NiI
2 

---3.Ni + 12. 

It is advantageous for a reaction to proceed at the lowest 

possible temperature to keep the vapour pressure, which depends 

exponentially on temperature, at a low level. It will also be shown 

later that the F;as flow is important in controlling the arrival and 

removal of gaseous compounds. Halides have already been shown to be 

useful transporting agents, being volatile and easily reduced, and 

were used in these investigations. 

Strictly speaking the AG of a reaction at temperature T can be 

written as:- 

AC 
AG
T 

AH298  + ACID  dT - T AS2,8  - j -7iR dT 
298 298 

But it is acceptably accurate for this work to neglect the finite heat 

capacity changes, but not the heats and entropies of phase changes, 

which are important. When these are included the above expression 

reduces to AG° = AH°  - TAS°. 

If we consider the hydrogen reduction of the halides, the heats 

of reaction are -30, -24 and -26 kcals/mole for the chloride, bromide 

and iodide of nickel respectively. Attention has been focussed on 

the bromide reactions, which potentially show the lowest transport. 

Hydrogen, diluted in argon or nitrogen was passed through water and 

over bro:eiee heated to --700°C. The probably reaction sequence was:- 

dehydration: 

sublimation: 

 

o 
<NiBr 

at ?00C  <NiBr2> + 3(H2OY 0> 	 (1) 
2 - - 2 

<NiBr2> 	(NiBr2) 	 (2) 
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hydrolysis: 

(NiBr
2
) + (H

2
0) <NiO> + 2(HBr) (3)  ---> 

reduction: 

<NiO> + (H2) ---> <Ni> + (x20) (4)  - (3.3) 

(NiBr2) + (H
2
) 2(1113r) (5)  <Ni > 

Reaction (1) is of no importance in itself except that it helps 

to provide a suitable atmosphere for the hydrolysis reaction (3) to 

occur. The effect of reaction (2) is to lower the magnitude of the 

AH298 of NiBr2, by  vapourising it, and to increase its entropy, both 

facts being important in the subsequent reactions. The state functions 

of these reactions were calculated at 298°K, accounting for sublimation 

changes at this temperature from values giver, by Kubaqchewski et al 

(1967) 	estimated from related values, these are shown in TABLE (3.1). 

TABLE (3.1)  

REACTION 
number 

A o H 
293 

kcals/mole 

A 	0  S 29 
cals/mole/deg 

o 
AG10000 

kcals/mole 
K 

3 - 24.2 - 13.8 - 10.4 2  1.7x10 
- 	0.3 + 11.9 - 12.2 3.8x102  

5 - 24.5 - 	1.9 - 22.6 7.4x104  

From these'values the Ellingham diagram of the reactions can be 

drawn, (FIG. 3.1a). The fact that these calculations were made for 

AH at 298K may decrease the accuracy but in no way invalidates the 

subseque4t remarks. It is immediately apparent that reaction (4) with 

its low AH° value will occur without transport but that transport is 

possible with reactions (7)) and (5), which have similar All0  values and 

multiplicities of unity. The difference between these. two reactions 

lies in the lower entropy value of hydrogen than of water. 

The results of the experimental section (3.1:' are anticipated 
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here to record that a typical condition for the successful growth of 

nickel was to have a flow of 50 cos/min of argon carrying 0.7-0.8 

ccs/min of H
2 

bubbled through water and pass,d through the furnace at 

and was considered to have a saturated water vapour pressure at room 

temperature, i.e. 20 mm.Hg. At this temperature the partial pressure 

of (NiBr
2
) is 0.0123 mm.Hg and of Ni 10

-11  mmHg. It can be seen by 

checking the reaction 2Ni 4- 02 	2Ni0 on a plot of oxygen potentials 

in the oxide systems (Swalin), that the 13 H11°H90 ratio is sufficient 

to inhibit the oxidation of any nickel if greater than 1%, and 1702  

must be kept below 10
-16. 

Using the 7alues of AG°  at the operating temperature the 

equilibrium constant K can be calculated from LNG
o 

= -RT In K, and the 

results are showa in TABLE (3.1). Th, equilibrium constant for reaction 

(3) is 

('Fimr)2  CiNi0 
K3 	-p H20)( p NiBr2) 

By assuming the activity of Ni0 to be unity the equilibrium partial 

pressure of IIBr produced was calculated to be 5 mm.Hg. Similarly from 

reaction (5) 

(l HBr) 2  a Ni  
p H 	PNiBr 
' 2 	2 

and by assuming unit activity for Ni the equilibrium partial pressure 

of HBr produced in this reaction was estimated to be 105 mmHg. 

In fat. these reactions do not occur under equilibrium 

conditions and tl,e activities of the solids will not be unity. However, 

from comparison of the values of the equilibrium pressures in the two 

reduction reactions it is clear that reaction (5) leads to a far higher 

equilibrium pressure, and thus would be more sensitive to any back 

pressure applied down the growth tube, 

700
0 
C. The total pressure in the system was atmospheric (760 mm.Hg) 



K Values 

163 

10-2  

AG° 
in k cols/mole 

AN° 

800 

Tin  °C  
7 

I COO 	1200 

10- 

•II•FIMF  

10 
-10 

( N:Br2)+(H 2) --->-CN i> + 2 ( 1-1 B r) 

..-•••••*". 

600 400 

-20 

20- 
NICKEL REACTIONS 

-(o,. (H. 

-30 

A H° 	AGO 

in k cats/mole 
20-- 

COBALT REACTIONS 

10- 

K Values 

_?00 	 400 	GOO 

-10-1 

. in  °C 
1000 	1200 

• I 

4- -
(Irk Br)  

o / 

10-2 

10 1  

10 

102 

103  0) 

(Co- 
G°  

-3 0- 	Fig.(3.1) Inter relationship of AG? AH? K &T 

75 



76 

Observations on the amount of liquid condensed at the end of 

the tube and its acidity at the end of a run have indicated that not 

enough HBr has 'hen produced to have accounted for a partial pressure 

of 110 mm. during the whole duration of the growth period, (say 8 hrs.). 

This implies that the reaction processes are determined not by 

equilibrium conditions but by the arrival at the NiBr
2 

growth sites 

of H, and H2O in the vapour stream. Thus control of gas flow is 

important. 

3.3.2 Can Alloy Growth by Co-transnort 

The magnetic properties of both Ni/Co and Ni/Fe alloy systems are 

of interest because of the variations that occur in anisotropy and 

magnetostriction constants with composition. 

(a) The Ni/Co System 

If the cobalt system is considered first the reaction equations 

equivalent to (3.8) are:- 

dehydration: 

sublimation: 

<Co Br2  
o 

by 130C 
(„Co Br ,> + 6(H00) (1)  

<Co Br, > (Co Br
2
) (2)  > 

hydrolysis: 

(Co Br2) + <Co 0> + 2(HBr) (3)  (3.9) 

reduction: 

<Co 0> 	+ (H.) > <Co> + (H20) (4)  

(Co Bra) + 	) <Co> + 2(HBr) (5)  

and as before the state 	for these reactions can be calculated 

and are shown in TABLE ' 2). 



TABLE (3.2)  
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K REACTION 
number 

o AS
o  AGo  AH

298 	298 	1'100 
kcals/mole cals/mole/deg kcals/mole 

- 27.2 
- 0.7 
- 28.1 

7.7 
3.5x102 

2.3x103  

3 
4 
5 

From these values the Ellingham diagram FIG.(3.1b) is drawn, which 

is seen to resemble FIG.(3.1a) and comparisons may be made between the 

two systems. The AH°  values are comparable but the AS°  values of 

reactions (3) and (5) are m-xch larger, thus reducing the AG
o 

values 

and hence the equilibrium constants K of these reactions, for the same 

.operating temperature as the nickel reactions. 

The lower magnitude of these AGc  values for the Co reactions 

indicate a more efficient transport than for Ni. From this the growth 

of platelets rich in Co would be expected when starting with an equal 

ratio of bromides. This is, in fact, not the case and will be discussed 

further in section (3.4.2). 

(b) The Ni/Pe System 

The growth of iron platelets has not been attempted by the author. 

Platelets and whiskers both of iron and of cobalt have been grown by 

Kotrbova and Hauptman (1965), but by using a sealed system and diffusion 

controlled processes. The thermodynamic work of Schafer is more 

applicable to this type of reaction and quantitative predictions have 

been found to hold well. 

Open tube reductions of iron chlorides and bromides were 

extensively invesiAgated by Gorsuch (1959) for the production of iron 

whiskers. His results showed that the presence of the oxide, either 

as an impurity or deliberately introduced, was necessary for the growth 

of these whiskers, and may also affect the orientation' of the -,thiskers. 

Fe203  appears to be very effective in increasing the whisker yield 



from FeBr. 

It would be p,;Jsible to write chemical equations for the 

hydrolysis and reduction of FeBr2  via haematite Fe203  or magnetite 

Fe304. However, there is no evidence to support any reaction sequence 

and iron platelets have yet to be produced by this method. 

De Blois (1968) reports the growth of permalloy platelets with 

iron concentrations up to 26%- by introducing a very low flow of oxygen. 

The gas flow ratios of argon to hydrogen to oxygen are 1000 : 10 : 1. 

At these low supersaturations iron was introduced into the nickel 

platelets but iron platelets themselves were not grown. No attempt 

has been made to determine the thermodynamic relationships for the 

process. 

3.3.3 Limitations of Application 

By rearranging equation (3.2) the critical supersaturation ratio 

below which whisker growth can occur is: 

a
c 
= exp [nao3M/C)R k T2 ln (--)] 

171 

And from equation 3.7: 

Au°  = - RT In K = AH°  - TAS° 

(3.10) 

The first derivative of the free energy of deposition with 

respect to T is given by: 

(  a AG°  ) 
aT 
	= - ASo  

Thus to a first approximation it can be argued that: 

AG
(7) 

= - AS° AT 

where AT is the temperature difference between the source and growth 

regions. 

It has already been shown that AG°-,0 for efficient transport, 
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thus AS°̂0AH°/T, hence 

in K - AH
o 
 AT 

RT
2 (3.11) 

In a simple system of a condensing vapour, K in (3.11) becomes 

synonymous with the supersaturation of the vapour. Thus Morelock and 

Sear-  (1961) were able to relate AH°  to AT and determine the maximum 

value of AT, AT
c
, compatible with 1D growth conditions. 

In the case of growth by halide reduction the equilibrium 

constant does not bear a simple relationship with the supersaturation 

of a aepositing vapour, as seen on page 60, and equations (3.10) and 

(3.11) cannot be directly related. 

Of the possible reactions leading to a given solid phase, that 

with the smallest enthalpy will have the largest AT 
c
. Referring to 

FIG.(3.1), however, it is seen that there is little difference in the 

reaction enthalpies, and at the operating temperature the assumption 

that AG0̂ ,0 is questionable. 

Observations on the growth of platelets, reported later in this 

chapter, indicate that although thermodynamic analysis is useful it is 

limited. There are insufficient data available to enable reaction 

kinetics to give meaningful results. 

3.4 GROWTH OF FERROMAGNETIC PLATELETS  

3.4.1 Experimental Procedures  

Investigations on aspects of crystal growth by halide reduction 

and the production of platelets were made in the furnace arrangement 

seen in FIG.(3.2). 

The furnace itself consisted of an impervious Mullite tube 

60 ems. long with 6.5 cms. o.d. (Morgan Refractories) would with 

100 turns of Kanthal Al resistance wire (1.6 a/ft.) with a centred 

?9 



Fig. (3.2) Apparatus for vapour growth of. platelets 



earth tapping. The wire was held by -2):11  thickness of alumina Tri-mor 

heat set cement (Morgan Refractories) applied in two coats. The tube 

and windings were supported on fire bricks in a 2" thick Sindanyo 

case filled with Micafil. 

The current in each half of the furnace was independently 

controlled by two P.I.D./S.C.R. stepless three-term controllers 

'(Eurotherm). Temperature sensing was by two Pt/Pt 15,; Rh thermocouples 

resting in indentations in the winding cement 26 ems. apart. These 

same thermocouples served to record the temperatures of either half 

on a chart recorder. The controllers were activated by a Venner time 

switch operating a contactor to the main power supply. 

The split winding allowed adjustment of the controllers so that 

the temperature profile could be altered at will; typical forms are 

given, FIG.(3.3). These were found by traversing the length of the 

inner tube with a Cr/Al thermocouple for specific settings of the 

controllers. 

Gas flows of high purity hydrogen and argon or nitrogen were 

monitored by flow meters and an additional silicone fluid bubbler was 

used for the hydrogen. The two flows were then mixed and bubbled 

through about 6 ems. of water before passing through a vitreosil silica 

tube, 5 ems. o.d. (Jencons) in the furnace. The exiting gases were 

again bubbled through water (to dissolve the HBr formed) before being 

expelled from the system. Thus the system was held slightly above 

atmospheric pressure. 

A typical growth run was made with a chain of three glazed 

porcelain boats, 5 x 3 x 1 cm. (Royal Worcester), placed in pairs at 

known locations inside the growth tube. To grow Ni platelets approxi-

mately 10 g. of NiBr
2
.3H

20 (B.D.h Reagents, Lab. grade) were placed 

in uniform layer across the bottom of each boat. The fit between the 

boats was net perfect and it was possible for gases to diffuse between 

the gcws. 
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Gases were allowed to flow through the silica tube in the 

required ratio for 2 hours to ensure that the correct atmosphere 

existed inside the tube. During this period adjustments could be made 

to critically control the hydrogen flow. The furnace was switched on 

and reached the chosen operating temperature within hour and was 

controlled at this setting for 8 hours. To terminate the run the 

furnace was allowed to cool with the gas flow remaining unaltered. 

The insulation was very effective in reducing the cooling rate, and 

4 hours were usually allowed to elapse before the boats were removed. 
An improvement to the method might have been to increase the hydrogen 

flow rate on cooling to remove any surplus bromide deposited on the 

crystal surfaces, but usually this was not troublesome. 

The boats were placed with the front of the first boat at the 

peak of the temperature profile and successive boats at lower 

temperatures as seen in FIG.(3.3). As soon as the furnace heated up 

.water began to condense at the end of the tube, being at first colour-

less but developing a strong brown/purple colouration which intensified 

as the run continued and the water dissolved more HBr gas. At the end 

of a run it was possible to pour off about 5 ml. of HBr solution. 

Throughout the duration of the run a certain amount of NiBr2 
was 

transported to the cold end of the tube and condensed as a fibrous 

brown/green mass across the entire tube section. 

Ideally to obtain the largest and most perfect specimens, platelets 



should be grown with minimal flow rates of the gases. This is 

difficult to achieve because the free passage of reactants and products 

to and from the growth site is also needed, and a certain flow is 

necessary. The complexity of the reactions and the number of 

interdependent parameters inhibit quantitative interpretation of the 

results, however certain observations can be made as a result of many 

growth runs. 

The critical parameters are the temperature and the flow rates. 

For Ni the temperature must lie within certain limits; if too low, 

insufficient transport of the Ni'3r2  occurs, and if too high reduction 

becomes too rapid with equant growth resulting. Satisfactory 

conditions were found with a temperature maximum inside the tube of 

700
0
C and a temperature gradient which increased on either side of 

the peak plateau to reach a maximum of 6o/cm. after about 10 cms., see 

FIG.(3.3). If the hydrogen flow is too low then, as shown in the 

previous section, excessive oxidation will occur, whereas a high 

hydrogen flow will encourage reduction and equant growth. A satisfactory 

lower limit for the diameter of tube was found with a hydrogen flow of 

not less than 0.7 ml./min. mixed in an argon or nitrogen flow of 30-50 

ml./min., the nature of the carrier gas being unimportant. 

One interesting example of the effect of low hydrogen flow was 

the growth of Ni0 platelets, which fOrmed during a run in which the 

hydrogen flow tube became blocked. These were typically 200 um long 

With regular sides. They were transparent and green in colour. Some 

showed extinction patterns under crossed polaroids which were 

attributed to local strains within the platelets. This was not 

investigated further. 

3.4.2 Observations on Growth 

The extent of reduction in the boats at the end of a run was 

found to vary according to their position in the furnace. The first 

boat placed at the highest temperature and facing the incoming gases 
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showed the greatest amount of reduction and loss of material, with 

NiBr
2 

being transported outside the "clamshell" formed by the boats. 

The reduction and transport decreased at the lower temperatures in 

successive boats so that even at the end of a run a large amount of 

NiBr
2 

in the third boat remained unchanged. It was also possible for 

the surface layer of NiBr2  to become reduced thus acting as a barrier 

to the sublimation of further quantities of NiBr
2 
and maintaining a 

low supersaturation of NiBr2  vapour. 

Platelets and whiskers produced in the manner described grew 

on the inside of the top boat of the clamshell and on the sides of 

the lawer boat, either individually or in clumps, FIGS.(3.4a & b). 

Platelets also grew from condensed bulk crystals as seen in FIG.(3.4c). 

Occasionally platelets were found growing in profusion on the 

outside surfaces of both upper and lower boats. Although these 

platelets were often comparatively large they were usually unsatisfac-

tory, being apparently more susceptible to acid attack and having poor 

surfaces. Small gaps between the upper and lower boats must play an 

important role in establishing diffusion conditions, but this is not 

understood. Thermocouple measurements, made without the boats present, 

indicated no radial temperature variation in the tube. However, during 

growth the presence of the clamshell must have introduced a diffusion 

or temperature barrier sufficient to displace the conditions from 

equilibrium for growth to occur. 

De Blois (1968) reports the use of shallower boats, with a 

longer lower boat supporting two separate upper boats, as an aid to 

the growth of larger platelets. This probably promotes a freer 

interchaage of vapours within the clamshells while at the same time 

still acting as a barrier to incoming gases. 

In experiments using boats with lapped edges the rate of reaction 

predictably was found to be lower and the growth slightly more perfect, 

but in such a complex system experiments of this type were difficult to 
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interpret due to the difficulty in measuring temperatures and 

concentrations and identifying the gases species in situ. However, 

at the end of growth run vapours were occasionally seen to have 

condensed on the end of the tube in such a way as to indicate that a 

definite convective flow pattern had been followed during the run. 

Between runs the growth tube was cleaned in cold HO3  and the, 

boat.inhotHNO_for 24 hours. Repeated heating and cleaning was 

found to destroy the glaze on the boats and produce a slight adverse 

effect on the nucleation conditions. Conditions appeared to slightly 

favour 1D growth in newer boats, but this was not considered to be an 

important factor. 

The effect of the substrate was further investigated by the 

insertion of crystals of alumina and quartz inside-the roof of the 

clamshefl. Results of these experiments were inconclusive indicating, 

if anything, that the surface upon which 1 and 2D growth forms plays 

only a secondary role. The nature of these morphologies will be 

further discussed in the following section. 

Crystals of alloyed Ni/Co were also grown by reduction of a 

mixed bromide charge. This charge was obtained by recrystallising a 

mixed solution of Ni and Co bromides of known concentrations. The 

residue was ground and spread over the bottom of the boats. This 

procedure was considered to give a uniform starting charge. 

The starting ratio normally used was Ni : Co = 50 : 50 and the 

results of many runs made with various gas flows and temperatures 

indicated that the conditions for the growth of alloys were not 

identical to those for pure Ni. More suitable conditions with the 

50 : 50 charge used the same inert gas flow of 50 ml./min., but with 

the hydrogen flow reduced co less than 0.3 mi./min., and the maximum 

temperature raised to 730oC. With a higher hydrogen flow, comparable 

with that used for Ni growth, excessive transport and equant growth 

occured. However, even with the lower flow the a7-)unt of material 
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transported to the end of the tube appeared to be higher with the alloy 

composition. This geeve the fibrous mass a pink colour from the CoBr2  

content, and confirmed thermodynamic calculations of greater transport 

(see FIG.(3.1)). One further difference noted was the decreased number 

of rectangular and square platelets obtained with the mixture compared 

with the pure Ni. 

Some runs were also made starting with higher Co contents and the 

required conditions were found to differ further from those for Ni 

although insufficient data are available to enable further conclusions 

to be drawn. 

Electron Microprobe analysis, see section (4.2), of the alloy 

platelets produced showed that the final Ni Co ratio of a platelet 

differed markedly from that of the starting bromide. Samples were taken 

from positions along the boats filled with a 50 : 50 starting charge 

The recorded compositions of the platelets analysed showed the Ni 

content to vary between 80 and 87% and to have no systematic variation 

or correlation with other parameters, such as the temperature of the 

growth site. 

This variation of final platelet composition from the ratio of 

starting bromides was further confirmed by taking Debye-Scherrer powder 

photographs of the residual oxides in boats at the end of a run. From 

lattice parameter measurements it was found that an oxide with spacing 

4.205 R, equivalent to 85% Ni, was formed from a 50 : 50 bromide mixture 

and an oxide with spacing 4.235 2, equivalent to 45% Ni, was formed 

from a 25 : 75 Ni : Co starting mixture. 

This change between the starting material and the final platelet 

composition can be explained by comparing the er•:ilibrium constants at 

1000°K for NiBr
2 

reduction, 7.4 x 104, and for CoBr
2 
reduction, 2.3 x 103. 

By assuming unit activity for the metal we find the ratio of the 

equilibrium partial pressures of Co and Ni in these reactions is 5.5. 

Thus we see that whit, t. being compatible with equilibrium conditions 
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there is a greater tendency for CoBr
2 

to remain in the vapour phase 

and be finally carred out of the reaction zone than to deposit 

through chemical reduction leading to crystal growth. This also 

explains the observed increase in condensed CoBr2  at the end of a 

growth run, mentioned earlier. 

During co-transport examples have been found of compositional 

variations across a platelet, but generally this variation was not 

considered to be a problem although every platelet of interest was 

analysed. 

3.5 THE PROBLEM OF GROWTH MORPHOLOGY 

3.5.1 The Growth of Whiskers 

It was seen in section 3.1.1 that to explain whisker growth at 

low supersaturations Sears had assumed an axial screw dislocation, 

previously proposed by Frank. Eshelby (1953 & 1958) showed 

theoretically that such a dislocation parallel to the axis of the 

whisker produced a lattice twist approximately proportional to the 

Burgers vector and the inverse square of the radius. Hirth and Frank 

(1958) considered the stability of such a dislocation and suggested 

that it could slip out of the whisker, which while not affecting the 

strength of the whisker could lead to a cessation of growth. 

Against this conclusion EshelbY's 1953 calculations showed that 

the whisker centre is an equilibrium position and only when the 

'dislocation is displaced by 0.54 of the radius will it slip out of 

the whisker. Hirth and Frank also showed that when the supersaturation 

of the vapour falls, the screw step which rotates about the tip of the 

dislocation exerts a net force on the dislocation, such that the 

whisker tip becomes a favourable site for the dislocation to slip out 

of the whisker. This, they have suggested could lead to the possibility 

of kinking. 

The twist in t17.-  whisker lattice should in principle be measurable 



from the tilt of the equitorial Laue spots formed using a micro focus 

x-ray tube, the twist being proportional to the tangent of the tilt 

angle. Attempts have been made on many materials to detect this twist. 

Webb et al (1957) failed to observe this in many whiskers, including 

nickel, but detected it in sapphire whiskers. They suggested that 

there may be an equal number of opposing Burgess vectors in each 

whisker or else that the screw dislocation is forced out through the 

lateral surface of the whiskers. 

Gorsuch (1959b) in his studies on Fe whiskers also failed to 

find evidence for a screw dislocation. Although twist boundaries 

were observed there was no evidence of discontinuous lateral growth, 

indicating that a screw dislocation is not the controlling growth 

mechanism. However, the presence of tilt and twist boundaries is 

consistent with the rostulate that impurities build up in front of 

advancing growth interface and are precipitated out at periodic 

intervals. 

An alternative to the screw dislocation model was proposed by 

Wagner and Ellis (1964). Their "vapour-liquid-solid" mechanism 

emerged from observations that Si whiskers did not contain an axial 

dislocation but were seen to have a globule of material at the tip. 

Impurities were found to be essential for whisker growth. The role 

of the imnurity is thought to be in the formation of a liquid droplet 

of low freezing temperature. This becomes a preferred site for the 

.deposition of vapour, which causes the liquid to become supersaturated 

with material., which precipitates onto the growing whisker. Later 

authors have thought this V.L.S. mechanism to account for the growth of 

several different types of whisker. 

Observations on the growth of Cu whiskers have been made by 

Brenner (1956), Allan and Webb (1959) and Hauptmann and Svoboda (1965). 

The results of these workers have shown that growth can occur both from 

the base and the tip of whiskers. Base growth can occur by direct 

addition of Cu from a supersaturated liquid halide to a growth step at 
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the bottom, and tip growth by vapour phase deposition onto a screw 

dislocation or by liquid film migration with a V.L.S. mechanism 

operating. In fact possible growth boules indicating a V.L.S. 

mechanism are claimed to have been seen by several workers. 

It is quite possible for two mechanisms to operate simultaneously 

and a recent study by Regis and Calviac (1969) has shown that separate 

ech,laisms with different growth rates can change in their relative 

significance during different stages of the reduction process. 

Finally, it is interesting to mention the work of Bacigalupi 

(1963) who attempted to grow iron whiskers in a magnetic field of 

4.5 K.gauss and found the "stalagmites" that grew from the boat were 
polycrystalline, with an average crystallite size of 10-3 ems. He 

attributed this aligned polycrystalline growth to an additional 

crystalization energy which he thought to arise from the interaction of 

unsatisfied spin. structures of the iron atoms. 

Despite its simplicity the screw dislocation thus need. not be the 

only mechanism for whisker growth, and indeed its existence can often 

be questioned. 

3.5.2 The Growth of Platelets 

The possible growth mechanisms for platelets are more complicated 

than those for whiskers, and the theory has been less developed. 

Sears and Coleman (1956) have suggested that platelets can grow by the 

action of a set of crossed screw dislocations, and Sears (1956) has 

proposed a mechanism for the vapour deposition of mercury platelets by 

a single screw dislocation with the preferential nucleation of (001) 

planes occurring on active sites. Hirth and Frank (1958) predicted 

theoretically that a dislocation in a metal whisker, having edge 

components with respect to the whisker axis, would slip out of the 

whisker more easily than a pure screw dislocation, and by this slip 

would initiate growth perpendicular to the whisker axis. 

Chikawa and Nakayama (1964) made a detailed structural study of 
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the growth of CdS crystals and concluded that whiskers grew in the 

initial stages of every crystal. When the whiskers contained two 

parallel dislocations along the axis platelets were formed by the 

thickness increase of the whiskers in a direction perpendicular to 

the axis. They showed theoretically that two parallel axial disloCations 

are much more stable than any single axial dislocation. The two 

dislocations were thought to have different Burgess vectors, one being 

an edge type, and one mixed. The edge dislocation was thought to be 

responsible for axial growth but both could slip easily out of the 

crystal to leave dislocation half loops on the side surfaces. The ends 

of these dislocation half loops acted as new sites for crystal growth 

in directions perpendicular to the axis, thus forming a platelet. 

From observations on the growth of ZnS and ZnSe platelets 

Fitzgeral_d et al (1967) failed to find evidence for dislocation half 

loops and suggested instead that whiskers first grew by an axial 

dislocation mechanism which then broadened into platelets by the 2D 

nucleation of atomic planes on the surface of the whisker. With this 

mechanism they were able to satisfactorily explain the formation and 

distribution of stacking faults in relation to the crystal habit. 

An alternative possible growth mechanism is by a re-entrant edge 

twin plane, proposed by Faust and Johns (1965). This occurs under 

certain restricted conditions: the growth must•be crystallographically 

limited, i.e. facetted, and must be possible at a lower supersaturation 

than that necessary for 2D nucleation; the growth direction must lie 

in the twin planes and be parallel to at least one of the facetting 

planes. For F.C.C. structures the only possible facetting planes 

which satisfy these conditions are the {111} planes with the twin 

boundaries lying in these same planes. 

Under these conditions it is possible for a platelet to grow out, 

but a twin plane would be expected through the centre of the platelet, 

to provide a self perpetuating step. Twinning can play an important 



role in crystal growth and can often be observed macroscopically by 

the presence of 'bitterfly' twins, the angle between the wings being 

related to the twinning plane. An example of frequent growth in this 

morphology is BaTiO7, but even here the reason for the precise form 

of the twin is not clear, White (1955). 

3.5.3 The Growth of Ferromagnetic Platelets 

The habit of the ferrothagnetic platelets which have been `:.own 

is particularly difficult to explain. FIG.(3.5) shows a selection of 

typical platelet shapes produced by vapour transport and placed on a 

filter paper. These platelets all have (100) faces bounded by [100] 

or [110] edges. The first two groups, (a) and (b) show the more 

conventional rectangles and triangles. The rectangles show no out-

standing features except for the not infrequent loss of a corner from 

the edge attached to the substrate, as shown by the separated specimen 

in (a). The triangles were less often complete and could be found 

with curved growth edges or as perfect trapezoids. The centre crystal 

of (b) also shows growth along a higher index edge, [130 ] , in addition 

to a fine whisker-like extension at either end of the [110] edge. 

Whereas rectangles were most frequently found growing vertically from 

the boat the triai,gles and related forms were found growing with a 

corner attached, or sometimes just lying on the surface of the boat, 

as seen in FIG.(3.4). 

FIG.(3.5c) shows a 'kite' shape always found growing with the 

extended tip (arrowed in photograph) attached to the substrate, and 

it is interesting to note that the outward edges are facetted but 

curved edges fall away to the substrate lease. Finally, FIG.(3.5d) 

shows some of the more peculiar growth forms which were typically 

found, but which currently defy explanation. 

Strong evidence was found to connect whisker and triangular 

Platelet growth habits, but for the size of specimen.involved optical 

microscopy was rath:.: limited. Useful results were obtained by 
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electron microscopy using a J.E.M.7 microscope operated at 100 kV. 

Diffraction patterns from thinner platelets showed a simple cubic 

lattice pattern and from thicker specimens sharp Kikuchi lines, 

indicating the perfection of the lattice. 

FIG.(3.6a) shows a micrograph of the 45°  tip of a right triangle 

platelet with a very pronounced thickening along the [110] hypotenuse 

of the platelet, which extended slightly beyond the end. This extension 

is even more pronounced in (b) where a second minute platelet is seen 

to have formed completely isolated from the main one. The thickening 

is thought to be a whisker which exists down the whole length of the 

hypotenuse. This is confirmed in (c) which shows an area in the centre 

of that edge. Other observations have shown that the whisker can 

extend beyond the platelet onto the substrate, which suggests that the 

whisker may be formed in the initial r_-,ages of growth, with the 

platelet developing later. 

A micrograph (d) taken with a scanning electron microscope (SEM) 

shows the existence of this whisker edge in more detail. The black 

patch can be ignored as this was due to charging of the platelet by the 

incident electron beam. 

Typical scanning microscope observations made on whiskers with a 

Stereoscan (SEM) are seen in FIG.(3.7). In (a) the tip of a <100> 

axis whisker is seen, showing the sharpness of the edges and smoothness 

of the visible faces. The slight displacement near the top of the 

whisker can be ignored, being instrumental in origin. The specimen 

was sprayed with a conducting Aerosol spray before insertion in the 

SEM and this is thought to account for the mottled surface appearance. 

Another <100>axis whisker is seen in (b) with a terminating set 

of (111) planes clearly visible. Again the vertical discontinuity is 

instrumental, but the peculiar tip above the (111) planes is real. A 

region lower down the whisker, whose tip was seen in (a), is shown in 

(c). The edge between the two (100) faces is now seen to have flattened 
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Fig. (3. 7) Scanning Electron Micrographs of whiskers 



to show (110) features. This is thought to be a possible place from 

which a platelet coald grow out. Finally, (d) shows a small platelet 

growing out from a <110> axis whisker, with the relationship between 

them clearly shown, with growth possibly starting from a (110) face. 

An attempt was made to get further information on the relation-

ship between platelet and whisker growth by using single crystal 

x-ray diffraction. The results of these investigations are seer in 

FIG.(3.8) with the layer lines from <100> and <110>axis whiskers 

seen in (a) and (b) respectively. These investigations have shown 

identical patterns from several samples of each type of whisker, but 

the (110> axis whisker appeared to be the more frequent habit. The 

layer lines from a (100) plane platelet rotated about the <110> axis 

is seen in (c). These results have shown no indication of a screw 

axis in the whiskers or of twinning in the platelet. 

It is unfortunate that observations have not been made during 

the growth of platelets to try to understand further the link between 

whiskers and platelets. Although not impossible, such an experiment 

would be difficult to perform because a reasonable magnification would 

be required and the range of conditio-es over which platelets grow is 

narrow. In addition many of the vapours present would make visibility 

a severe problem. 

However, FIG.(3.9) shows a series of optical micrographs taken 

at the end of a run from the surface of only two boats. If arranged 

in the sevence shown they indicate the possible mode of development 

of a completed platelet. The beginnings of growth are seen in (a) - 

(c) and its continued development in (d) 	(f). Two completed 

platelets are seen connected in (g) bu'.; oriented at 900  to each other. 

This is again seen with the end platelet in (h), and finally the top 

platelet in (i) is an example of a butterfly twin. This last picture 

suggests that the whisker forms the spine of a butterfly twin in a 

similar way to the spine observed in BaTiO3, with a twin plane lying 
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Fig. (3.9) Rotation X - Ray Photographs 



along the joint with either wing. With a (111) plane exposed rough 

interface growth occurs from the whisker until the crystal is bounded 

by (100) faces and a right triangular platelet formed with completed 

planes, Buckley (1951). 

Because of the small size of the crystals the spine of the twin, 

unlike BaTiO3, is not easy to observe. However, the angle between 

the wings of the butterflies of Ni has been measured to within a. degree 

or two as beinfT, 40
o
. This is very similar to the angle of 38°49' 

recorded for BaTiO
3 
indicating a strong connection between the two 

growths. 

The formation of a twin rather than a platelet is probably 

governed by whether one or two twin planes are formed on a whisker/ 

spine, and whether growth proceeds at both twin planes simultaneously. 

No evidence has been found to correlate whiskers with the 

rectangular platelets. It is possible that they grow from a <100> 

whisker forced along the surface of the boat, the width of the whisker 

defining the final width to which the platelet grows. 

Finally, FIG.(3.10) shows one of the platelets (arrowed) seen in 

FIG.(3.5c) secured by one of the rectangular edges and observed in the 

SEM. The surface circles (distorted by perspective into ellipses) can 

be ignored as they arise from the aerosol spray. Two interesting 

features are visible. The point of attachment to the substrate is 

clearly shown with layering visible, possibly arising from an emergent 

screw dislocation lying along the diagonal of the platelet. The end 

of the bottom edge shows a 'V' angle possibly formed by (111) planes, 

indicatiieg the possibility of growth by twin planes running through 

the thickness of the platelet. 

Platelets have also been seen with growth steps visible across 

the plane faces. These have been of little interest magnetically but 

indicate the further possibility of layer growth thickening after 

lateral growth has terminated. Two of these steps are just visible 
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Fig. (3.10) Scanning Electron Micrograph of Kite Shaped Platelet 
stood on edge. (This platelet is the one arrowed 
in Fig. (3.5.c11 
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in FIG.(3.10) towards the far side of the platelet. 

Summarising; tl,e screw dislocation, though never confirmed, 

remains the only satisfactory mechanism for the growth of ferromagnetic 

whiskers. The evidence suggests a strong connection between platelet 

and whisker growth, but the exact mechanism is unknown. No evidence 

has supported mechanisms proposed for platelet growth of other 

materials. It would also appear that more than one mechanism mist 

be operative. 
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CHAPIER 4 

EXPERIMENTAL METHODS 

This chapter briefly reports experimental techniques used 

during the course of this work stressing in particular non-standard 

features relevant to the investigations. 

4.1 THE USE OF ELECTRON PROBE  MICRO ANALYSIS 

4.1.1 Determination of Composition 

The problems of knowing the composition of binary alloy platelets 

produced by co-transport, and the thickness of all platelets, were 

simultaneously solved by the use of electron-probe micro-analysis 

(EPMA), a method first used by Castaing and Descamps (1955). 

X-ray fluorescence is a well established technique for analysing 

the average composition of specimens to within 0.1, by using the X-ray 

spectra excited by fluorescence. Such a method is too gross to be 

directly suitable for the samples used in thesb investigations. EPMA 

however extends the range of X-ray spectrochemical analysis to 

embrace local regions of the order of a micron and quantities less 

than a microgram. It accomplishes this by using a fine focus beam of 

electrons rather than X-rays to excite the characteristic spectra. 

Two advantages of EPMA are firstly that the flux contained in 

a beam of electrons focussed to a micron spot is sufficient to excite 

strong X-ray spectra, whereas a masked beam of primary X-rays would 

be far too weak. Secondly that the penetration of the electron beam 

as well as the diameter is of the order of a micron so that the total 
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volume excited is approximately one cubic micron. Curved analyser 

crystals, similar to those for X-ray fluorescence, placed above the 

specimen, enable the wavelength and intensity of the characteristic 

X-rays to be measured. A subsidiary optical syste enables the 

specimen to be accurately positioned under the beam. 

Although the minimum detectable concentration of 30 ppm. is 

larger than that with X-ray fluorescence, (1 ppm.), through background 

interference from electron excitation, the minimum detectable quantity 

is 10-14 gm. in one cubic micron. This is very much smaller than the 

comparable amount by fluorescence of 10
8 

gm. in a larger volume. 

The electron beam deflection mechanisms are similar to those 

used in the Scanning Electron Microscope (SEM), (cf. section 2.3.4), 

and enable the beam to sweep out a square raster on the specimen 

surface. The changing X-ray intensity can be used to modulate the 

intensity on a C.R.O. display thus enabling compositional pictures to 

be made of the specimen. The electron current collected by the specimen 

(beam current minus back scattered electrons) can also be used to give 

a restricted SEM micrograph. However quantitative results are not 

obtainer? quite so easily because the collected or back scattered 

current varies slowly with composition, there being a relationship 

between the back scattered coefficient and the atomic number of each 

element. 

Samples were prepared for insertion in the microscope column by 

supporting each platelet in position on a glass cover slip with DurofiY*. 

The specimens were coated with an evaporated layer of carbon nd 200 R 

thick, which provided an earthed path for the specimen current and thus 

prevented the platelet from charging. 

Two side analyser spectrometers enable simultaneous detection 

to be made of two elements, counting say Ni intensity in the L.H. 

* Durofix is the trade name of an amyl acetate soluble glue. 



analyser and Co intensity in the R.H. A series of known bulk 

standards are also placed inside the column enabling the emission 

to be standardised each time against the bulk, and a ratio of the 

emission counts in a given time, Isample
/I0G , obtained which is 

independent of instrumental variations. This ratio is also used as 

the basis for platelet thickness determination. A specimen left 

under the beam for any length of time is liable to damage, thus 

counts were made while the leam was moved across the sample at 

20 µm/min. 

4.1.2 Measurement of Platelet Thickness 

The determination of platelet thickness would have been an 

impossible undertaking without the use of EPMA. Three possible 

direct methods for thickness measurement of thin films can he 

considered for possible extension to -platelets, multiple beam 

interferometry of a sharp step edge, amplified stylus pickup across 

a similar edge (Talysurf), or microbalance weighing of a deposit of 

known area and density. The first two techniques rely on absolute 

contact between the film or specimen and the substrate. Interferometry-

was attempted but rejected as a method because the contact could not 

be guaranteed. The third method also had to be rejected because the 

mass of a typical platelet 10
8 

gms., was too small for useful work. 

We have seen however that in EPMA the depth of penetration of 

the electron beam is f-,J1 µm., and for a given material the intensity 

of the back scattered X-rays will be a function of specimen thickness. 

Attempts have been made to measure thickness abSolutely in terms of 

the parameters of a given instrument, see for example Hutchins (1966), 

but there ai-e limitations in this method. 

Instead a =les of Ni films from 50 R to, 6000 R were 

vacuum deposited at ^J10-5  torr onto thin glass substrates of known 

area. The thickness of these films was determined by assuming the 

bulk density for Ni and noting the increase in weight through 
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deposition, obtained with a microbalance. 

A ratio of the counts from each of these specimens to the 

count from a pure bulk sample of Ni was obtained. Further counts 

were made from the glass alone and from the glass plus a typical 

amount of Durofix used in securing the platelets. These proved 

negligible by comparison and the effect of the platelet support in 

any thickness count could be neglected. The beam was scanned during 

the count and from these counts a plot made of R = Isample
/100  as a 

function of film thickness. These plots and a linear approximation 

are shown in FIG (4.1). 

Least square fits were made to obtain a linear relationship 

of the form T = Ao  + AIR, where T is the film thickness in Rngstrom 

units with Ao 
= 26.0 and Al = 6623.1. A similar fit was made to a 

parabolic curve of the form T = Bo  + B1R + B2
R2 with B

o 
= 113.7, 

B
1 

= 5657.4 and B
2 
= 1290.1. The linear relationship appeared to be 

the more satisfactory, especially for thinner specimens, because of 

the smaller value of Ao 
than B

o
. There is however no intrinsic reason 

why either should be considered as more accurate for any physical 

reasons. 

Beyond values of R > 0.7 the above relationship no longer 

holds as there is a slow approach to the saturation value of unity. 

This places the upper limit for measurable thiCkness at n,6000 R. 

The thickness of a binary alloy can be obtained from direct 

ratios. The total count is composed of I  (I/Ico)Ni  + (Vi co  )Co I 
and if the percentage of Ni in the material is say x the total 

thickness will be given by the thickness as from FIG (4.1) for the 

(I/I 03 )P41 
. value multiplied by the factor 100/x. The microprobe 

system is thus seen to be capable of coping with the composition 

and thickness of binary alloys. 

4.1.3 Variations Within Platelets  

Several results of general interest arise from these 
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investigations. Ni crystals were found to contain less than 0.1% 

of ferromagnetic impurities, either Fe or Co. Ni/Co alloys grown 

from a 50/50 starting mixture of bromides were found to vary in 

composition both from run to run and within the saute growth run 

and to contain between 80 and 88;5 Ni, thus decreasing the Co 

concentration from the starting bromide. 

An additional feature which ;roved useful enabled plots of 

the Ni and Co concentrations, together with the specimen current, 

to be made simultaneously during the course of a traverse of the 

beam across a platelet. A knowledge of the specimen current at any 

point gave a constant monitor of the total thickness of the specimen, 

thus from these scans compositional and thickness variations could 

be located on the specimen. 

The thickness was frequently found to be uniform but on 

occasions a thinning was observed in the centre. Compositional 

variations were also detected at constant thickness with, for example, 

several triangular platelets, and showed an enriched cobalt content 

towards the apex. However variations of this nature were not 

investigated per se. 

4.2 OBSERVATION OF MAGNETIC DOMAINS IN PLATELETS 

4.2.1 Choice of Techniques 

In Chapter 2 the various available techniques which have been 

used for the observation of magnetic domains were reviewed. Many of 

these techniques were seen to be complicated, especially for the 

type of +••or'_: being considered here, but three are worthy of attention; 

Bitter colloid, Longitudinal Kerr Effect, and Lorentz Electron 

Microscopy. 

The Bitter technique is basically simple and has good resolution 

although unreproducible when used under stringent conditions, such 

as the observation of Bloch walls in platelets. It also suffers from 
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being quasi-static and having a limited life-time on the specimen 

before flocculation occurs. 

The Kerr Effect would seem attractive as both static and 

dynamic experiments could be performed in the same apparatus. 

Unfortunately a large magnification is needed for most platelet work 

and for reflection this would involve using a condenser with high 

numerical aperture, thus lowering the resolution. This problem 

might be overcome by using a laser, as a source of high intensity, 

and destroying the coherence of the beam to remove the diffraction 

rings from dust particles. However this has not been attempted at the 

high magnification, which would be required for the work. 

Lorentz Electron Microscopy could provide useful information on 

specific domain problems such as the nature of the nucleation processes 

or the actual orientation of the magnetisation vector. However the 

main limitation is the low acceptable specimen thickness of na1000 R 

with 100kV electrons. This thickness can be extended by the use of 

a larger accelerating potential and some experiments were carried 

out with 500 and 750kV accelerating potentials. The problems of high 

voltage microscopy have been discussed by Dupouy and Perrier (1962) 

and Cosslett, who rescribed the 750kV Cambridge microscope (1968), 

which was used during the course of these investigations. 

The potentialities of this technique are large but difficulties 

may be experienced in suitably mounting specimens to ensure that the 

'crystal and hence the domain pattern is that of an unstrained specimen. 

This problem is similarly encountered in colloid work, but is more 

easily overcome. 

4.2.2 Preparation  of  Specimens 

The majority of domain studies in this thesis used the Bitter 

colloid technique made according to the process described in 

Appendix B. The platelets by their very nature have highly reflecting 

surfaces and require:, no prior preparation. For observations under 
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the microscope the platelets were secured to a glass substrate by 

the finest smear of grease, just enough to stop the platelet rotating 

into the field direction when a hard axis field was applied. The 

colloid was confined to the region of the platelets by a narrow ring 

of grease, and covered by a thin micro-cover square of glass to give 

a flat viewing surface, and to stop evaporation. In this way 

observations could sometimes be made on the same specimen for 24 hours. 

For investigations inside the electron microscope the platelets 

were mounted on 3.05 mm. diameter copper grids. Two alternative 

techniques were used. Either the platelet was placed on a 200 mesh 

grid and then covered with a 200 R film of carbon, or alternatively 
a carbon film was placed across a 50 mesh grid and the platelet put 

in the centre of one of the squares,before being covered with a second 

carbon film. This latter method has the advantage of giving an un-

impeded access to the crystal, but without solid support the crystal 

is liable to bend and strain. The former method is thus generally 

preferable. 

4.2.3 Magnetic Fields in the Optical Microscope  

Magnetic fields up to 150 oe. could be applied in the plane of 

specimens under observation in the optical microscope from a pair of 

external Helmholtz coils. From several early observations it became 

apparent that after a field had been applied and removed the domain 

pattern exhibited by a platelet was typical not of a zero field 

'configuration, but one in low field. This field was found to arise 

from parts of the microscope near the specimen stage such as lens 

mountings, which could not easily be replaced, although this might 

be one possible answer. 

A more satisfactory solution was found by placing a Hall probe, 

connected to an R.F.L. 3265 'Gauss Meter', in the exact location of 

a platelet under observation. The field was measured as a function 

of the coil current and found not to be linear, but a function of the 
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recent history. Arrangements were also made to pass alternating 

current and this facilitated the demagnetisation of the microscope. 

The field under the objective was zero after demagnetisation 

and increased with current up to the maximum of 150 oe. with 6 amps. 

On decreasing from this value a zero in the measured field was 

reached with a coil current of 100 ma. still flowing, but when the 

current fell to zero the existing field was already 2 oe. and 

oppositely directed. Several calibration curves were therefore made, 

the one for 6 amps being seen in FIG (4.2). The value of coil 

current giving zero field was found to vary with the maximum value 

from which the current was being reduced, hence a calibration curve 

was always used to obtain the correct field value. 

Measurements were also made on the transverse and vertical 

fields. The transverse field was negligible at all times and the 

vertical field, although not linear, could be approximated as a 

1 oe/amp relationship. Thus, provided that the microscope was 

demagnetised before commencing any experiment, the horizontal field 

could be known and the vertical field neglected. 
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CHAPTER 5 

DOMAINS IN THIN  PLATELETS  

INTRODUCTION  

Ferromagnetic platelets produced by the technique described in 

Chapter 3 are usually strain free and have atomically smooth surfaces. 
The platelets grow to completion as rectangles with (001) faces 

bounded by <100> edges, or right triangles again with (00i) faces 

bounded by a [110] and two <100> edgee. Their thicknesses range 

from 0.1 to 104m. In addition to these observations on (001) faces, 

De Blois has reported a few observations made on platelets with (111) 

faces. 

The near perfection of these platelets has been established by 

x-ray and electron beam techniques, section 3.5.3, and magnetically 
by the thin width of the F.M.R. line, observed in Ni by Rodbell as 

114.oe at '9 k.Mc./sec. (1964, 1965) and in Fe by Frait et al (1966). 

This perfection makes these specimens ideal for various ferromagnetic 

domain studies. The imperfections in most crystals restrain the 

motion of domain walls, giving rise to non-equilibrium configurations 

with hysteresis, remanence and coercivity. However, in these platelets 

the degree of perfection is such as to give domain configurations that 

are in stab:le or metastable equilibrium, with the domain walls moving 

reversibly, without hysteresis, as long as the configuration of the 

structure is not broken. A change in field of <0.01 oe produces a 

detectable motion of the domain walls in the centre of the specimen. 

In addition, the low indices of the surfaces and edges of the platelets 

lead to structures that are often classically simple. 
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The domain structure of a platelet in zero field is independent 

of the direction of previously applied fields provided these have not 

altered the initial configuration of the structure. However, unlike 

a thin film, the small diameter to thickness ratio of a platelet 

causes the demagnetising fields at the edges to largely determine 

the equilibrium domain configurations. These domain properties have 

been studied in iron platelets by Gemperle (1966 and 1969) and by 

De Blois (1965, 1966, 1967 and 1968) on nickel and a variety of its 

alloys, including permalloy. 

Platelets of compositions having a negative magnetocrystalline 

anisotropy have easy axes <111> pointing out of a (001) plane at an 

angle of 35.3°. This leads to domain structures in these platelets 
which are critically dependent on thickness. Below about 4000 R the 

magnetisation lies in the plane of the specimen because the surface 

demagnetising field dominates the crystal anisotropy. At this 

thickness, however, complicated stripe domain configurations begin 

to form with fine scale oscillations of the magnetisation occuring 

about the plane of the platelet. This effect is absent in platelets 

with positive anisotropies.- 

The properties of thin platelets where the domain magnetisation 

is considered uniform, and homogeneous throughout the thickness, are 

considered in this Chapter; and the more complicated properties of 

the thicker platelets considered in Chapter 6. 

5.1 DOMAIN STRUCTURES  IN PLATELETS 

In section 1.1 the terms contributing to the total magnetic 

free energy of a body were examined. By using perfect specimens, 

such as thin platelets, it should prove possible to correlate 

observed structures and their behaviour with theoretically calculated 

variations in this total energy. However, the observations mentioned 

in. this chapter will show that neither conventional domain theory nor 

micromagnetics is sufficiently sophisticated to cone with such a 
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problem. 

The theory of domains, in which regions of unform magnetisation 

are separated by cnin transition regions of known energy, has already 

been shown to have limitations when ripple or stripe domains in thin 

films are considered, section 1.3.8. However, these are not the only 

limitations. It sheds no light on the processes leading to the nucleation 

of domrIns on decrease from saturation, or during low field variations. 

The stray field above a specimen has usually fallen below that necessary 

to gather colloid long before a specimen is saturated, and the final 

approach to saturation is usually by rotation, where domain theory is of 

no help. 

Earlier calculations have shown that as the anisotropy of a material 

decreases the domain wall width increases, which in the limit leads to 

domain walls of infinite thickness. De Blois (1968a), however, has made 

colloid observations 

anisotropy. With no 

in the centre of the 

from one "domain" to 

demagnetising fields 

of wall structures in platelets of almost zero 

crystallographic easy directions the magnetisation.  

platelet was fcund to curve gradually in its path 

another, but near the edge was constrained by 

to lie parallel with it. 

Two further important features of platelet behaviour which fall 

outside the framework of conventional domain theory are the role played 

by point singularities, and the rotation of magntisation at the edge 

of platelets. In both of these case examples a localised divergence of 

the magnetisation occurs. Singularities within the magnetisation of 

the platelet are involved in its nucleation as the platelet cools below 

the Cure temperature. They are also seen to play an important role in 

the structrre and formation of walls, in addition to the already famillar 

cross-tie structure. Divergence of the magnetisation occurs at the base 

of echelons, see FIGS. (5.7 and 8), and other wall structures of a 

platelet in zero field, and to a greater degree when fields are applied. 

However, details of these and other features will emerge during 

discussions in this chapter. 



An alternative approach to the study of magnetisation distri-

bution has been by micromagnetics, Brown (1962, 1963) and Shtrikman 

and Treves (1963). In micromagnetics the magnetisation is described 

by a vector field of constant magnitude, but whose direction varies 

with position. Domains and domain walls, when they exist, should 

emerge naturally as regions in which the spatial variation of the 

magnetisation is respectively very slow and very rapid. Actual 

magnetic states might be calculated by searching for a minimum of 

the free energ7, with the external field as a parameter. However, 

this approach is not yet sufficiently sophisticated - to make it use-

fully applicable to domain wall problems. 

Brown (1945) has discussed the weaknesses of the domain concept 

and cited the example of the deviation from saturation of an ideal 

ellipsoid as being outside its limit:-_ However, it remains the only 

approach on which useful discussions can be based, and haF3 yielded 

reasonably good agreement with experiment. This approach will be 

used, and its limitations will become apparent. 

5.1.1 Domain Formation  in Platelets 

The Curie temperatures of Fe/Ni and Ni/Co alloys, (Bozorth, 

1951), show that platelet growth in the Fe/Ni system or in the Ni/Co 

system up to 3O Co occurs above this temnerature. At higher Co 

percentages, although growth occurs below this temperature, the 

arguments outlined below for• the formation of domains in platelets 

still apply. 

In section 1.1.6 several magnetic terms were seen to contribute 

to the tatgl free energy of a platelet, but the relative importance 

of these terms does not remain constant with temperature. Domains 

only form in a platelet as it cools to room temperature at the end 

of a growth period. Directly after cooling through the Curie tempera-

ture the anisotropy is negligible and the magnetostatic fields at the 

platelet edge constrain the magnetisation to follow a smooth path 

around the platelet, roughly parallel to the nearest edge. This 
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requires the creation of a circle Bloch line at the centre of the 

platelet. 

As the ansotropy energy increases in magnitude with decreasing 

temperature it becomes relatively more important at the expert , of 

the magnetostatic energy. The magnetisation in the central regions 

of the platelet turns towards the forming easy axes, <100> in 

platelets with positive anisotropy and <110> in those with negative 

anisotropy. The subsequent behaviour thereafter is straightforward 

for platelets with positive anisotropy and <100> edges, or the <110> 

edge of a negative anisotropy material. The magnetisation for the 

most part already lies along easy axis and the rotation at corners 

forms 90°  domain walls, and a classic four domain closure structure 

is formed. If the platelet is rectangular the Bloch line can form a 

180°  wall and the structure remains similar, FIG. (5.1). 

118 

  

BLOCH 
LINE FIG(5.1) 

BLOCH 
LIFE 

In platelets with negative anisotropy and <100> edges, or a 

<110> edge in a positive anisotropy material .the development of the 

domain structure is more interesting. The magnetisation near the 

edge does not easily turn away from the edge towards easy directions 

because of the surface magnetic charge density this would create at 

the edge. However, the total energy is lowered by decreasing the 

anisotropy energy at the expense of forming a volume charge density 

near the 'walls' of a 'tulip' pattern which forms, FIG.(5.2a). 

At the corners this <100> edge magnetisation leads to the 

formation of diagonal 900  walls, which further from the corners may 

develop into 1800  walls. With further cooling reverse edge domains 

nucleate at the base of the tulip structure, FIG.0.2b) and as the 



(a) TULIP 
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(c) ECHELON (b) 

FIG.(5.2) 

anisotropy becomes still more important this reversed region enlarges 

and sut-divides to form an echelon structure of 900  walls, FIG.(5.2c). 

Finally, at room temperature, apart from the edges of the platelets  

the only significant contribution to the energy comes from domain 

walls. it the edges alternating surface pole distributions exist, 

together with some curling of the magnetisation at the ends of walls. 

This hypothetical development of domain structures has not 

been confirmed by observations at elevated temperatures. However, 

FIG.(1.1) showed a large variation in the magnetocrystalline aniso-

tropies of the Fe/Ni and Ni/Co systems. De Blois (1968a) has recorded 

structures at room temperature with a wide range of anisotropies and 

in this way the changing conditions with decreasing temperature have 

,been effectively simulated at room temperature. 

The virgin domain patterns observed in platelets taken directly 

from the furnace often give a clear indication' of how the structure 

was formed. FIG.(5.3) shows the domain structures which have formed 

in a trapezoidal' and two triangular platelets of nickel with (001) 

faces. 

The trapezoid, FIG.(5.3a), is bounded by 2 [110] , a 1100] and 

a [010] edges and is 2200 R thick. The magnetisation forms a simple 
closure structure in the centre with echelons of reversed magnetisation 

along the <100> edges. There is little colloid collection at the base 

of the echelons, showing that flux closure outside the platelet is low. 

Instead, small closure domains are seen to exist at the base of the 



120 

Fig. (53) Domain structures in nickel crystals 



1.21 

echelons where the magnetisation lies in a hard direction, parallel 

with the platelet edge. The symmetry of the domain structure gives 

further indica:Lon oc the perfection of the crystal and the near 

stability of this particular domain configuration. 

Crystailographically, the triangle of FIG.(5.3b) is similar to 

the trapezoid (n) but the [TDO] and [010] sides are continued to the 

ape:,. A simple circulation of magnetisation is again seen at the 

base of the platelet, but a vertical extension is also present 

involving two 180°  walls. The larger of these was probably nucleated 

at an earlier stage of domain development from the meeting of spikes 

(see section 5.2) which had grown out from opposite sides. The echelon 

structure at the base formed at a later stage, as the domains settled 

into a rectangular array. There are minor circulations at the edges 

of the platelet but these just help to provide complete internal 

closure and can be neglected. 

Finally, the triangle, FIG.(5.3c), 3050 R thick, shows the 

presence of two horizontal 180°  walls which indicates that during 

the cooling a se,cond circle Bloch line must have nucleated, nearer 

the apex, with an opposite sense of rotation. 

5.1.2 Configuration of Domain  Structures  

The domain structure of a rectangular nickel platelet 2550 R 

thick is seen in FIG.(5.1+a), and a diagrammatic explanation below it, 

(b). The magnetisation shows a net circulation about the long 

invisible 180°  wall to the left of centro, with reverse closure 

domains formed about the corners so that the net magnetisation in 

any direction will be zero and thus produce no external magnetic field. 

The symmetry of the pattern about lines bisecting the corner will also 

be noted. 

The central 180
o wall is almost invisible by the colloid 

technique as are many, but not all, of the others. The invisible 180°  

walls are indicated in FT0.(5.4b). There are two possible orien- 
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tations for 180°  walls but the invisibility is not a function of 

orientation, as is seen by comparing the three 1FD
o walls on the right 

hand side of the platelet. However, it may be connected with the end 

structure, as we sha71 see shortly. 

Gondo (1962) from his observations on thin iron films has 

distinguished between two types of 90°  wall intersections, A and B, 

according to the flux closure around them, FIG.(5.5) 

A. 	 B. 

FIG.(5.5) WALL INTERSECTIONS 

These configurations also appeared in a modified form which included 

a 1800 wall, A' and B'. 

Gondo suggested that the colloid collections above 180°  walls 

in type A' structures were fainter than above,those in type B' because 

the spin directions at a type A' wall junction would favour deviation 

into a 14-6e1 type wall near the centre. 

The structural form of the bright metastable walls in platelets 

is still in question but they probably have at least a partially 1T6e1 

structure because the Weel wall has a greater.  stray field than the 

Bloch. In agreement with Gondo's observations a bright wall is never 

observed to form where it is terminated at either end by an A' type 

intersection, which would require the formation of a circle Bloch line, 

FIG.(5.6a) 	They may, however, form with a cross Bloch line, as in 

(b), or where there is no line at all, as in (c) and (d). 



(a) (b) 

(C) (d) 

FIG.(5.6) 	180°  WALL INTERSECTIONS, De Blois (1968) 

It could be that the bright wall is of pure Ngel type which 

does not form in the presence of a circle Bloch line. This, however, 

is unlikely because such walls are observed to form in platelets far 

thicker than would be expected to support a Ngel type structure. The 

structure must thus be more complex and a mixed Ngel-Bloch character 

has been suggested, De Blois (1966). 

The computer calculation of an intermediate wall structure by 

Torok et al (1965) showed in the case of uniaxial anisotropy a gradual 

transition from a Neel to Bloch structure with film thickness, with 

all Bloch walls of not exactly 180°  having an intermediate structure. 

In platelets the two wall types coexist over a range of thick-

nesses, but the bright 180
o wall is a metastable structure and with 

a moderate disturbance, on first applying fields, snaps into a fair 

wall. The inference from this would be that the bright wall is pure 

Bloch and metastable, and transforms into the faint intermediate 

structure when sufficient energy is supplied. This, however, runs 

contrary to all previous experience of the fields above Bloch walls, 

and to La Bonte's recent calculation (1969). The intermediate wall 
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structure in platelets cannot therefore be that proposed by Torok et al 

because bright and faint walls are observed to coexist over a large 

thickness rang. 

De Blois (1968) reports the rarity of bright walls up to 1800 R 

which would be more consistent with a transition in wall structure with 

thickness rather than a continuation of the Ngel wall structure. He 

has also observed that double 180°  walls, Williams and Sherwood (1957), 

Kaczer (1958) and La Bonte and Brown (1966), may be formed in an 

apparently continuous process from bright 180°  walls, which in turn 

are formed from the interaction of 90
o domain walls. Double Ngel walls 

if so formed would be expected to annihilate each other. These 

observations indicate a Bloch type of wall. 

This uncertainty illustrates the limitations of the Bitter 

technicue, and an electron microscopic investigation of these wall 

structures by low angle diffraction at high accelerating voltages might 

prove very profitable. Theoretically, a numerical wall calculation on 

the basis of the rather unusual anisotropy configuration of these 

platelets would also be rewarding. 

Counterflow closure patterns of magnetisation in the form of 

echelon structures are to be seen along the edges and at the corners 

of rectangular platelets, FIG.(5.4), and along the <100> edges of 

triangles, FIG.(5.3). This type of reverse closure structure was 

first observed, in bulk single crystals of iron, with much larger 

dimensions, Mariiin (1957) and Bloor and Martin (1959). It has also 

been observed in single crystal iron film by Lorentz Microscopy, 

Michalak and Glenn (1961). 

Lorentz microscopy observations of the echelons in platelets 

have shown how the internal closure of the magnetisation is achieved. 

The magnetisation is seen to curl around the bottom of every 

alternate 90°  wall, FIG.(5.7). A short wall is formed on either side 

which meets the edge at an angle a, shown, where a is about 50°. 
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FIG.(5.7) THE ECHELON STRUCTURE 

Within the confines of these two walls the magnetisation lies parallel 

with the edge. Magnetostatic energy is thus decreased at the expense 

of anisotropy energy. Curling of the magnetisation has previously 

been observed in thin films less than 550 R thick, Hornreich (1963), 

but alth,)ugh this upper thickness limit is considerably lower than 

the platelet thickness the situation is more favourable. With a 

magnetocrystalline easy axis out of the plane it becomes easier for 

the magnetisation to tip and the curl to occur in three dimensions. 

The angle of 50°  suggests that a certain pole density has formed at 

the walls, but this is of opposite sign on either side of the 90°  wall. 

The closure structure at the base of the other alternate set of 9O 

walls is slightly different and consists of small reverse closure 

triangles, whose sides make an angle 0 of about 20°  with the edge. 

FIG.(5.8) shows the closure structure on a [100] edge at the 

corner of a triangular nickel platelet. The faintness of the 180°  

walls will be noticed and the small size of the structure at the 

bottom of the echelons, it is in fact barely visible. Instead, 

slightly excessive colloid collections are seen where the magneti-

sation must be curling at the bottom of the walls. The regularity of 

these echelons is a commonly observed feature. 

FIG.(5.9) shows the end of a blade-shaped platelet of Ni/Co, 

with positive anisotropy and a whisker extension along the [lo] 

straight edge. A [110] axis field has been applied and removed to 



Fig.  (5. 8) Echelon structure in triangular platelet 

Fig. (5.9) Magnetisation in blade shape platelet. 



give the observed structure which is seen to consist of successive 

90°  walls, allowing the magnetisation to lie along the platelet in 

easy <100> difeetions. Closure structures now are seen to form 

along the [110] edge without the echelons but with the alternating 

a and ri closure domains. With the numerically lower anisotropy 
value, see FIG.(1.1) the closure structures are seen in a magnified 

scale. 

The curving edge shows how as the edge changes from lying 

along a [110] axis to being along a [100] the closure structure 

disappears and the 90°  domain walls adopt a spike configuration, see 

section 5.2, so that the magnetisation outside of these spikes lies 

almost continuously along the edge. 

5-1.3 Domains in Low Anisotropy Alloys 

A reduction in tho magnetocrystalline anisotropy of a platelet 

causes the exchange energy to become relatively more important and 

the wall width and size of domain closure pattern to increase. 

FIG.(5.10) shows some examples of domain structures which are typical 

of platelets with low anisotropies in the Ni/Co system. Unfortunately, 

in the Ni/Co system, unlike the permalloy system studied by De BloLs 

(1968a), the magnetostriction constants do not frall to zero at 

compositions of zero anisotropy. The role that magnetostriction 

plays in influencing the domain patterns is uncertain and conventional 

domain theory is uninformative in these types of materials. 

The end of a rectangular platelet, TIG.(5.10a), shows that 

although the anisotropy is still negative, as seen by the magnetis-

ation directions in the centre, the magnetisation at the edge remains 

closely parallel with the edge in all places. 'Tulip' patterns are 

seen especially at the corners, however they are often incomplete 

showing how the magnetisation is turning, but so gradually that the 

colloid does not collect. The magnetisation directions can be 

inferred, in the absence of colloid collections from experience of 
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Fig. (5.10) Domains in low anisotropy platelets 
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domain structures in platelets with larger anisotropies. 

The edge echelon structure of another low anisotropy platelet 

is seen in FIG..10b,. The walls between the magnetisation in the 

main domains and in the closure echelons are completely invisible in 

the lower set of echelons. In the upper set, however, the alternate 

segments of 180°  and 90°  walls which separate the main domain 

magnC.isation from the reverse closure in more anisotropic materials 

have transformed into a continuous wall. 

Finally, FIG.(5.10c) shows a triangular platelet with a 

compositional variation across it. Echelons are seen to have formed 

on the L.H. [100] edge where the anisotropy is still negative, but not 

on the equivalent R.H. [100] edge. Instead, just one wall is seen to 

bisect the lower corner and the magnetisation on either side of it 

lies parallel to the adjacent edge so that the wall is no longer a 

true 180°  wall. Other low anisotropy platelets have also exhibited 

the wandering of long walls as seen in FIG.(5.10c). 

5.2 PLATELET  P7HAVIOUR IN MAGNETIC  FIELDS 

The domain structures which exist in platelets in zero field 

after a magnetic field has been applied and removed are not necessarily 

similar to those observed in a virgin platelet. It has been suggested 

earlier (section 5.1.1) that before locking into its final structure 

the magnetisation circulates around the platelet as it cools from the 

Curie temperature. On decreasing from saturation in a magnetic field, 

however, there will be a tendency for the magnetisation to lie along 

the field direction, especially if this is one of low anisotropy. Thus 

although the net magnetisation in zero field will, if there is no 

remsnence, be zero, the structure of the domains need riot be identical 

with that observed in the virgin state. 

Many domain structures can satisfy low anisotropy energy and 

complete flux closure but the domain wall energy will vary according 
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to how this is achieved, and the zero field structures will not 

therefore have equivalent energies. It would, however, be virtually 

impossible to calculate whether a given zero field structure represents 

a stable equilibrium configuration for the particular shape and size 

of platelet in which it exists. Experience has shown that, with 

facilities for applying fields in only one direction, once the 

topology of the virgin domain structure has been broken it is often 

impossible to return to that same structure. 

by photographically recording the domain structure present in 

a crystal when a given field was applied it was possible to observe 

the domain structure as the platelet was cycled around a hysteresis 

loop. This has been done with many crystals and in a few selected 

examples with sufficient detail to allow an M-H loop for the crystal 

to be p7atted. This type of analysis has been made by Gemperle (1966) 

during his study of iron platelets, and will be referred. to later. 

5.2.1 Wall Movement and Hysteresis 

The behaviour of a typical Ni rectangle under hard and easy 

axis fields is seen in FIGS.(5.11 and 5.12). The specimen seen in 

FIG.(5.11a) in its virgin state is the same platelet discussed in 

FIG.(5.4). A hard axis [100] direction field was applied and the 

domain structure in a field of 3.7 ce is seen in (b). A rearrangement 
of the domain walls took place facilitating the growth of the two sets 

of domains with magnetisation components parallel with the field 

direction at the expense of the other two sets of domains with 

magnetisation anti-parallel with the field. Two 900  walls stretched 

almost the entire width of the platelet. At the top of the R.H. one 

there wa a gathering of colloid on either side of the wall. The edi;e 

closure structure separated and, what would otherwise have been a 

rather large edge pole distribution was broken up by spike domains so 

that there was a lower overall magnetostatic field at the edge, but 

at the expense of forming a small volume pole distribution along the 

spike wall, FIG.(5.13). This volume distribution Pppeared because 



Fig (5 11) Application of hard axis field 



133 

1 
Fig. (5.12) Applif cation of easy axis field 

	
20 P.m. 



the walls that form the spike domains did not exactly bisect the 

magnetisation directions on either side. 
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FIG.(5.13) SPIKE FORMATION 

These spikes enlarged at 6.3 oe, FIG.(5.11c), and also appeared 

at the bottom of the other 900  wall. More spikes are seen at 10.7 oe 
(d). At 21.1 oe (e) the magnetisation formed a 'zig-zag' down the 

entire length of the platelet apart from the two ends. Small edge • 

closure comains existed at the base of the 900  walls and the overall 

magnetcstatic edge field lowered by the presence of spike domains all 

along these edges. At either end a reverse circulation closure 

structure existed and its formation from the bending of end echelon 

structures, present at lower fields, is clearly visible in the 

photograph. At 44 oe, FIG.(5.11b), these end structures shrank some-

what, but more important the 900  walls across tlee platelets almost 

disappeared, (one is just visible on the R.H. side of the photograph). 

At this stage, and even before, saturation was achieved, not only 

by the movement of domain walls but also by rotation of magnetisation 

within the domains. At a field of 110 oe the grease securing the 
platelet to the substrate was no longer able to hold the platelet 
against the field torque and the platelet rotated so that the field 

became directed along the [110] axis. In this direction the platelet 

appeared saturated. 

The behaviour of this same platelet in a decreasing easy a:i.s 

field is seen in F1G.(5.12). At 22 oe (a) spikes, which were 

approximately uniform in length, formed on the [10u] edge decreasing 



the edge field. Gaps in the colloid collection at the edges, 

corresponding to the positions of the spikes in the platelet show 

how the stray Veld was locally decreased. An.echelon structure (only 

just.visible) was also nucleated at the bottom L.H. and top R.H. 

corners. As the field decreased to 16 oe, FIG.(5.12b), the echelon 

structure increased in area and the spikes in length but fewer in 

number. This process continued in decreasing fields with the spikes 

becoh.ing larger, but fewer in'number, and the reverse echelons 

expanding from the two corners, as seen in FIG.(5,12c) at 6.6 oe and 

(d) at 5.9 oe. 

Substructures formed at the base of the spikes to decrease their 

own edge field, which for these low external fields had become too 

large, Each end of the echelon terminated in a spike which, as the 

echelons increased in size, moved with it, and simultaneously changed 

size until a different end structure was formed, FIG.(5.12d). The 

symmetry of the echelons is apparent and their corner structure formed 

thus: 
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FIG.(5.14) CORNER STRUCTURE 

The effect of a spike meeting an opposite echelon was to finally 

split the main domain in the centre of the platelet, FIG.(5.12e), at 

4 oe and lead to the zero field closure pattern. The bending of the 
900  walls away from the [1001 direction, just after a spike broke into 

the echelon structure on an adjacent side, is seen in.FIG.(5.120 at 

3.2 oe. 
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As the magnetisation directions are known, and do not vary 

through the thickness of the platelet, it was possible to obtain a 

M against H plot from the vector sum of the domain magnetisation 

components in the field direction. This could be done by measuring 

the area of domains in a given direction at some particular field, 

either by drawing the pattern on squared paper and summing the squares, 

or by cutting up the paper domains and weighing together those with 

similar magnetisation directions. This latter method was found to 

be more satisfactory. (The magnetisation always lies along <110> 

directions, thus for an easy axis loop the magnetisation lying along 

the perpendicular easy axis can be neglected. For a hard axis loop 

the magnetisation always lies at 45°  to the field,with components 

either parallel or anti-parallel). 

Uring this method, magnetisations were found for the series 

of domain photographs in FIGS.(5.11 and 5.12) and the resulting easy 

and hard axis magnetisation curves are seen in FIG.(5.15). This method 

could not be continued to fields much above 10 oe for a hard axis 

loop because the magnetisation in every domain lay at 45°  to the hard 

axis and rotation occured within the domains. At low fields the 

component of magnetisation in the field direction is the measured 

area of the forward oriented domains, minus that of the reverse domains, 

multiplied by cos 45. If rotation is neglected the normalised 

magnetisation in the field direction can never exceed cos 45, i.e. 0.707. 

This is indicated in FIG.(5.15). However rotation does occur and an 

assumed magnetisation curve is also shown in FIG.(5.15), with 

saturation finally occurring at over 100 oe. 

FIC.(5.16) shows the behaviour of a trapezoidal Ni platelet 

2500 R thick in a (1101 easy axis field, both increasing and decrea- 

sing, with the hysteresis loop from these pictures shown in FIG.(5.17). 

Interesting features of the loop are the low coercivity, 	1 oe, the 

saturation. at about 70 oe, the apparently linear change of magnetisa-

tion with field up to 7 oe, and the similarity wita the easy axis 

curve, FIG.(5.15), from the Ni rectangle. This last observation, 
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although perhaps not very surprising, is interesting. It shows that 

when the easy axis hysteresis loop of the entire niatelet is considered 

the shape of the corners, such as the apex of a triangle have little 

influence on the overall behaviour of the platelets. 

If it is assumed that the relationship between the magnetisation 

and the applied field is similar to that of an ellipsoid then 

M(H) - H/(1/X+ N) where X is the susceptibility and N the demagnetising 

factor. For these specimens ,V >> 1 and the expression reduces to 

M(H) = 7/N. By assuming Ms(Ni) = 484 emu. we can find N from the 

tangent to the magnetisation curves of FIGS.(5.15 and 5.17). In the 

low field linear region N-0.02. This value increases in stronger 

fields as the demagnetisation effect of the end planes becomes more 

effective. The magnetisation curve is thus controlled by the 

demagnetization effects and depends on the shape of the crystal. 

As the field in FIG.(5.16) was increased the structure rearranged 

slightly (a) >(b), then the two 180°  walls moved towards the edges of 

the platelet as the centre domain grew, bowing a little during the 

process. At 6.2 oe, FIG,(5.16d), the bottom wall reached the edge and 

broke on the L.H. side, but still remained along the edge and joined 

with the forming spike on the R.R. side. This happened with the top 

wall at 10.4 oe, FIG.(5.16e), where the low angle between the platelet 

edge and the wall is seen. Spikes formed down.either edge (f) and 

finally shrank as the platelet saturated. 

In decreasing fields the spikes grew cut, FIG.(5.16g), until two 

met and nucleated a 180
o 
wall (h). This structure expanded until the 

tip reached the bottom of the crystal, whereupon a triangular closure 

domain formed (i), which expanded causing the 180°  wall to shrink back 

to a circle Bloch line (j). A further decrease in field, FIG.(5.16k), 

caused the two sides of the wall intersection to separate causing the 

Bloch line to form a 180°  wall perpendicular to the previous one. 

This is an example of the important role that magnetie: singularities, 

such as Bloch lines, play in the behaviour of domains in these crystals. 
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Fig (5 16) Hystereis loop on nickel platelet 
	 201-1m. 



14C 

Co
1  

10 	20 	30 	40 	50 

	\ (100) PLANE 

H IN<-110% DIRECTION 

Field H in oe 

f: 19. (5.17) Hysteresis loop from nickel pl.-?.telet 

70 



14'1 

At almost zero field, FIG.(5.161), the structure rearranged so that 

there were once again two 180°  walls across the platelet. Differences 

will be noticed, however, with structure, FI(.(5.16a). The topological 

structure changes occurred with very little energy change and do not 

appear to have an effect on the hysteresis loop. 

Magnetisation curve studies by Gemperle (1966) on iron platelets 

Showed that in fields up to 50 oe the initial configuration of the 

domain structure remained-unbroken, with the domain walls bent and 

consequently charged by the action o: the magnetic field. De Blois 

noted a maximum of 11.4 oe for this to occur in positive anisotropy 

Ni/Co platelets. At Higher fields the instability introduced by 

increased wall charges cawed the structure to rearrange itself in a 

complicated Barkhausen jump, clearly visible on the magnetisation 

curve. Before this occurred the susc—otibility of the wall motion 

was reduced to as low as 10 by the pinning of the wall by the corners. 

By simultaneously photographing the domain pattern on both surfaces 

Gemperle and Kaczer (1969) were able to show that the angle which 

the domain wall made with the plane of the crystal also changed 

during the application of fields, reaching a minimum just before the 

jump occurred. 

The absence of similar jumps occurring in the behaviour of Ni 

platelets is due, partly to the more complex domain structure, and 

partly te the different anisotropy which affects the corner structure. 

FIG.(5.18) 	CORNER STRUCTURES 
+Ve 



It is immediately apparent that for the applied field direction 

shown in FIG.(5.18) that the corner of a positive anisotropy platelet 

provides a stronger pinning centre for domain walls than either of 

the negative anisotropy alternatives. However, because of the 

increased complexity of the structures found in negative anisotropy 

platelets rearrangement of the domain structures can occur by many 

smaller jumps. The effect of the weaker pinning in these platelets 

can be seen in FIG.(5.16, d &e) and although this may lead to jump 

in the hysteresis loop these are too small to be detected by this 

method. 

5.2.2 Saturation and Nucleation 

One of the less tractable problems in magnetism is that of 

domain nucleation.-  A basic assumption of nucleation theory is that 

a sneci.,en starts from complete saturation, but certainty of the 

absence of nuclei of reversed magnetisation is difficult to achieve. 

In 1945 Brown had shown theoretically that for an ideal 

ellipsoidal specimen whose long axis coincided with the easy axis of 

the material and the applied field, no nucleation could occur until 

a reverse field had reached a value greater than 2K/M
s 	

M - N
s 

where 

N is the demagnetising factor. However, comparison of the measured 

coercive force of Ba Fe
12 
0
19 and Mn Bi had shown that the measured 

values were far lower, a situation known as Brown's paradox. One 

possible explanation is that the experimental results came from 

specimens not fully saturated so that the observed coercivity 

corresponded to the growth of residual domains rather than the 

nucleation of new ones. Shur et al (1960) in observations on Mn Bi 

particles 10-15 im across measured a coercive field of a few hundred 

oersteds after saturation with a 5 k.oe field (a field which ought to 

be sufficient), but a field of a few thousand oersteds after saturating 

with 20 k.oe. However, they were unable to repeat these experiments 

with 50 pm diameter specimens. 
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The role of the edges and corners of a specimen must be very 

important. Shtrikman and Treves (1960) suggested that the limitation 

in Brown's approach was that if a single crystal with sharp corners 

was considered, the demagnetising field of a uniformly magnetised 

specimen would no longer be uniform, and this would result in much 

higher local demagnetising fields. Near sharp corners these fields 

would tend to especially high values and hence neglect would lead to 

large disagreements even when IQ> s
2. In his review of nucleation 

theory Aharoni 1,1962a) even suggested that saturation was unattainable 

in finite applied fields. He also concluded (1962b) that small 

regions of reversed magnetisation could not be formed by thermal 

agitation. 

Certain suprort for the work of Shtrikman and Treves came from 

the coercive field measurements on Fe whiskers by De Blois and Bean 

(1959) who found the field value in the centre of a long whisker to 

be not significantly less than 2K/M in the centre of tne whisker and 

to decrease substantially towards the tip. They were also able to 

associate regions of lower coercivity with visible defects on the 

surface. This was extended by Aharoni and Neeman (1963) who 

associated this reduction in the coercive field with the volume of 

the defects. A statistical treatment of these nucleation results 

was attempted by Brown (1962). 

Sh?rwood et al (1959) found that single crystals of orthoferrite 

had high coercive fields which reduced when scratched to almost zero, 

suggesting that nagnetisation reversal started at local defects and 

was not a function of the dimensions of the specimen, (see below). 

Kooy and En7 (1960) in their work on Ba Fe12 
0
19 

s
h
owed that a given 

crystal had nucleating sites each with its own coercive field, but 

it was not possible to predict on any occasion at which of the sites 

nucleation would occur. 

No satisfactory theory of coercivity yet exists and a complete 

mathematical-solution will only be obtained by solving Brown's 



144 

equations for a crystal with sharp corners. This is currently too 

difficult. Any theory has also to account for the coercivity of 

small particles, which despite Sherwood's work on bulk specimens, 

many workers have measured as being proportional to the reciprocal 

of their radii, Luborsky (1961). 

An indication of the saturation field of platelets can be 

obtained from careful observations of their domain structures. By 

saturating a platelt then reducing the field until a domain structure 

formed at the corner, it was possible to knoW if the reverse nuclei 

had been driven out of the specimen. If the magnetisation direction 

of the corner Closure structure was identical with the rest of the 

crystal the reverse nuclei could be assumed to have been driven out 

by the saturating field, But if the corner closure structure was still 

in opposition to the net magnetisation then the reverse nuclei 

probably persisted even at high fields. The two possible results in 

decreased field are seen in FIG.(5.19). 

FIG.(5.19) CORNER STRUCTURES ON DECREASE FROM SATURATION 

In forming type 'A' structures the reverse nuclei had not 

previously been removed, but type 'B' was formed after the platelet 

had been fully saturated, Experiments of this type on Ni crystals 

have shown a variation in the necessary saturating field from corner 

to corner, but the range is 350-400 oe, and the value of 2K/Ms 
is 

235 oc for Ni, De Blois (1968a). 

The importance of the corners is emphasised when the behaviour 



of trapezoidal platelets is considered. With an easy axis field, 

nucleation was found to occur on the edges, with the formation of 

spike domains. Above 80 oe. the colloid cloud showed no local 

indentations and it is thought that the platelet was completely 

saturated at this field. It would thus appear that the absence of 

the apex made a significant difference. 

For these and previous observations the field required for 

complete saturation was critically dependent on the perfection and 

shape of the edges and corners, probably down to the atomic level 

with any imperfections contributing to lower the saturation and 

coercive field's. 

5.2.3 Surface Pinning 

A frequently observed effect in the movement of domain walls 

towards the edges of platelets has been the phenomena of surface 

pinning. Referring again to FIG.(5.16) the two flanking echelon 

structures of (c) are seen connected by a 180°  Bloch wall. When the 

field was increased to 6.2 oe (d) the L.H. structure broke and 

formed a spike domain, but the R.H. structure remaiD,vd intact with 

the 180°  wall disappearing into the edge of the platelet, as seen 

in FIG.(5.20). 

FIG.(5.20) DISAPPEARANCE OF 180°  WALL 

A similar feature is seen in FIG.(5.16e). The field has 

increased to 10.4 oe and the R.H. corner structure has disappeared 

to leave the 180° wall lying along the edge of the platelet. 

Observations on other platelets have shown that if at this stage the 

field was decreased this 1800 wall would, ov4 a field change of a 

few tenths of an. oersted, completely separate from the edge in a 

Barkhausen jump- 



Another example of this effect was noticed to occur between 

(k) in-FIG.(5.16) where one 180°  Bloch wall crossed the platelet, 

and (1) whore there were two. At a certain field the left hand 900  

walls lifted away from the edge but remained connected to it by a 

1800  wall, FIG.(5.21). 

	>H 	> H SH 

FIG.(5.21) FORMATION OF 180°  WALL 

But this stage only existed briefly, for with a further small field 

change a. Barkhausen jump occurred with the 180
o 
wall suddenly 

separating from the edge and moving across the platelet to give a 

structure more related to (1). 

Further observations of this type of effect have been made on 

positive anisotropy platelets. Gemperle (1966), it will be recalled, 

observed a bowing of the domain walls of structure ;a) in FIG.(5.22) 

when a field was applied to give structure (b). A further field 

(a) (b ) (c) 

 

H=0 

  

  

FIG.(5.22) 

 

increase, he found, caused a major Barkhausen jump to occur and the 

1800  wall to disappear. However, De Blois (1967) managed to position 

a wall against the edge of a platelet, FIG.(5.22c), so that even 

although the projection of the arcs extended outside the edge of the 

platelet t',:e wall did not part. When the field was decreased the 

walls moved away from the edge to form the previous structure. 

146 



From these observations it can be seen that a Bloch wall can 

exist against the edge of a platelet and not unwind, thus the spins 

at the edge muEt be rotationally restrained. This surface pinning 

of spins may play an important role in determining the domain 

behaviour and nucleation of platelets, and is related to the surface 

pinning thought to occur in spin wave resonance experiments. (See 

Weber (1968) for an introduction into this literature). 

5.2.4 Neel Strip Structures  

Lee (1953) and Bates (1964) have shown that to calculate the 

magnetisation curves for single crystals, esrecially in weak fields, 

an accurate knowledge of their domain structure is required. Thera 

have, however, been very few domain structures observed which also 

allow exact theoretical checks to be made. One of these, a block 

in the form of a long rectnngular bar where the primary domains are 

packed in concertina fashion, rIG.(5.23), was first proposed by Neel 

(1944) and has been confirmed in essentials by many subsequent workers. 

FIG.(5.23) 	NEEL STRIP 

In the general case of such a N4el strip the sides and orien-

tation of the block are as shown in FIG.(5.23) with the magnetisation 

turned slightly from the <100> easy directions by the. field H to make 

an angle 9 (<45°) with the (0711 direction. Clcare is made by sets 
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of 'p' and 'q' triangular closure domains with the magnetisation 

directed in and out of the plane respectively. Good agreement has 

been obtained ueing iron crystals but the exact nature of the closure 

structures has not always been certain. 

Rectangular platelets with <100> edges, f1001 surfaces and 

negative anisotropy can, if thin enough, be suitable specimens. 

De Blois (1968b) has made such studies and found the observed spacing 

four times smaller than his calculation for a 87% Ni/Fe platelet of 

1950 R thickness. These permalloy platelets have also shown a variety 
of possible closure structures. 

A specimen of Ni (dimensions 90x20x0.39 µm) in which a Neel 

strip was induced is seen in FIG.(5.24f). A zero field structure is 

seen in FIG.(5.24a) with the walls almost exclusively 90°  and a large 

number of circle Bloch lines present down the centre of the platelet. 

When a [100] hard axis field of 3.6 oe was applied (b) those dcmains 

with components of magnetisation favourably oriented grew at the 

expense of those on the opposite side of the platelet. The extent of 

the movement is clearly shown by the central 90°  walls, being largest 

away from the end, where the demagnetising field is lowest. At 11.3 oe 

FIG.(5.24c) the wall has moved completely out of the platelet, except 

near the end, to leave single 90° walls stretched across the width of 

the platelet. If any closure domains existed,• they were too small to 

resolve. 

At higher fields, as we have previensly noted with hard axis 

fields, rotation of the magnetisation occurred and the colloid 

disappeared as the angle that the magnetisation made with the wall 

increaser. This process is seen at 24 oe, FIG.(5.24d), and at 49 oe 
(e). with the spikes shrinking at yet higher fields to leave a 

saturated platelet. A most interesting feature of FIG.(5.24d) is the 

distribution of spikes about alternate 90°  walls, this will be 

discussed later. On decreasing from a high field the structure, 

FIG.(5.240, formed at 8.3 oe and developed into the zero field 
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structure seen in (g). The structure of (f) is suitable for Neel 

strip calculations. With a specimen of this thickness (3,800 R) 'q' 

domains become energetically unfavourable and the structure used for 

analysis of FIG.(5.12f) is shown in FIG.(5.25) 

AD°°) 

H 

strip 
ler_sth:L 

? 

FIG,(5.25) NEL STRIP ANALYSED IN APPENDIX (C) 

It should be noted that despite the different orientation of the st'ip 

the easy <110> axes bear a similar relationship to the edges. The 

closure domains have a spacing d
P 
 equal to twice that of the main 

walls, and the normal component of magnetisation is continuous across 

all walls. An expression for d is derived in Appendix (C) as: 

d 2 - 	
- 8 Yo)  	 

P 	K
1 

sin20(cos04-i)C5cos0-2) 
(c.3) 

where 0 is related (see Appendix (C)) to the applied field by the 

formula 

H
eff 

M
s 

= 2K
1 
cos0 cos20 
	(c.1) 

For the purposes of calculating the demagnetising field of the 

strip the value of 0 can be taken as 45
o,,. 

Hence the pole strength at either end is Ms cos45 (t x w) and 

[CO) 

thus the demagnetising field in the centre is 

Ms cos45 (t x to) 

(L/2)2  
H
demag 	2  — 	„ _t(§  

L- 



which for the dimensions of this Ni strip gives Hdemag 
= 2.4 oe and 

the effective field in the centre of the strip of FIG.(5.12f) is 

Heff = 8.3 - 2_4 = 
5.9 oe. 

Solving equation (C.1) graphically using this value for Heff 
gave 0 as 44°, thus justifying the initial assumption. 

Equation (0.3) was solved with this value of 0, taking Kl  as 

5.7 x 104  ergs/cm3  and, the wall energy density as 1 er cm
2. 

The result gave d = 5.0 gm. 

Direct measurement from FIG.(5.24f) gave d = 3.0 µm. 

An alternative closure structure, FIG.(5.26), was considered, 

again with the normal component of magnetisation continuous across 

all walls, but it predicted a spacing of 9.6 gm suggesting that it 

FIG.(5.26) ALTERNATIVE CLOSURE STRUCTURE 

was unlikely. Possible reasons for the disagreement between the 

theoretical and experimental values for d are: the use of an 

incorrect value for Y, errors in the measurements made, or inaccu-

racies in the model used. Although the value of has been much 

questioned (see section 1.5), the value used in this platelet, of 

3,800 R thickness, cannot be so incorrect as to account for the 

disagreement, and would have to be 0.3 ergs/cm
2 to allow the results 

to agree. 

Differentiating expression (C.3) for d 
2  with respect to 0 it 

was found that the error in d was as high as 2 gm/degree at this 

value of G. The estimation of the field value which determines 0 

thus becomes a critical quantity and may have led to the disagreement. 
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There are also limitations in the model used for the closure 

structures. Although in essence they are probably as assumed for the 
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calculation, thrsir wall energies have been neglected and so has the 

possibility of any cl.eling at the base of the main walls. With these 

limitations in mind the disparity in the results becomes more 

understandable. 

Finally, if this closure structure is also assumed to have 

existed in FIG.(5.24c) the formation and distribution of the spike 

domain,,, in (d) can be understood. As the field increased the angle 

of the magnetisation in the main domains decreased and the closure 

domains shrank, FIG.(5.27). Curling could easily occur at the base 

- A  _LA  
‘Ni 

N4 

FIG.(5.27) 

of the walls between the closure domains, but not near the closure 

domains themselves. This would have left a large surface pole density 

which by the formation of the spike domains on either side of the 

closure domain was dispersed in the body of the crystal. 

5.3 WALL STRUCTURES IN PLATELETS 

The structure of domain walls in thin films has been extensively 

investigated as a function of film thickness, composition, growth 

conditions and applied field history. A widely used model to explaiu 

these types (due to Middelhoek) and its limitations, was discussed in 

section 1.3. The thickness ranges over which different workers have 

claimed wall types to exist have shown a variation and a certain 

amount of overlap. However, the extent to which this is due to 

imperfections and unknown structural parameters reelulting from 



different preparation conditions is not clear. The near perfection 

of platelets together with their known physical and ferromagnetic 

parameters rednoe these limitations and should enable more precise 

checks to be made on the ranges and the extend to which overlapping 

represents intrinsically allowed metastable structures. 

Domain studies have been made on Ni and Ni alloy platelets with 

thicknesses ranging from just, over 500 R to over 10 pm. This 

provides a continuous span in observations of intrinsic domain wall 

types from the N el and. Cross-tie structures of thin films to the 

Bloch walls of bulk specimens found in positive anisotropy materials, 

or the complex stripe structures of negative anisotropy materials, 

which are the subject of Chapter 6. 

From a correlation of the thickness and composition measurements 

by the eiectron microprobe with. the type of wall structure observed 

by colloid technique it has been possible to make a plot of the 

platelet 1800  wall structures. This is seen in FIG.(5.28), being a 

modified and updated plot of that due to De Blois (1968a). 

Above 1500 R the wall types found in virgin platelets were 
either pure Bloch or a combination of Bloch and the bright metastable 

walls. The metastable walls, whose structure was discussed in 

section 5.1.2, usually disappeared on application of a field leaving 

the faintly visible pure Bloch walls. Below 800 R only Nel walls 

have been seen. Between 800 and 1500 R a complicated transition 

exists, with different structures having similar energies, so that 

several structures can coexist simultaneously in the same platelet. 

In both Ni/Co and permalloy platelets all three types have been seen 

to coexist along the same 1800  wall. 

Unfortunately, information is sparse on the thinner platelets 

because of the difficulties in producing and handling them without 

introducing any strain. The thinnest specimen used in the current 

investigation was. 860 R thick but only showed Blorh walls. Although 

FIG.(5.28) applies to the Permalloy system a similar plot could be 
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constructed for Ni rich platelets in the Ni/Co system. Wall structure 

variations in pure Fe and Co are unknown because they have never been 

grcem thin enough to show these interesting transitions. The more 

exotic transition structures are usually more readily visible in 

platelets with lower anisotropies in either the Ni /Fe or Ni/Co systems. 

The Bitter patterns from cross-tie walls in platelets appeared to 

indicate a completely different stricture to those in uniaxial films 

and have been given the name 'beaded', but in fact these are now 

thought to be basically the same. Th. wall is broken into segments 

by alternate circle and cross Bloch lines. The circle Bloch lines 

appeared as absences in the colloid collection along the wall and the 

cross lines as tiny circles of colloid around a colloid-free region. 

The long tails associated with the cross Bloch lines in thin 

evaporated films were not visible. An additional feature not seen in' 

evaporated films was the flanking of a circle Bloch line by two cross 

lines to form a set of three Bloch lines constituting a winding, 

attracting, group normal to the cross-tie wall. 

The motion of Bloch lines along domain walls in fields applied 

normally to the walls is thought to contribute to the phenomenon of 

Creep (see Kayser (1967) and Torok et al (1969)) by increasing those 

parts of the wall with magnetisation rotations favourable to the field 

direction, at the expense of those against. This action has been 

observed :Ln Ni/Co platelets as well as films, De Blois (1968a). In 

thicker platelets Bloch lines have also been seen in the middle of 

stripe patterns where they could be moved independently of the pattern 

itself. 

The .:all structures that exist in these platelets, especially 

in the region 800-A500 R, are seen to be more varied than a simple 

Niddelhoek calculation would suggest. The recent calculations of wall 

configurations by La Bonte (1969) and Hubert (1969) have shown the 

complex nature of the Bloch and Ngel walls and have served to lessen 

the differences between the two extreme rotations that had been 



considered by Middelhoek. In this region, therefore, energy 

differences between these more complex wall structures must be 

small and degeneracy is probably a more accurate description than 

coexistance for the variety of structures observed. 
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CHAPTER 6 

DOMAIN.  STRUCTURES IN THICKER PLATELETS 

INTRODUCTION 

In Chapter 5 the properties of the domain structures in thin 

platelets were examined and reference was made to the complications 

which arise when the thickness of a platelet is increased.. Kittel 
(1946) first showed that for a given anisotropy an upper thickness 
limit exists for planar magnetisation .1.onfigurations. With anisotropy 

easy axes at 35.30  to the plane of the platelets this has been found 

to occur at about 4000 R with the adoption of stripe domain configu-

rations. The formation and behaviour of these patterns are discussed 
in the second part of this chapter following a review of earlier stripe 

domain work on thin films, a subject which has been of interest 

because of its potentialities in magneto-optical displays, Spain and 

Fuller (1966), 

6.1 STRIPE  DOMAINS IN THIN FILMS  

6.1.1 Stripe Domains in Normal incidence Films 

Kittel (1946) had shown that the magnetic structure of a thin 

film depended on the ratio k of the demagnetising to anisotropy.  fields, 

(k = 2n MK.). For values of k K(1 the film consisted of a single 

domain magnetised perpendicular to the film plane and for k> 1 the 

magnetisation lay in the plane of the film. Between these two 

extremes a transitional structure was shown to exist by Kaczer et al 

(1963), who theoretically investigated a maanetically uniaxial un-

bounded film with an easy axis normal to the film in which the 
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magnetisation oscillated sinusoidally about the plane of the film. 

The magnetisation was made to satisfy the well-known Euler's 

equations and a general expression derived for its energy. This 

was found to depend on the material parameter k, the thickness of 

the film and the angle of maximum deflection 0. The spacing of 
the resulting 'stripe domains' was related to 

00 by the equation 

A 
d 	= 	2 J R: 	(sin0

o) (6.1) 

where(sin0o) is an elliptic integral of the first kind. 

The first observation of str-;pe domains was made by Spain 

(1963) on a 80.5:17.5:2, Ni:Fe:Co film of 1900 R thickness, and 
striations seen in the Bitter pattern with a period of 8800 R. These 

stripes had formed parallel with the magnetisation and showed extreme 

stability and uniformity. Spain sug7ested that the pattern arose 

from an oscillation of the magnetisation about the plane of the film. 

The same films also showed rotatable initial susceptibility (of type 

R.I.S. 1) and a coervice field of 20 oe. In R.I.S. 1 films, after 

high field saturation init parallel to the field is zero and  

Xinil;  perpendicular a maximum. R.I.S. 2 films show different 
properties, see Cohen (1962). 

One of the essential differences between stripe domains in films 

and platelets lies in the origin of the out of plane anisotropy. In 

platelets it arises crystallographically from the 35.3°  angle that 
the four <111> easy axes make with the (100) plane, and the difficulty 

arises in the interpretation of the observed patterns in terms of 

magnetostatic and anisotropy energies. In films, however, an 

anisotropy axis is formed normal to tne plane of the film and the 

difficulty arises in knowing its magnitude, variation and possible 

origins. 

The conditions found for the presence of stripe domains in thin 

films were in agreement with Lehrer's observations on the incidence 



of R.I.S. and "mottled" film behaviour (1963), and Hubert and Smith's 
report (1959) that isotropic strain in the plane of a film created a 

normal easy axia. The strong compositional dependence of the critical 
thickness, tc, suggested that strain and magnetostriction played 

important roles. 

Simultaneous with Spain's observations, workers at the Hitachi 

laboratories, Japan, had observed stripe domains in permalloy films, 

Saito et al (1964a), as well as iron and cobalt, Sugita et al (1964 & 

1965a). They had also made calculations for the 'critical thickness' 

above which stripes formed and the stripe spacing, by minimising the 

exchange, anisotropy and magnetostatic energies. Saito et al (1964b). 

Unlike Kaczer's sinusoidal distribution a saw tooth magnetisation 

variation was assumed by Saito et al (1964b), of maximum excursion 00.  
and hall wavelength d, in a film of thickness t and normal anisotropy 
axis, value K, see FIG.(6.1). No •lateral variation was assumed to 

occur with (M ) = 0. From this model Saito et al (1964b) derived s x 
expressions for the critical thickness, 

8 	2 ( AMs  
t
c 	27 

	

(7t2 	K3 

and for the stripe spacing 

d = 2 r  
t2 -3 ( At 

	

\ 	21 

 

(6.2a) 

(6.2b) 

However, observations of stripe spacing showed it to be several 

times smaller than the theoretical value, with a t" dependence. The 

possibility of K arising from an isotropic strain was investigated, 
but agreement was not found to be good. In. weak fields the orientation 

of the domain walls remained unchanged and the uniaxial easy axis 

existing along the directions of the stripes rotated with the stripes 

into any field direction. 
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Saito's model appeared to fit the observed properties of the 

B-H loop and the magnetoresistance measurements. It was substantially 

confirmed by the first Lorentz microscope investigation made on a 

95:5 Ni:Fe film of 1a00 R thickness by Koikeda et al (1964). 

The relaxation phenomena which had been observed earlier in 

films displaying mottling and R.I.S. was associated with the 

moveent of stripe domains by Sugita and Fujiwara (1965). They found 

reversal to occur by a nucleation of stripe domains in the new field 

direction and their movement across the film in a 'creep' type action. 

Studies by Wade and Silcox (1966) had indicated that vapour 
deposited films contained voids and formed a columnar structure. 

Thus the anomalous perpendicular anisotropy causing stripe domains 

was attributed by Lo and Hanson (1967) to a shape anisotropy 

(6.3a) K = 2n Ms
2  D4  

- 
(D+d)4  

(where Kiis a perpendicular anisotropy due to the columnar structure 

defined by Iwata et al (1966)) 
and a magnetostrictively induced anisotropy 

- -3- crX D2  
K 

 

(6.3b) 
(D-i-d)2  

D is the columnar grain diameter (independent of thickness) and d is 

the grain boundary layer thickness. 

The critical thickness in Saito's model was then given by 

6 	3 
tc 	2500 M 	D

) (Ks  + K ) 2  (6.4) 

From a t
c against composition plot, Ks was found to be an order 

of magnitude larger than Ko_at 85 Ni suggesting that the perpendi-

cular anisotropy arose from shape anisotropy at low anisotropy 

compositions, but strain induced anisotropy became significant in Ni 
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rich regions. These results were substantially corroborated by 

Fujiwara et al (19b.5) and Sugita et al (1967). 

The spin configurations considered so far have been assumed 

and, by the discrepancy between the observed and calculated stripe 

spacings, have obviously not satisfied minimum energy considerations. 

Saito (1966) modified the model to a less restricted case by allowing 

the M vector to vary in the manner of a modified µ* correction, 

Williams et al (191+9), this allowing a certain amount of internal. 

closure by decreasing the magnetostatic energy at the expense of the 

anisotropy and exchange energies. He assumed that no magnetic 

charges existed except on the surface and that the spin configuration 

was described by a sinusoidal function. This model gave much 

impl'oved agreement with the experimental results. 

This work was extended to a full micromagnetic calculation w4th 

solutions precisely satisfying a set of Euler's equations by 

Murayama (1966). The determined state had a lower energy than any 

other provided that the state was fully expressible in two functions, 

one corresponding to a p* correction and the other to a flux closure 

property. 

The coordinate system adopted was taken at the centre of the 

film, see FIG.(6.2), with the x axis perpendicular and the y axis 

parallel with the stripes, and the z axis normal to the film. 

Murayama considered three cases:- 

MODEL 0 = 0(x) 0 = const. = 0 

MODEL II 0 = 0(x,z) 0 = const. = 0 

MODEL III 0 = 0(x,z) = O(x,z) 

A uniform distribution in the y direction was assumed. 

Model I is seen to correspond with Saito's model, where 

variation with z is ignored, and Model II results from the application 

of a µ* correction to Model I. Model III, seen schematically in 
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FIG.(6.2) for a film with perpendicular anisotropy is the distribution 

with minimum energy formed when the magnetisation directions were 

allowed to vary freely over the xz plane, with a general orientation 

towards the y direction. The magnetisation components in this ax 

plane are also shown in FIG.(6.2) and the structure is seen to consist 

of a series of circle Bloch lines of alternate rotation directions 

lying in the centre of the film, with a certain amount of flux closure 

between these. With these models the domain spacings at the critical 

thickness were found to be 

A 	
ti 	for MODEL I 	(6.4,1) 

2n M 2 
s 

drn2  
L 27M 2  . for MODEL II 	(6,4,11) 

 

^- F TC
2 
[ 

L 

A 
( K+2n M 

 for MODEL III (6.4,11Ia) 2  
K 2n Ms 

with 
	

t
c 	2n A 
	

(6.4,IIIb) 

Equation (6.4,1) is very close to the result in equation (6.2b) 

for a saw tooth distribution. Model II was found to resemble Kittel's 

parallel strip multidomain model without closure domains, and Model III 

,coincided with this model, retaining the closure domains, if the wall 

energy was pat equal to vAK, (Kittel's closure domains having width 

c5c (./K).  and Murayama's with width oc ()5/2n 11s
2 ) 

Unlike Model I, Model III was fouhd to fit the observed variation 

of stripe spacing as a function of film thickness very well. In agree-

ment with Kittel, Murayama found that if K <2it M
s
2 the parallel strip 

multidomain structure was a higher energy state than the closure 

structure but when F.,-i2a M 
2  this preference vanished and Models I and 

2 
II became equally fa'r-Jured to III. The effect of K; 2n M was not 

d 

and 
	

d 



studied because Murayama's treatment was only valid when K <2i M
s
2
. 

It will be noticed that the thinnest film in which stripe domains 

are expected is roughly as thick as a Bloch wall with magnetostatic 

energy neglected. 

In 1967 Murayama investigated a fourth model 

MODEL IV 
	

0 = 0(x,y,z) 
	

0 = 9(x, ,z) 

He found, however, that at the critical thickness the lowest energy 

configuration csatained no modulation in the y direction. This may 

not be the case at greater thicknesses but Murayama's treatment was 

limited to critical cases and can give no guide at high thicknesses, 

being outside the. limits of its application. 

Finally, ..tripe do ains have been reported in thicker permalloy 

films, t = 2.5 - 10 pm, by Krinchik (1968). The structure proposed 

(FIG.(6.5)) from high resolution Kerr work has a form, as might be 

expected, mid-way between the Kittel closure structure and MurayamU's 

Model III. The -;:lagnetisation lies at angles (land  to those of a 

true Kittel structure. 

FIG.(6.3) STRIPE STRUCTURE (AFTER KRINCHIX) 

161+ 



t d 0 
2.5 pm 0.7 pm 370 52° 80 

10 	pm 2.5 pm 18° 46°  4°  

The measured values for d and 0 for the extremes of thickness are 

tabulated together with values for @ and () which Krinchik estimated 

from his Kerr effect studies. The dimensions of this configuration 

in contrast to Murayama's are. now partly dictated by the format Ion 

of definite domain walls. Murayama's Model III was seen in FIG.(6,2) 

to have a series of Bloch lines running parallel_ with the stripes 

through the thickness of the film. Thus Krinchik's model is related 

to Murayama's by the extension of these Bloch lines into walls. 

6.1.2  Stripe Domains in Obliaue Incidence Films 

The first observation of stripe domains in films evaporated at 

an oblique incidence to the substrate was made by Baltz (1966). He 

found that thick films of permalloy,evaporated at angles of incidence 

of 600-80° exhibited stripe domains which ran parallel to the easy 

axis of the film (induced by the oblique incidence evaporation) and 

perpendicular to the vapour stream. 

A completely new type of stripe domain was observed in thicker 

films independently by Tatsumoto et al (1968) with the Bitter 

technique and Pulchalska and Ferrier (1967) by Lorentz microscopy. 

Tatsumoto found in 76:24, Ni:Fe films that only the Saito typo domains 

. existed near saturation and only the new type near remanence. The 

coexistance of both types was observed during a critical stage of the 

magnetisation process, corresponding to discontinuities in the 

magnetisation. 

Pulchalska and Ferrier investigated permalloy films with 

thicknesses up to 3000 R, evaporated at varying angles of incidence. 

Below 400 only the Saito type stripes were present, with the domain 

magnetisation aligned perpendicular to the incident vapour stream by 

the oblique incidence anisotropy, see Metzdorf and Wiehl (1966) and 
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Crowther and Cohen (1967). 

Above 50°  the stripe domains lay parallel wLth the incident 

vapour stream in a more regular structure (d~ 3500 R) and showed 

greater contrast on the Lorentz micrographs, leading to the name of 

'strong stripes'. It is these that were observed by Talsumoto et al. 

At higher angles of incidence (70o and 80
o
) the stripes became more 

complicated although still basically unidirectional. 

Farrier and Pulchalska (1968) reported investigations on the 

strong stripe structures establishing details of the spin configura-

tions by low-angle diffraction (Ferrier and Murray (1966)) as a 

complete circulation of a component of the magnetisation, perpendicular 

to the average magnetisation direction, about the in-plane component 

in the direction of the weak stripes. The average magnetisation in 

the weak stripes did not lie in the plane of the films but varied 

front domain to domain, and 560°  walls formed from Neel lines in the 

Bloch walls to help equalise the magnetostatic fields. These 360°  

walls were also found completely isolated in the middle of a domain 

and were thought to have nucleated on a film imperfection or 

inclusion, to lower the free pole density in that domain. 

At higher angles of incidence the increased surface pole density 

led to the establishment of a complete strong stripe structure. This 

is seen in FIG.(6.4) where one component of the magnetisation vector 

can be imagined as circulating around the in-plane axial comnonent. 

The 1800  walls separating a domain containing strong stripes from a 

reverse magnetised domain are also seen to have degenerated into 90°  

walls and Bloch lines. 

In walls where the magnetisation in the weak stripes on either 

side made the same average angle with the film plane 560°  walls formed 

within the 180°  walls and expanded equally into the domains on either 

side. 

The structure proposed for these stripe domoins by Tatsumoto et al 





was similarl bub it ignored the presence of a constant in'-plane 

component of magnetisation and in so doing was 3.71 clear disagreement 

with the low angle diffraction pictures. 

An analysis of the strong stripe domain structure was made by 

Sukiennicki (1968), and the angles used are seen in FIG.(6.4). The 

magnetisation was assumed to make a constant angle 00  with the y-axis 

and an angle kpwith the z axis. The magnetisation component which 

spiralled around the y axis was taken to make a linearly varying 

angle with the x axis in the zx plane. With the wavelength of the 

structure given by L, = (27t/t)y, where L = 2d, twice the spacing 

of the lines of Bitter colloid. By minimising the total energy 

density (including terms both for in-plane and perpendicular aniso-

tropies) Sukiennicki determined: 

and 

a  ( 

tc 

L 
2 

- 36n2 

[
a 

(6.5a) 

(6.5b) 

5 

A M.4 

7 

_ 

a  -- 

(K1-  K I I 

The spacing d was in generally good agreement with the 

experimental results although three or four times too small. X
II 

had 
(7  been found as wx104  ergs/cm3 and for these films the expression for 

thecritiealthickmessappearsoerreotiftheunknowncis taken 

being greater than 8x105 ergs/cm3. From the work of Sugita et al 
(196?) this was not an unreasonable value. Sukiennicki also showed 

that the proposed structure was energetically favourable to the weak 
Saito st:,ipes if the anisotropies were as expected. 

Limitations on the model were the assumptions that was a 

linearly dependent function of y and. 0
o 

was independent of z. A 
non linear variation of 71  and a variation of 0o 

leading to a dispersion 

of the surface mapnetisation at the expense of anisotropy, exchange 

and volume poles (after Murayama's treatment) would probably have been 
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energetically more favourable. It is clear, however, that the strong 

stripes formed when K1was sufficiently large than the 00  of the Saito 

stripes would hesve approached 900 . 

6.1.3 Stripe Domains in Iron Foils 

In (001) films with <100) easy axes stripe domains would not be 

expected in single crystals of iron. However, foils were prepared 

with a strong (111) texture by Bourret and Dautreppe (1966) and 

examined by Lorentz microscopy to show stripe domains. The walls 

separating the Weiss domains were either 1800 or 1200 or 600  and were 

directed along the [110] or [112] axes. The stripes lay parallel with 

the magnetisation directions and appeared at a critical foil thickness 

of 1300 R, with a spacing d of 1000 R. Observations were made on foil 

thicknesses up to 4000 where the stripe spacing was observed to be 

4500 R. The interpretation of these structures was basically an 

angled Saito weak stripe structure, see FIG.(6.5). 

FIG.(6.5) STRIPE DOMAINS m (111) IRON FOILS 

(AT TER BOURRET & DAUTREPPE) 

The magnetisation, whilst being generally directed towards the 
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[01i] direction, is seen to oscillate in a (100) plane approaching 

the two easy axes [001] and [010] that lie in that plane. The concept 

of magnetisation zones perpendicular to the plane of the foil has to 

be abandoned with the plane of oscillation making an acute angle with 

the plane of the foil, and by so doing avoiding the formation of a 

volume pole density. 

The.magnetostatic energy was approximated by a p* correction 

and an expression for the total energy minimised with respect to 0 

and d. The result showed that this oscillation was energetically 

favourable for foils thicker than 1250 R with an amplitude 0 of about 
300, varying little with foil thickness. The stripe spacing d was 

predicted to increase linearly with foil thickness, but at a rate far 

below that observed experimentally, giving a d value of just over 

2000 R for a foil of 4000 (i1 thickness. 

A full micromagnetic treatment has not been applied to these 

foils, but Bourret and Kleeman (1967) extended the p* correction to 

this particular geometry. The equations required numerical solution 

and gave good agreement with experimental results for the critical 

thickness, but the dependence of the stripe spacing d on the foil 

thickness was far too low. This probably arose from a linearisation 

of the equations at an earlier stage in the calculations. However, 

it is interesting to note that at the critical thickness the angle 0 
was found not to tend to zero, but to about 200. Thus any use of coall 

angle approximations for the determination of the critical thickness 

in this type of geometry is fundamentally wrong. 

6.1.4 The Arplication of Micromagnetics  to Stripe Domains 

Before considering the properties of stripe domains in thin 

platelets the application of micromagnetics to stripe domain 

calculations is considered. 

Exact solutions of Brown's equations of micromagnetism are 

difficult to obtain because of complexities arising from the expression 



for the stray field energy and from the limitation that the squares 

of the direction cosines of the magnetisation vector must at all times 

sum to unity, 
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In a limiting case of M
s
2 
 -->Com, whilst the other physical parameters 

remained finite, the magnetisation configuration would be such as to 

avoid +he formation of stray fields. Thus in this limiting case: 

div M = 	 (6.6) 
M . n = 0 on all surfaces 

where n is the vector surface normal. 

A classical Bloch wall in an infinite body is an example of 

such a distribution. Hubert (1969) applied the limitations of 

equations (6.6) to situations in thin films with the restriction that 
k>> 1 (k = 2A Ms2/10. The opposite limit with k <1 is suitably 

covered by the 11* method. Hubert found that a micromagnetic 

configuration satisfying equation (6.6) did not in general fulfil 
Brown's equations and although micromagnetic equations allowing (6.6) 
were formulated they were not easy to solve for any but linear cases. 

Hubert restricted himself to approximations by a Ritz's method. 

However, this approach has been most important in providing an upper 

bound to the energy of any real micromagnetic configuration. 

An example of such a result was seea in section 1.5 considering 

the theoretical models for Bloch walls. It was seen that La Bonte's 

two dimensional construction of a Bloch wall fell below Hubert's upper 

limit, whereas all previous models had had higher energies, see 

FIG.(1.10). 

Hubert applied equations satisfying zero stray field not only to 

Bloch and Dre'el walls but also to ripple and stripe structures. 

Considering once again the critical case, the critical film thickness 



below which no stripes would be stable tc, in a film with a uniaxial 

anisotropy normal to the film plane, was found to be: 

t
c 
 = 	2n 
	

of A
K  - 1111s 

L 	21t
1 

(6.7a) 

H being applied in a direction parallel with the stripes and 

[2K  -FPMs] 
d = 	

2K + HM 	
t
c 	

(6.7b) 
s 

which for K/2mM -->0 is seen to be in agreement with the result of 
Murayama, see equation (6.4,1I1b) and of Holz and Kronmaller (1969), 

(see below). 

Thimerical calculations were also performed for the stripe 

domains seen in iron foils, to give the critical thickness as 

2  tc = 6.83(. ) 
1 

and the stripe spacing at that thickness as 

d = 7.774 ) = 1.11 tc  
'1 

(6.8a) 

(6.8b) 

Holz and Kronmaller (1969) treated the nucleation of stripe 

domains by considering the critical parameters for which the magneti-

sation began to rotate out of the film plane. Because at this stage 

the magnetisation direction only deviated slightly from the film 
plane the problem could be treated by linearized micromagnetic 

equations. (Murayama's paper was criticised for violating the 

milromagnetic surface conditions and this was avoided in Hubert's 

work). 

Solving the resulting equations, they were able to characterise 

materials by the parameter k, mentioned before (k = 2m M 2/10. 
s' 
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(a) When k>1 and t <tc 
the magnetisation lay in the film plane 

with the domains separated by either Neel or Cross--tie walls. 

(b) When 1,..;>1 and t> tc a stripe structure formed, and as t 

increased above this thickness a continuous transition from stripe 

to bulk domain structures occurred (note the work of Krinchik, section 

6.1.1). 

(c) When k <1 the magnetisation was independent of the thickness 

of the film, lying parallel or anti-parallel with the easy axis down 

to values of t = 0. (Domain structures in these materials are 

established by the nucleation of reversed domains at imperfections 

and dislocations. 

A plot of t
c 
and d

c 
as functions of 1/k displayed these three 

regions graphically and from the positions of the 1/k values of the 

transition ferromagnets the critical thicknesses were found to be 

Ni 
t
c 	

2780 R 

Fe 
t
c 	

1320 R 

co 
t
c 	

233 R 

(6.9) 

A 
At large values of k, tc 

was found to approach the value 2m(--K) 

in agreement with Murayama's result. 

The relative insensitivity of tc  to Ms  for k>>1 implied that the 

formation of stripe domains occurred by a :tray-field free magnetisation 

process, Hubert (1969). With decreasing N values the stray field 

increased in importance. 

To obtain agreement with Saito's experimental results for tc  and 

d a perpendicular anisotropy of 60% of. Saito's value had to be used, 

which may well be acceptable. 

A check was also made on the stripe domains in (111) plane iron 

foils, see section (6.1.3). The value Bourret and Dautreppe had used 



for the exchange constant (0.8 x 10
6 

ergs/cm) was considered too 

low. Using a value of 2 x 10 6  ergs/cm the critical thickness was 

found to be 
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and 

to 	 A = 6.225(7—) 
"1 

d = 1.11 t 

in excellent agreement with equations (6.8). 
The numerical value for t

c 
of 1320 R was too high for Bourret's 

experimental results. The value of d (2930 R) at this thickness 

showed even greater disparity but this was probably because d was a 

sharply varying function of t at this thickness. The disagreement of 

the value of t
c 

itself is probably to be found in the initial assumption 

of Holz and Kronmiiller's equations, that because they were considering 

only critical conditions linear equations could be used. •However, it 

will be recalled from the work of Bourret and Kleeman that even at 

the critical thickness the maximum spin deflection was 	It 

unfortunately looks as if non linear equations will be necessary. 

The approach adopted by these authors is obviously very powerful 

and has scope for further development being limited exclusively by the 

ability to handle the complex mathematical functions. A similar 

approach to the strong stripe structures would also be very desirable. 

6.2 	STRIPE DOMAINS IN PLATELPiTS  

Observations of stripe domains in platelets with negative 

magnetocrystalline anisotropy have been reported by De Blois (1965 end 

1968a). Several types of stripe pattern have been observed, varying 

with the thickness and composition of the platelets. The minimum 

anisotropy <111> axes point out of the plane of the platelets at 35.30 
and the magnetisation turns towards these directions when the 

anisotropy energy is sufficiently lowered at the expense of the 



exchange and magretostatic energies. The <111> directions lie in the 

{11O} and {112} planes, there being a set of six of the former and 

four of the latter. With the exception of the 109°  rotations in the 

{110} planes, rotation from one <111 >direction to another involves 

only a small anisotropy barrier, thus leading to the multiplicity of 

possible stripe structures. These are described in section 6.2.1 

below. 

6.2.1 Platelet Stripe Structures 

Type I stripe domains have been found in platelets which exhibit 

pseudo-positive anisotropy, that is platelets with compositions of 

low, but nevertheless still negative magnetocrystalline anisotropy 

which show structures normally associated with platelets of positive 

anisotropy. In the thicker platelets the 180°  domain walls lie along 

the <100 ) direction and the 90°  walls along the <110> directions with 

the Bitter patterns from the stripes lying parallel with the hard 

<100> directions. This configuration can easily be explained by 

analogy with the stripe domains in iron foils, see section 6.1.3, and 

reference to FIG.(6.5). 

If the stripes are assumed to slant through the platelet in 

{ 110 planes then the magnetisation in a given domain can oscillate 

on a 109°  arc between two <111> directions, but giving a net component 

in a <100) direction. Thus if the surface Bitter pattern shows a net 

[100] magnetisation, the magnetisation in one stripe might lie in a 

(051) plane having a [111] direction and in the adjacent stripes would 

lie in parallel (011) planes but oriented towards the [151] direction. 

It it. unlikely that the magnetisation actually rotates as far as the 

<111>airection in any of the stripes because the surface pole fields 

would reduce this angle, in the manner of a g* correction. 

This structure, although hypothesised from colloid work has been 

confirmed by x-ray diffraction topography. 

Type II stripes are seen as striations in the colloid which they 
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do not gather nearly as readily as the other types of stripe domains. 

They have often been seen in platelets together with Type III stripes, 

see for example FIGS.(6.8 & 9). The structure is thought to be 

similar to that of the Saito stripes with the net magnetisation 

oriented in a <110>direction with an oscillation of the magnetisation 

vector on a 71
o 
arc in the (110) plane towards the [111] and [111] 

directions. The structure of the Type II stripes is probably modified 

in the same way that I4urayama's treatment, see FIG.(6.2), modified 

the Saito stripe structure. Thus the stripes essentially consisted 

of a set of Bloch lines running through the platelet in the <110> 

direction with the surface magnetisation acting as a closure structure. 

The internal flux closure produced by this arrangement is high and 

accounts for the poor colloid collection. 

TtLpe III stripes collect colloid far more strongly than Type II 

yet fit with little disturbance into the <110 >closure structures 

familiar from Chapter 5. The boundary between Type III and Type II 

stripe domains in zero field has been found to lie approximately along 

<100> directions indicating the normal component of magnetisation-

across the boundary to be constant. The stripes themselves lie almost, 

but not exactly, parallel with a [100] direction despite the fact that 

the magnetisation vector oscillates in a (110) plane towards [111] and 

[111] directions. 

De Blois (1968a) noticed a small change in the magnitude of the 

net magnetisation associated with the structural change between Type II 

and Type III stripes. A compatible structure could be constructed, 

however, by assuming (a) the normal component of magnetisation to 

remain constant across the boundary between the two types, (b) the 

magnitude of the net magnetisation in the Type III stripes to be a 

little smaller than in Type II, and (c) a slight divergence of the 

magnetisation to occur near the boundary in Type II stripes to lower 

the normal component across the walls. Type III stripes tend to form 

parallel with an edge, or step in an echelon structure, leading to a 
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smaller divergence of the magnetisation than if Type II stripes were 
to gradually change direction in these same regions. 

Type IV stripea are not uniform through the thickness of the 

platelet and are confined to the thicker specimen. The structure is 

thought by De Blois (1968a) to consist of helical rotations of the 

magnetisation vector through 71°, parallel to a 11101 plane, from 

one :111> direction to another. If, for example, the net magnetisation 

is along the [110] direction then the magnetisation vector in one 

stripe can be taken as rotating clockwise in a (101) plane from the 

[111] direction at the top to the [11'1] direction at the bottom. The 

magnetisation vectors in the neighbouring stripes on both sides then 

point towards the ['Ili] direction at the top and rotate clockwise in 

a (011) plane to point towards the [11i] direction at the bottom. 

These changes in orientation from the top to the bottom surfaces 

of the platelet can be visualised with the help of FIG.(6.6a). The 

magnetisation in a given stripe rotates from the direction T1 at the 
top to B1 at the bottom of the stripe. In the neighbouring stripes 
on either, side the magnetisation at the top points in the direction 

T2 and rotates in a different (110) plane to B2 at the bottom. The 

stripe domain walls lie in the (110) plane containing T1 and B2. 

The resulting stripe domain pattern at the top and bottom of the 

crystal as seen from above is shown in FIG.(6.6b). This structure, 

like those of Murayama and Krinchik provides an increased degree of 
local flux closure. 

De Blois (1968a) has reported a few observations made on the 
behaviour of these stripes under in-plane magnetic fields. The effect 
of the field on the stripe pattern was found to be directionally 
dependent. In some directions alternate stripes became very faint 

or even disappeared, thus effectively doubling the spacing without 

altering the stripe structure, and in other directions the brightness 

remained unchanged but the stripes became asymmetlieally spaced. 
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The 180
o wall in Type IV stripes has been explained as a rotation 

of the in-plane component of the magnetisation through 180°  (over a 

distance where cA 90
o rotation normally occurs) with the vertical 

component reversing sign in the normal way, as seen in FIG.(6.7). 

4-0 

1 
FIG.(6.7) 	180°  WALL IN STRIPE IV DOMAINS 

TI,e„ presence of a 180°  wall cannot therefore of itself be 

detected, with a colloid technique, by its increased local field. 

No calculations have yet been made either to determine theore-

tically the equilibrium stripe spacing or to give any indication of 

the critical thickness at which these stripes form. 

Tyne V stripes (not classified by De Blois) have only been seen 
in the small triangular edge closure domains of platelets. The structure 

of these is thought to resemble the strong stripe domains observed by 

Ferrier and Pulchalska (1963). In both cases it will be noticed that 

the out of plane. anisotropy is not normal to the plane, but for 

different reasons. In films a uniaxial baisotropy arises from the 

oblique incidence evaporation, but in platelets the origin is crystal-

lographic. This helical rotation of the magnetisation allows a region 

of flux closure with net magnetisation narallel with the edge to still 

exist and to form a stripe pattera in thicker platelets. 

The possibilities offered by these five stripe models must be 

considered in the sections following, describing obser-4ations made on 

several platelets. 



6.2.2 Observations on Mixed Stripe Structures 

The coexistence of several stripe structures is seen in 

FIG.(6.8b) on a (100) plane of a nickel crystal with <100> edges. 

The thickness of this platelet is not known exactly, however from 

the Lorentz investigations it would seem to be less than 4000 R. 
This particular platelet had a shape similar to those previously 

seen in FIG.(3.5c), but this is of no importance in considering the 

fine magnetic structure. 

The structure of the main domains seen in FIG.(6.8b) formed a 

familiar closure pattern, but the striated colloid collections within 

these domains suggested the existence of a weak type II stripe 

structure. This was further confirmed by Lorentz microscopy. 

FIC.(6.8a)*, a Lorentz micrograph taken in the Fresnel mode at 500 kV, 

shows a 180°  wall near the centre of the platelet with the fine 

oscillation from the stripes on either side. The stray field from 

these oscillations is too weak to gather significant amounts of 

colloid, and although the magnification of FIG.(6.8a) is not known 

the stripe spacing is thought to be less than 5000 R. 

Small echelon structures only e-icist near the corners of the 

platelet and are formed with a separate type of stripe domain, most 

readily visible in the right hand corner. The small size of these 

domains complicates their stripe pattern. but one of a type III 

structure would seem the most likely. Triangular closure domains 

along the top edge show a type V structure, which will be mentioned 

again later. 

The effect of an easy axis applied field on this platelet is 

seen in FIG.(6.9). During this series of photographs the platelet 

was free to rotate Li the colloid so that the field was known to be 

*FIG.(6.8a) was obtained by Dr. I.D. Pulchalska using the high 
voltage microscope of the Cavendish Laboratory, Cambridge. 
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applied exactly along the easy axis and strain was unlikely to have 

affected the domain pattern. A frequently observed feature of 

platelets with stripe domains was the poor definiVon of the zero 

field structures, which is why the photograph preceding FIG.(6.9a) 

was omitted. 

This photograph, FIG.(6.9a), shows the pattern in a field of 

27 oe where 900  walls were seen to stretch across the width of the 

crystal as the magnetisation 'zig-za',gedi along its length. Weak 

type II stripes were clearly visible but did not show a uniform 

direction in any dcmain. Instead they showed a waving variation 

within the domain and a general rotation away from the field 

direction. At the edges of the domains with magnetisaticn lying in 

the field direction sudden changes occurred to a stronger stripe 

structure, which made an angle of between 150  and 200  with the 

platelet edge and which, judging by the colloid collection, had a 

large stray field. 

It is possible that these edge areas were formed by type III 

stripes. (The boundary conditions between type II and type III were 

discussed in section 6.2.1). It is further possible that the type III 

structures formed because no closure structures (familiar in thinner 

platelets) existed at the edge, and the edge stray field from the 

type III stripes was lower than from the type II. Then in order to 

maintain a constant normal component of magnetisation across the 

boundary between the two stripe regions, a torque was exerted on the 

type II stripes causing them to deviate and the boundary to adjust and 

adopt an equilibrium angle. This engle was not necessarily constant 

because of the changing effective magnetic field in the proximity of 

the edge. 

The effect of progressive increases in the magnetic field are 

seen in FIG.(6.9b) at 60 oe, (c) at 83 oe and (d) at 107 oe. In (b) 

most of the 900  walls had. shrunk to spike domains although faint 

colloid colleCtions could still be seen across the platelet in four 
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Fig. (6.9) Application of easy ax, field 	 H 



places, indicating the remains of possible double walls. The 

striations from the type II stripes decreased, and with the decrease 

in the 90
o walls also rotated back to a more normal angle of about 

45°  with the (100)>edges. The volume of the type III stripes 

increased along all the edges, where they formed a very regular 

pattern. The spike domains themselves were narrow (,-2 Rm wide) and 

showed a similar periodic spacing, in the colloid collection along 

their walls, to the stripes. In FIG.(6.9c & d) the spikes shrank 

back and merge with the strong stripe domains. 

During these processes it is interesting to note how the colloid 

distribution along the edge of the platelet became more uniform with 

increasing field, as the edge became entirely flanked by the type III 

stripes. With increasing field gaps also appeared in the colloid 

stripe formation. In some circumstar.:.es this might have been 

attributed to a lack of colloid particles, but this does not apply 

here and suggests that the magnetisation was lying in the plane of the 

platelet with a certain amount of curling occurring near the edge. 

It is possible that the platelet was of such a thickness that the 

stripe domains were only just stable, and their very presence was 

influenced by the local magnetic field conditions. 

Two further interesting observations are seen in FIG.(6.8c & d). 

Part of the platelet is shown in (c) in a decreasing field of 27 oe, 

i.e. a similar field to that of FIG.(6.9a). The tips of the type III 

stripe regions stretched right out into the type II regions and very 

large colloid clouds gathered where these same fields ended at the 

edges. Finally, FIG.(6.8d) shows the effect of a. 61 oe field across 

the oppc,ite diagonal of the platelet. The 90°  walls stretched across 

the platelet and d fascinating boundary shape formed between the two 

types of stripes. 

The shape of this boundary between the type II and type III 

stripe regions may he influenced by restrictions on the free movement 

of the domains along the edge itself. It can be seen that the 900 
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walls did not always make direct intersections with the edge and 

small spike domains may have existed, thus distorting the local field. 

If, as suggested above, the transition between the stripe types is 

affected by the local field, then the presence of the spikes may, by 

distorting the field, have given the stripe boundary this shape. 

6.2.3 Strive Behaviour in Naanetic Fields 

Observations have been made on several Ni crystals with thick-

nesses in the region of 6,000 R whose stripe domains have shown 

similar behaviour. One of these, a kite-shaped platelet with 

rectangular dimensions 98x90x0.64 um. is discussed in detail. The 

virgin structure of this p?atelet is seen in FIG.(6.10a) and a 

demagnetised pattern at higher magnification in KG.(6.10b). 

Careful inspection of FIG.(6.10a) enabled overall magnetisation 

directions to be ascribed to the domains by analogy with the closure 

structures familiar from thinner platelets. The presence of 180°  walls 

was often manked by a line of colloid separated from the stripe pattern, 

this can be seen clearly in FIG.(6.10b), but the 90°  walls were not 

always so apparent. 

If the magnetisation directions have been ascribed from the 

overall flux closure pattern in the platelet, as has been done here, 

the relationship between the stripes and the magnetisation directions 

in the main domains is established. Each of the main domains 

consisted of several stripe regions where the stripes made an angle of 

80°  with the net magnetisation and 8°  with the nearest [100] direction. 

The stripe spacing remained very uniform with a 0.8-0.9 µm. separation. 

The effeci; of applying magnetic fields, see below, showed the magneti-

sation direction not to be constant in a given domain but to vary 

slightly (as shown by the dashed arrow in FIG.(6.10b)) creating a low 

angle wall between the various stripe regions in one domain. It is 

seen, therefore, that the magnetisation distribution over most of the 

platelet can be explained by a structure based on the type III stripe 
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domains. 

Where the magnetisation changed fairly rapidly over small 

areas, near the edges of the platelet, the stripe .„attern was more 

complex. This can be seen along the bottom edge and the left-hand 

corner of FIG.(6.10b). At the base of some of the echelon structures 

small triangular regions were visible in which the magnetisation lay 

parallel with the edge of the platelet. The stripes, however, were 

normal to the platelet edge, which could only be explained 

satisfactorily if they were assumed -1,o be type V. 

(a) Easy Axis Fields 

The effect of an eas7 [110] axis field is seen is FIG.(6.11)9  

with the initial zero field structure after demagnetisation shown in 

FIG.(6.11a). The main domains stretched across the platelet, but 

these were normal to the easy axis aieng which the platelet had been 

demagnetised. On several occasions when this was repeated the same 

structure fcrmed, indicating its particular stability in this 

crystal. The dark field illumination was slightly cff-set in this 

picture to increase the contrast and emphasise the presence of 

similarly oriented stripe regions. 

With the applied field directed towards the bottom left-hand 

corner only small areas of the platelet had favourably oriented 

initial magnetisation directions (notice especially the echelon 

structures on the upper left-hand side and the lower right-hand side). 

These areas became enlarged at 8 oe, FIG.(6.11b) while areas with 
reverse magnetisation shrank and the remaining areas with neutral 

magnetisatien directions adjusted to accommodate these changes. This 

nz-ocess is seen in a more advanced stage at 16.5 oe in FIG.(6.110). 

The two stripe orientations in the main transverse easy axis 

domains did not behave equivalently under the magnetic field, but one 

orientation grew at the expense of the other, indicating a slightly 

off-set orientation of the net magnetisation within each stripe 
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Fig ( 6.11) Application of easy axis fw/(1 



sector, see FIG.(6.12). 
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FIG.(6.12) SUBDIVISION OF DOMAINS WITH TYPE III STRIPES 

The 900  rotations which subdivided the closure echelons were 

not visible as distinct walls even in zero field. As the field. 

increased the division became even more complicated and the echelons 

on both the left-hand and right-hand sides of FIG.(6.11c) showed a 

complex stripe pattern with the stripes bending through angles of up 

to 200, and even subdividing. The net result of this was to increase 

the magnetisation volume favourably oriented tcards the field 

direction. 

A further three photographs were taken at 26 oe, FIG.(6.11d), 

L1.5 oe, (e), and 59 oe, (f), and show a continuation of the above 

process. In (e) it was still just possible to correlate various 

regions of the platelet to determine how the existing structure had 

been reached, bat in (f) this was no longer the case. At higher 

fields the stripe formation seen in the top right-hand corner of (f) 

formed across the entire platelet. 

The behaviour in higher fields is seen more clearly in FIG.(6.13) 

which shows two -pictures taken from a set on a separate but almost 

9.denticr_.l platelet, at 44 ce, (a), and 55 oc, (b) 	Long sweeping 
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Fig. (6.13) Type 127 stripes in higher easy axis fields 
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stripe areas crossed the platelet, FIG.(6.13a), and the angle 

between stripes in adjacent sections decreased to about 650. The 

stripe width v2ried from about 0.9 gm.in the centre of the platelet 

to 1.3 rim. at the edges. It would appear that the decreased angle 

made with the field direction was unstable, and with a further 

increase in field, a slight rearrangement occurred to give low angle 

stripe boundaries of up to 200, see FIG.(6.13b). 

The stripes finally just faded away at higher fields. The 

beginning of this can be seen on both the left-hand and right-hand 

sides of this photograph. At higher fields the size of the stripe-

less area slowly increased until only small edge stripes remained.. 

Visual observations could only be made to 160 oe. where some stripes 

still remained. It is interesting to note that thinner platelets 

showed -so evidence of domain structure in comparable easy axis 

fields although reverse nuclei probably still existed, as has already 

been discussed. To check whether these were freak conditions the 

platelet was removed and inserted in a 10 k oe field, subsequent 

observation showed the stripes to have returned and their behaviour 

to remain unaltered. 

(b) Hard Axis Fields 

Starting from a magnetic structure identical with that of 

FIG.(6.11a) the effect of a hard [100] axis field was investigated 

on the same platelet. The observed movement of the stripe domains 

is seen in FIG.(6.14) in a field of 16 ce, (a), 31 oe, (b), 49 oe, (c), 

65 oe, (d), 85 oe, (e), and 120 oe, (f). The field was applied in a 

direction from the top to the bottom in these photographs. 

Unlike the case in the easy axis field none of the domains had 

its magnetisation oriented in the field direction, but the left-hand 

and richt-hand structures both showed favourable orientations and 

expanded. The beginnings of this at 16 oe can be seen in FIG.(6.14a). 

On the left-hand side a triangular closure domair with type V stripes 
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(6 14 ) Application of hard axis field 



can be clearly seen, but with reversed magnetisation it shrank in 

higher fields. 

The two main domains of the opposite echelons displaced the 

stripe domains existing in the centre of the platelet and met under 

an applied field of 49 oe, FIG.(6.14c). Smaller regions in (b) with 

stripes in the appropriate orientation also expanded at the expense 

of the. horizontal stripes. This process continued and is seen at 

65 oe, (d), and 85 oe, (e), where a very regular stripe structure 

covered the centre of the platelet. The behaviour of the bottom of 

the platelet is too complex to interpret, and with the minima in the 

anisotropy, the magnetic field and the magnetostatic energies all 

oriented in different directions, this is hardly surprising. Finally, 

(f) at 120 oe shows a further division of the stripes at higher-fields. 

In,.a angle that these stripes made with the applied field 

direct-Ion as a function of that field is shown in FIG.(6.15). In the 

low fields this angle was taken from the stripes in the main domain 

of the left--hand echelon structure. The angle that the stripes made 

with the field would seem from these results to have increased 

linearly with field. An error of + 2°  is shown in FIG.(6.15), being 

representative of the accuracy in setting the p'otractor used to 

measure the stripe angle. In addition to this it will be noticed 

that a slight angular variation also occurs along the length of the 

stripes in a given area, presumably in response to changing values 

of the local field. 

Three photographs were taken in decreasing field immediately 

afterwards, and the stripe angles from these are also shown in 

FIG.(6.-;5). The fact that these lie on a lower curve can be 

tentatively explained by the sequence of measurement. The angles 

taken from FIG.(6.14) in increasing field were measured on a specimen 

that had just been demagnetised along a [110j direction, whereas 

those in decreasing field were from a specimen that had been saturated 
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in a [100] direction. It is thus possible that the surrounding 

areas, having different magnetisation arrangements, had produced 

different local torques on the magnetisation in either case. 

A basis for an explanation of the increase in the angle 

between ;he stripes and the [100] direction has been advanced by 

Leaver (1969). He considered the rotation of the magnetisation from 

the <111> directions by a field replied in the [100] direction, but 

at the same time constrained the magnetisation to maintain a constant 

angle 0 with the [001] direction. He equated the field torque on 

the magnetisation with the rate of change of the anisotropy energy 

due to the angular rotation (see Appendix 'D') and found that the 

field excitation could be expressed by the equation 
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H - 
36.5 sin 40  

sin (1  -0) 
(D.4) 

where 0 is the angle. between the planar component of the magnetisation 

and the [110] direction. 

This function is also plotted in FIG.(6.15) and is seen to be 

almost linear. The structures seen on this platelet have also been 

seen on much thicker platelets (see section 6.2.4) where the 

anisotropy is more important than the magnetostatic energy, which 

suggests that in zero field the magnetisation is already oscillating 

between <111> directions. Thus if the stripe structure itself tends 

to maintain the magnetisation angle 0 with the [001] direction, the 

application of a field causes rotation of the stripe pattern as the 

magnetisation structure rotates towards the (100) plane in the field 

direction, pulling the stripes towards the [110] direction. 

The theoretical values of H in FIG.(6.15) would be depressed 

slightly when the demagnetising field is considered, thus bringing 

the gradient into better agreement with the observed values. This 

field varies according to the position in the platelet of the region 

where the behaviour of the stripes is being studied. 



A similar expression to equation D.4 can also be derived for 

the application of an easy axis field normal to the initial 

magnetisation direction. However, it is apparent from FIG.(6.11) 

that in this case the greater part of the magretisation re-alignment 

is achie7ed by domain wall motion rather than by rotation. 

FIG.(6.16) ECHLON STRUCTURE IN STRIPE DOMAINS 

Evidence from the application of an easy axis field, FIG.(6.11), 

has already suggested that the magnetisation in the various stripe 

regions within one domain is offset from the [110] direction. This 

was shown diagrammatically in FIG.(6.12). Further evidence for this 

is seen in FIG.(6.16) which is a representation of part of the left-

hand side of FIG.(6.14a). In this diagram the triangular reverse 

closure domain (1) is thought, as in the thinner platelets, to have 

its net magnetisation lying parallel with the edge and must therefore 

have a type V stripe structure. The domain walls bounding this 

region will bisect the magnetisation directions on either side if no 

charges are formed along them and the planar components of magneti- 

196 



197 

sation in each domain are equal. This therefore fixes the magneti-

sation directions in the type III stripe regions. Thus, a relation-

ship between the magnetisation and stripes 12 established, and is 

seen in FIG.(6.16) to agree with the previous suggestion, shown in 

FIG.(6.12). 

The magnetisation in region (2) of FIG.(6.16) makes an angle of 

5o with the [110] direction and 60 with the stripes in that section. 

Thus, to get a true comparison between the theoretical and experimental 

curves in FIG.(6.15) for this particular region a -5o  correction 
should be applied to the theoretical curve. Remembering that in this 

region the magnetisation makes a 60°  angle with the stripes, the 

theoretical curve can be converted to represent the angle between 

the stripes and the field. This would then predict an angle of +100  

for the zero field angle with the.sarle slope as the curve representing 

equation D.4. Displacing the curve by +4°, as shown in FIG.(6.15), 

brings it into better agreement with the range of experimental points, 

however the slope remains in error. This suggests that the magneti-

sation and the stripe pattern may not be as rigidly coupled as has 

been implied, and relative rotation may occur with the magnetisation 

turning away from the <111> directions and into the plane of the 

platelet. 

Alternatively, it must be remembered that the rotational theory 

in Appendix 'D' has assumed that the entire magnetisation lies in 

the <111> direction, whereas in any real stripe structure other 

magnetisation directions are also present. If the effect of a 

complete distribution rotating were considered, the equilibrium 

between the torque and rate of change of anisotropy energy might not 

be the same. This would lead to a different dependence of the stripe 

angle on the applied field than given by equation (D.4) and might be 

in better agreement with the experimental results. 

Region (3) in FIG.(6.16) is equivalent to region (2) and 

behaves in the same manner, but the magnetisation in region (4) 



roints 10°  nearer to the field direction than in regions (2) or (3). 

With the increase in field the stripes in this region rotated until 

they lay normal to the field direction, see FIG.(6.14d). The stripe 

spacing had decreased and the magnetisation probably made an angle 

of 25°  with the field direction. Further rotation of region (4) 

appeared blocked by the nature of the structure and the type (2) 

and (3) regions continued to grow at its expense, until only they 

existed. A change in the stripe spacing of the type (4) regions in 

FIG.(6.16) was also observed and may have occurred through a magneti-

sation rotation away from the <111>directions. The effect of the 

blocking of the stripe rotation and the change in spacing precludes 

the application of the above theory to these type (4) regions. 

Further details of this blocking are described in section 6.2.5. 

6.2.4 Stripe Domains in Very Thick Platelets 

Observations have also been made of stripe domains in platelets 

more than an order of magnitude thicker than those discussed in 

section 6.2.3. Two photographs of the virgin stripe structures in a 

triangular platelet, which was approximately 9 µm. thick but not of 

constant thickness, are seen in FIG.(6.17). The first (a) shows 

what is clearly an echelon structure on a [100] edge of the platelet, 

and the second (b) shows an enlarged view of a central domain area, 

with a similar structure to the area at the top right-hand corner of 

(a). 

The central structure (b) shows what must have been two 180°  

walls extending vertically across the field. of view, although there 

was effectively no colloid collection along them but a very precisely 

defined gap in the stripe pattern. Small triangular closure domains 

with an absence of stripe domains were visible on either side of these 

walls, although detailed examination of the original negative showed 

these to be smaller than the photograph suggests. Although shown 

clearly in FIG.(6.1T,) the small triangular regions are not unique 
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(6.17) Stripe domains in very thick platelets 



to these very thick platelets and reference to the work on thinner 

platelets confirms their presence in platelets where the 180°  walls 

are visible, see FIG.(6.10, 11 & 14). Howevs‘r, none of the 

observations that have been made have given any definite indications 

of the magnetisation directions in these very small regions. The 

acute angle between the stripe sections in any domain was 53°  and 

the spacing 1.5 µm. 

The stripe structure in the echelons was more complex than in 

the centre of the platelet, especially near the edge. Examination 

under an optical microscope showed that there was a thickening of 

the platelet along the [100] edge shown and the line across the 

bottom of FIG.(6.17a) was a real thickness contour on the crystal. 

At this edge the platelet was 9 µnethick and decreased to 6-7 µmin 

the centre. A significant increase in the stripe spacing could be 

seen with the appearance of a second weaker stripe between the strong 

stripes and near the very edge a complete set of fine stripes, 

showing the greatly increased width of the main stripes. Distinct 

closure domains were generally not visible and the complexity of the 

pattern was probably due in part to the increased magnetic freedom 

with the thicker edge, and in part to the amount of flux closure that 

was being achieved within the stripe patterns. 

The top wall of the echelon structure in FIG.(6.17a) consisted 

of alternate 180°  and 90°  wall structures. It will be noticed that, 

in a similar manner to FIG.(6.17b), colloid failed to collect along 

the 180°  boundary and the 90°  wall was hardly visible except from the 

alternate intermeshing of the stripes. It would seem that this type 

of strir7: pattern can accommodate a 90°  magnetisation change within 

its structure but not the change required for a 180°  wall. 

The application of an easy axis field to another thick triangu-

lar platelet is seen in FIG.(6.18). The platelet measured 280 p.m. 

along the hypotenuse and was 13 pm. thick. The four photographs were 
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Fig. (6.18) Application of easy axis field in thick platelets 
	 0 



taken from a set and show the behaviour at intermediate fields 

47 oe, (a), 58 oe, (b), 83 oe, (c), and 105 oe, (d). 

Three features were immediately apparent. The major growth 

step and a series of minor ones inside it, which crossed the centre 

of the platelet in an arc, were at no time seen to have any effect 

on the behaviour of the stripes and could be ignored. Thus at these 

dimensions the thickness of the platelet was not critical in 

determining the behaviour cf the stripes. Several vertical lines, 

parallel with the [110 ] direction appeared on all pictures. They 

appeared not to be structural, but exerted a large influence on the 

local stripe structure. Finally, the appearance and behaviour of 

spike domains forming on the [100] edges, then shrinking to disappear 

at higher fields, showed identical overall behaviour with that 

familiar from studies on thinner platelets, without stripe domains. 

At 47 oe, FIG.(6.18a), two spikes had formed on the right-hand 

edge of the platelet and three on the left-hand side, with a fourth 

just emerging in the stripe pattern. The stripe angles both inside 

and out of these spikes fitted the now familiar type III description, 

but the pattern at the apex and along the top of the right-hand side 

showed great complexity and a wide spacing. Due to the proximity of 

the edge the effective field in these regions was lower but the 

kinks and terminations of the stripes were fascinating although 

unexplained. Another interesting region was the low angle stripe 

'boundary ne?r the centre of the hypotenuse of the platelet, formed 

by successive spikes terminating. 

An increase in field to 58 oe, FT(1.6.18b), caused the spikes 

to decrease in size but increase in number, and the reverse closure 

complex to be pushed further towards the apex. This process was 

taken a stage further in a field of 83 oe, (c), with most of the 

platelet covered by large sweeping stripe domains. The effect of 

the vertical lines, mentioned earlier, showed very strongly, but the 
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stripes also underwent slight directional changes for no apparent 

reason. At occasional places across the platelet regions existed 

where the stripes completely disappeared, presumably because the 

magnetisation then lay entirely within the platelet plane. At 105 oe, 

FIG.(6.18d), the stripeless areas dominated the platelet but stripes 

still persisted at the apex. Eventually at higher fields these too 

should disappear. Again it will be noticed that these fields are 

much nigher than those required to remove domains from thin platelets. 

Bearing in mind the greater thicknesses of these platelets it 

is perhaps rather surprising that a type III structure seems to fit 

their behaviour. This, however, cannot be certain because no 

sophisticated quantitative calculations have been performed. The 

possibility of structures similar or related to those discussed by 

Krinchih (1968), see FIG.(6.3), should not be overlooked. 

6.2.5 Complexities in Stripe Structures  

Detailed observations of flux reversal showed many features of 

stripe domains in platelets which are not understood. These are 

discussed in this section in conjunction with colloid pictures of 

stripe domains taken at higher magnification. 

The domain photographs seen in FIG.(6.19) were taken from the 

centre of a long rectangular nickel platelet of dimensions 440 x 27.5 x 

0.66 pm. The virgin pattern from a central region of this platelet 

can be seen in FIG.(6.19a). The magnetisation followed a zig-nag path 

along the [110] directions in the centre of the platelet. Reverse 

flux closure Was achieved by triangular regions containing type V 

stripes, seen clearly on the left-hand edge. 

Several features seen in FIG.(6.19a) are of interest. In 

section 6.2.4 the absence of colloid collections along the 1800  

domain boundaries was noted. In this photograph from a thinner 

platelet the termination of the stripes on either side of the wall is 

clearly visible, with a gap before the colloid collection along the 
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Fig. (6.19) Detailed behavior of stripes with hard axis field. H 



wall itself. A slight increase in the colloid collection was 

sometimes visible at the end of the stripes. This is possibly 

where the magnetisation was locally rotating more rapidly to lie 

in the platelet plane. The 180°  walls, although necessary from the 

overall flux pattern within the platelet do not therefore seem to 

fit well with the oscillations of the stripe domains. This can 

also be seen in FIG.(6.10). 

The forward magnetisation in FIG.(6.19a) appeared to be divided 

by 90° walls across the width of the platelet. At one end the stripes 

lay parallel with these walls but at the other had diverged tl leave 

a triangular closure region where the stripes lay almost in the [100] 

direction. This occurred at opposite ends on alternate walls and 

must have been important for flux closure. Again, regions like this 

can be mound by referring to FIGS.(6.i0 & 11) where stripe domains, 

although not of the type V lay in a [100] direction normal to the 

edge but rotated to connect with [100] stripes parallel with the 

edge. These particular regions played an important part during the 

application of hard axis fields. 

In a field of 6.0 oe, FIG.(6.19b), the reverse triangles with 

type V domains had shrunk and the closure areas of the main domains 

expanded. The entire structure is now seen to resemble a Ngel strip 

with a degree of rotation of the magnetisation'occurring in the 

expanded closure areas. Another interesting feature, visible in the 

photograph, was the splitting of the coroid collection along some of 

the stripes. At this thickness it was not thought to arise from free 

poles on the under face of the platelet, as had been observed in 

thinner platelets, Gemperle and Kaczer (1969). 

At higher fields 16 oe, FIG.(6.19c), 25 oe, (d), and 37 oe, (e), 

these closure areas continued to grow, with the volume of the central 

domains decreasing. At the same time the spacing of the stripes in 

this central region decreased,whilst they showed en increased tendency 
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to lie normal to the field direction and to split. This was 

unexpected as these regions already had a magnetisation component 

in the field direction. It would seem therefore that this structure 

was incapable of rotating fully into the field direction, being in 

some manner blocked, and therefore had to be displaced by the closure 

areas., which were apparently more free to expand. 

This observation together with the behaviour seen in FIG.(6.14) 

suggests that the stripes which lie almost normal to the applied 

field direction show an increased resistance to rotation. This may 

be because stripe rotation is restrained by the overall magnetic 

structure of the neighbouring domains and only rotation of the 

magnetisation within the stripes is possible. Thus the closure 

domains with the intermeshing of the stripes in the two halves may 

provide a 'flexible joint' in the magnetisation structure and expand 

into the centre of the platelet, as seen. in FIG.(6.19). The increased 

magnetic field also caused the spacing of the central stripes to 

decrease, where the magnetisation was probably locally rotating 

independently of stripec,and causing the stripes to split. 

Finally, at 49 oe, FIG.(6.19f), the particular area shown 

contained only stripes originating from the closure domains. A light 

gathering of colloid showed areas where a small divergence of the 

magnetisation occurred at the edge of the platelet, but, in the main, 

the magnetisation must have been directed along the [100] axis. The 

angle that the stripes made with the field direction was, at 30°, 

much higher than angles previously measured for this field, i.e. about 

16°  at 49 oe. It could, however, be that the details of the stripe 

structure were different from that of FIG.(6.14e & f). The spacing 

of the stripes in the hard axis field in that platelet was 1 µm. 

whereas the ones seen in FIG.(6.19f) had a spacing of about 2 µm, i.e. 

twice as wide. A far larger displacement than would seem probable is 

required to make the theoretical curve in FIG.(6'.15) fit this value, 

again indicating that perhaps those stripes are not exactly of the 
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same type as those discussed earlier. 

Gaps in the colloid between successive orientations of the 

stripes could 'or: clearly seen, as well as a non-uniformity in the 

colloid collection. This again indicates the complexity of the 

structures, even in higher fields. 

As an interesting comparison FIG.(6.20a) shows the corner of a 

platelet 6,200 R thick in a field of 27 oe applied along the easy 

axis. A close-up of part of it is seen in FIG.(6.20b). The overall 

magnetisation directions were certain from familiarity with thinner 

platelets, with spike domains formed from the edges, and triangular 

closure domains at the base of the spikes. Yet within this 

arrangement the stripe domains could be seen to execute very complex 

variations for no apparent reason. 

Oliservations were also made on both sides of a platelet with 

stripe domains. Unfortunately, these observations could not be made 

simultaneously but were achieved by completely immersing a freely 

suspended platelet in colloid sandwiched between two microscope cover 

slios, spaced apart with grease. Successive observations were made 

on either face of the platelet, inverting the specimen under the 

microscope. These showed a similar overall structure on either face, 

as seen in FIG.(6.21a & b), but with slight variations in detail. 

A 180°  wall, if visible on one face, was also visible on the 

other.. The absence of colloid in some of the triangular closure 

regions, which has already been commente4, on, occurred on both faces. 

A slight displacement of the stripes on one face compared with the 

other was possible but not completely proved. The nature of the 

stripe pattern in corresponding regions was similar although in 

detail there may have been differences. These differences are at 

the limit of resolution of the colloid and may even have arisen from 

slight obstructions to the free flow of colloid over both faces. 
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Fig. (6.21) Stripes on opposite faces of one platelet 
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Fig. (6.20) Spike domains in stripe platelets 



6.2.6 Summary of Stripe Observations  

Earlier sections have attempted to fit a crude model to 

explain the many varied stripe structures observed in platelets. 

De Blois (1968a) had observed the type IV structures in thicker 

platelets. No evidence of this structure has been found. The best 

approximation is the type III structure with magnetisation 

oscillating about the plane of the platelet angled at something 

near 45
o 
to the colloid collections, however such a description is 

still obviously insufficiently sophisticated. 

In zero field the flux closure patterns can be correlated with 

familiar structures in thin platelets. Yet the domains themselves 

are often subdivided into regions containing similar stripes, but in 

different orientations, and the stripes in the sub-domains can show 

angular variations of up to 20°. At the same time the stray field 

produced and the change in orientation between two sets of adjacent 

stripes in neighbouring domains separated by -a 90°  wall may be no 

greater than within the same domain. This, however, is not the case 

when the domains are separated by a 180°  wall, and a distict break 

exists in the colloid pattern. 

There is little change in structure through the thickness of 

the platelet in the thinner stripe bearing platelets. The fact that 

structures in platelets an order of magnitude thicker appear to be 

similar suggests that this may also be the case with these. At the 

bottom end of the thickness range the ty-±,e III structures are found 

to be compatible with the type II Saito stripes, and at the top end 

of the range the circle Bloch lines, which probably exist through 

the centre of the platelet, expand to become Bloch walls. 

The behaviour under both easy and hard axis fields is very 

complex. In the case of the former, long sweeping stripes form 

across the platelet with decreasing separation in increasing fields, 

until they finally disappear. The field necessary to saturate a 
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stripe bearing platelet in the easy axis is much higher than for a 

thin platelet and approaches the anisotropy field value. In the 

case of hard axis fields short sections of stripe domain form making 

an angle with the field direction which is a function of the applied 

field. These sections of stripes become shorter with increasing 

field. 

No model has been found.which adequately fits the many 

characteristics observed. The stripe patterns seen over quite large 

areas, in high fields or zero field, suggest that they may be formed 

by a reasonably simple magnetisation distribution. In this distri-

bution the mean magnetisation is loosely coupled to the stray field 

pattern and its net direction lies somewhere in the region of 45°  to 

the stripe direction. The first step to an understanding of these 

complex stripe structures requires a micromagnetic calculation but 

more limitations must first be put on possible models to enable this 

to be done. As these structures have been observed on nickel any 

calculation will probably have to include magnetostrictive terms. 
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CHAPTER 7 

MAGNETOSTATICS IN PLATELETS 

IN  

In section 1.1 of this thesis the terms which contribute to 

the magnetic free energy of a body were examined and an expression 

obtained for the total energy. Various terms in the expression are 

dominant according to the size, shape and nature of the material 

body being considered. In the case of the ferromagnetic platelets 

studied in this thesis the macnetostatic energy played an important 

part in determining their behaviour, seen clearly in the observations 

reported in Chapters 5 and 6. Unfortunately, the magnetostatic 

energy of these platelets is difficult to evaluate and makes direct 

comparison between their observed behaviour and any theoretical 

models complex, air exception being the reel strip treated in section 

5.2•4. 

The magnetostatic energy was shown in section 1.1.4 to consist 

of two terms, that arising from the applied field, Ho, and that from 

the material itself, H , so that 

H = H
o 
 H 

— (7.1) 
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and 
EH 

=
o 

(H 	H ) . M dt (1.7) 

Unlike H H usually lies in a direction such that H . M is 

negative. 

The Maxwell eqaations for the magnetostatic field are: 



curl H = 0 

div B = 0 

rlo (H 	M) 

in M.K.S. units 

(7.2) 
(7.3) 

(7.4) 
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and from (7.3) and (7.4) 

div H = - div M 
	

(7.5) 

Because the curl of the magnetic excitation is at all times 

zero it is possible to express H as the gradient of the magnetic 

scalar potential 

H = - grad 0 

and from equations (7.5) and (7.6) 

.72 0  
div M 

W-,.th the potential itself expressed as a combination 

and volume pole densities, as seen earlier 

1 	ds 	irdiv M I— M . — ,, i 	_ 

° = 41 	r 	- 41c 	r 
	 dz 

S 	.v 

With the volume integral taken over the entire 

(7.6) 

(7.7) 

of surface 

(1.5) 

volume of the 

specimen and the surface integral over the enti:'e 

principle therefore the magnetostatic energy of an 

may be calculated by first evaluating the magnetic 

using equation (1.5), determining LI from 0  using 
- I 

finally combining H with M according to equation  

outside surface. In 

y charge distribution 

scalar potential 0 

equation (7.6), and 

(1.7) to give the 

magnetostatic energy. 

Alfernatively we may write 

E11 = - -2- 	H . M (It 

V 
which by using equation (7.6) becomes 

EH' = 2 o  Frad 0 . M dL 

V 

(1.6) 



V 
which by using Gauss's theorem becomes 

E, I  = 2 p, 
0 

jr

div (0 M) dt 
1 
2 11

0  

and can be rewritten as 

div M dz 

E
H 

= 2 g
o 

0 M . ds.-
o 	

div 11 dz 	(7.8) 

S 

In magnetostatic calculations M is usually assumed to be uniform 

within the specimen so that the second term may be neglected. 

Thus 

-1/1 
 = 1 go  I 0 M 

	
ds 

(7.9) 
or E

H
' 
	

[to 	C ds 

where cr = M . n 

In this chapter a short review is given of the methods that have 

been used to evaluate magnetostatic energies. This is followed by a 

description of an incomplete attempt that has been made to evaluate 

the magnetostatic energy of a platelet, entirely numericallyl and to 

incorporate this in a total energy expression. One of the simplest 

examples of the movement of domains is seen in FIG.(7.1). It should 

be possible to predict this observed behaviour from a minimisation of 

the fundamental .expressions for the various energy terms involved. 

However, this has not yet provided definite answers. 

7.1 	EVALUATION OF MAGNETOSTATIC ENERGIES 

Reference has already been made in section 1.1.4 to the 

evaluation of magnetostatic energies of specimens whose shape can be 

approximated by that of an ellipsoid. However, such calculations are 

of limited range and of little interest in explaining domain behaviour. 

Other approaches have therefore been made in attempts to enable domain 
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Fig. (7.1) Growth of Spike Domains 
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calculations to be put on a stronger theoretical foothold. 

7.1.1 Fourier Methods 

One important technique has been the application of Fourier 

methods in evaluating the energies of infinite periodic domain structures. 

This was first applied to the important problem of a thin plate with.  

parallel strip domains, see FIG.(7.2), by Kittel (19L16). 

1 I 

D 

FIG.(7.2) THIN PLATT WITH STRIP DOMAINS 

Kittel calculated the magnetostatic energy density per unit area 

of a single plane of alternating strips as 

E
H
' = 0.8525 M 2  D 
	

(7.10) 

Fora thin plate he took the value as being double that for one 

surface, i.e. 1.71 Ms2  D. This only strictly applicable when t)› D 

and interactions between the surfaces can be neglected. Malek and 

Kanbersky (1958) included this interaction and determined the energy 

per unit area as: 

A 

t 



16 M
s
2 D 

p _H   

not 

3(1-1  D ) 2 
(7.11) 

00  
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where n is odd. 

As t --> oo equation (7.11) becomes equal to (7.10). 

Silcox (1963) considered the case when both the magnetisation 

and easy axis were inclined to the plate normal but the expression 

required an experimentally measured 17arameter to generate the results. 

A completely theoretical expression was derived by Jakubovics (1966b) 

which was confirmed by Lorentz microscopy observations made on cobalt 

foils. 

By expanding the potential in two Fourier series taking different 

forms inside and out of the plate, afer Goodenough (1954), Kooy and 

Enz (1960) investigated the energy of reverse domains in a partially 

magnetised plate. They also considered the case of a single reversed 

cylindrical domain in an infinite plate. 

The double Fourier series, suggested by Kittel (1949) was used 

by Spacek (1959) to calculate the magnetostatic energy of several 

different infinite strip, checkerboard and echelon structures on a 

single plane, all of which had zero overall charge. Simple and complex 

honeycomb structures were evaluated by Kozlowski and Zietek (1966) and 

concentric squares by Di Chen (1967). 

7.1.2 Direct Integration 

In crystals where the domain structure is large in relation to 

the size of specimen, which can no longer be regarded as infinite 

Fourier methods are no longer suitable. It therefore becomes necessary 

to use numerical methods to evaluate the integral of equation (7.9). 

Rhodes and Rowlands (1954) considered the problem of a bounded thin 

plate, i.e. similar to that shown in FIG.(7.2) but only containing a 

few domain walls in total. They expressed the mutual energies of two 



parallel surface charge distributions as 
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(x2y2
) dx

2 

dy1  

dy2 	(7.12) 

i.e. 0,,is the scalar potential at some point on surface (2) due to 

the integrated charge distribution of surface (1). The interaction 

energy between charge distributions is positive if they are of the 

same sign and negative if of opposite sign. 

A calculation of this type was used by Craik and McIntyre (1957) 

to evaluate the critical size for the adoption of a single domain 

state by a rectangular block, as a function of its aspect ratio and 

of the orlbient field. 

In a review of the magnetic domain structures of small crystals 

by Craik (197(i) this approach was extended to evaluate the equilibrium 

number of domains in a small uniaxial crystal as a function of its 

dimensions. This gave the interesting result that above certain 

ratios of crystal dimensions only odd numbers of domains are predicted. 

Craik also showed that in a very simple case the equilibrium position 

for a domain wall in a crystal need not leave the crystal in a 

demagnetised state. 

7.1.3 The  a* Correction 

A decrease in magnetostatic energy can occur in crystals with 

out of plane easy axes by a rotation of the magnetisation away from 

these axes and into the plane of the crystal. The surface pole 

density is reduced at the expense of introducing anisotropy energy 

and a volume pole distribution, and thus is more likely to occur in 

materials with low anisotropy. Corrections of this type are generally 

known as If' corrections and were first used by Williams et al (1949). 

They derived an expression for the effective permeability normal to 



the easy direction as 
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p.* = 1+ (7.13) 

 

    

(The permeability parallel with the easy direction is assumed 

unity since the magnetisation in that direction cannot be changed 

appreciably). 

This allows the total energy of the system to be written as 

2 I o-0 ds, where cris the surface charge density on the assumption of 
infinite anisotropy, and 0 is the potential at the surface evaluated 
from a charge density o- on a material with permeability It*. 

By using this technique Fox and Tebble (1958) investigated 

energy reductions in high crystalline anisotropy materials as a 

function of the angle made with the basal plane. It has also been 

applied to the open Kittel type structure in uniaxial materials, and 

to the magnetostatic field in thin plates showing stripe domains, as 

was seen in section 6.1. 

7.2 NUMERICAL APPROACH TO DomAIN BEFAVIOUR IN PLATELETS 

Although the methods described in section 7.1 have been useful 

in evaluating the magnetostatic energies of periodic magnetisation 

distributions they are unsuitable for the situations that exist in 

thin platelets with planar domain configurations. Often no symmetry 

,or periodicity exists in the platelets and an attempt has therefore 

been made to evaluate the energy completely numerically. 

Sommerfeld (1952) considered the cane of a cylindrical bar magnet 

of length 21 and evaluated the magnetostatic potential produced by a 

uniform pole density on the circular faces at either end. He showed 

clearly the relationship between the magnetic excitation, H', the 

field, B, and the magnetisation M. This is shown in FIG.(7.3) where 

the field Quantities are given as functions of position along the 



axis of the magnet. 

FIG.(7.3) DEMAGNETIZATION OF A UNIFORMLY MAGNETIZED BAR 

The magnetisation is zero outside the body of the magnet and 

has a constant value M inside. The magnetic excitation H' is at all 

times negative inside the bar and thus has a demagnetising action 

with a very small value in the centre, but increasing to reach a value 

of _M/2 at either end. At the surface itself H' becomes +N/2, with. a 

discontinuity M, and thereafter outside the body follows the magnetic 

field values, being related by B = µ
o
H. The magnetic field itself 

attains almost the full magnitude 40M at the centre of the bar, but 

is only half as large at the ends, and is of course continuous, in 

keeping with the boundary conditions at the surface. 

Thos approach was extended by O'Dell (1960) who studied the 

magnetic excitation inside a cylindrical thin ferromagnetic film. 
The geometry of this situation was such as to give an expression for 

the magnetic potential 0 and excitation H'. The expression for 0 was 

valid at any point within the film, except within a distance t of the 

end, where t was the thickness of the film, because the integrand for 
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0 contained a singularity at this point. The excitation within the 
neighbourhood of either end was calculated from a separate expression 

which ignored the contribution from the opposite end and avoided the 

singularity, but was only valid near the one end. This limitation on 

the general expression for the potential is important in the platelet 

work considered below. 

A set of photographs, FIG.(7.1), had been obtained recording 
one of the simplest domain movements observed in platelets, and the 

work below is an initial investigation of this behaviour. 

The formation and behaviour of spike domains, near to saturation 

in increasing and decreasing fields applied along the easy axis of a 

platelet, has already been noted in Chapter 5. FIG.(7.1) shows in 

detail a decrease from saturation in a (100) plane trapezoidal 

platelet. Initially the large stray field which had existed along 

both of the [100] edges at saturation was lowered by the formation 

of numerous small spike domains, seen at 21 oe. in FIG.(7.1 a). These 

grew out, and at the same time decreased in number at 16 oe. (b) and 

further 11 oe. (c). At this stage, however, only some of the spikes 

continued to enlarge whilst others shrank, 8 oe. (d), continuing at 

6 oe. (e). With a further decrease in field to 4.9 oe. (f) the spikes 

themselves became so wide that small closure structures formed at 

their own base. At 4.85 oe. the uppermost spikes on either side 

extended until they touched, and the remainder collapsed back FIG.(7.1g). 

.Finally with a further slight decrease in field to 4.8 oe. the Bloch 

line which must have existed at this tip extended to form a vertical 

180°  Bloch wall, seen in (h). 

Thus initially many spikes formed along the sides of the platelet, 

to lower the magnetostatic field on the <100> edges. With decreasing 

fields some spikes continued to grow and others to shrink, with the 

total number of spikes gradually decreasing, until eventually the 

configuration was changed by the formation of the 180°  wall. As the 

process was performed quasi-statically over a period of several 
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minutes, this behaviour was assumed to represent successive equilibrium 

structures. Although initially a larger number of reverse domains 

were nucleated observations have shown that it is unfavourable for 

these all to grow. This type of behaviour has not previously been 

reported and is still unexplained. If it is assumed, and it would 

seem reasonable to do so for this type of behaviour has been seen on 
many occasions, that the platelet is always in its lowest free e'lergy 

state, then energy minimisation calculations should give a prediction 
as to spike length and behaviour. This is investigated below. 

7.2.1 Evaluation of Magnetostatic Field of Saturated Platelet 

The magnetostatic potential at any point inside a saturated 
trapezoidal platelet seen in FIG.(7.4 a) is given by 

r 

If the magnetisation is assumed uniform throughout, the demag-
netising field at the point (z,x) is given by 

H'(z,x) = 30 
ax and H'(z,x) = - az 

The total demagnetising energy of the platelet is then given by 

E
H' 
= p

o 
Hg 's  do 	 (7.15) 

  

volume of 
platelet 

(11'.M being zero at every point). 
-x -s 

Alternatively, the platelet can Le imagined as consisting of a 

series of n parallel bars all having the same uniform magnetisation 

and cross secticn, as seen in FIG.(7.4 b). The total surface area of 

the end has been reduced by 42 , if faces normal to the x-direction 

are disregarded, therefore M is replaced by1-2714 to compensate for -s 
this change. 
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Fig. (74a) Geometry used 'lid(' saturated platelet 

Fig. (7.4b) Synthesis of platelot by strips 



The potential at any point can now be written as the summation 

of the potentials 1,roduced by each strip separately at that point 
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0 (z,x) = (7.16) 

where AS is the cross-sectional area of a strip. 

The demagnetising energy at the point (z,x) remains as 

µ
o 
 Hqz,x) N. If the platelet is thin any variation in rli  and 

r2i  through the thickness of the platelet can be neglected when 

integrating over the end surfaces. Using the symbols defined in 

FIG.(7.4 b) the potential at (z,x) can be written as 

t dx"  

[(z14-1-z)24-(x"-x)9i  

t dx"  

[(zt-l-z)2+(x"-x ) 

n "
s 
4.N 

 

 

J 
x'-m 

 

= 1 

 

(7.17) 

It is more convenient to differentiate this expression with 

respect to z before evaluating the integral and this gives q(z,x). 

Rearranging equation (7.15) using (7.17) the demagnetising 

energy can be rewritten in summation form as 

E
H' 

=
o s H'(z,x) Sz gx 	(7.18) 

(the summa ion being carried out over all co-ordinates (z,x) inside 

the area of the platelet). 

This expression is not valid within distances ,--et from the edge 

of the platelet and such regions are omitted in evaluating equation 

(7.18). 

The accuracy with which the bars substitute for the edge distri-

bution increases with the number of bars, i.e. as the end steps 



degenerate into a slope. 

A simulation of a saturated trapezoidal platelet of base length 

150 gm, height 50 gm and thickness 0.2 gm was made using strips of 

1 gm width, i.e. putting n = 50. The value of Hz(z,x) was determined 

over a mesh of co-ordinates, and at each co-ordinate was taken to be 

the value appropriate to the surrounding 25 sq. gms. A computer 

program was written which evaluated the ratios H'(z,x)/Ms 
and H'kz,x)/M

s 
over this mesh of co-ordinates using equation (7.17). The scalar 

product 2* g M .H'(z,x) was at all times zero because M was assumed to 

lie uniformly along the z axis, and the product 2 µ M .Hqz.x) was at o —s —z 
all times negative because the demagnetising field, opposed the 

magnetisation. The value of Ms  for Ni is 5.5 x 105  amps/m, and for a 
platelet of this volume (10-15  m3) the total demagnetising energy given 

by eouation (7.18) is found to be 3.9 x 10-13  joules. The applied 

field necessary to saturate the platelet was taken as 5 x 	wb/m2 

making the applied field energy 2.75 x 10-12 joules. 

With the magnetisation lying entirely along the [110] direction 

the cosines of the magnetisation vector are al  = 2 , a2  = 2 and 

a
3 

= 0. Taking the value K1 from section 1.1.2 as -5.7x103  joules/m3  

this gives the total magnetocrystalline anisotropy energy of the 

platelet as 1.42 x 10-12  joules. If saturation is achieved entirely 

by wall motion, as happens when an easy axis field is applied, the 

anisotropy energy can be regarded as constant, and can therefore be 

'neglected. If rotation occurs this is no longer true and allowance 

would have to be made for this energy change. 

In addition to calculating the tctal energy of the platelet 

the computer program enabled the magnetic excitation to be plotted as 

a function. of position at any point in the platelet. A typical result 

of the computations is seen in FIG.(7.5). The plots show the variation 

of H and Hx, normalised with respect to Ms, along a centre axis of 

the platelet, AB, parallel with the z axis. They are included to 
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demonstrate the degree of variation within the platelet, with the 

largest contributions arising near the pole densities at either end. 

Little variation occurred in the excitation in a line close to and 

parallel with the role densities at either end. It began to increase 

locally in the region of the corners, but these areas are in any 

case outside the limitations of the model. 

7.2.2 Platelet With Mixed Edge Distribution 

In the previous section the magnetostatic potential at any point 

in a saturated platelet was found by a summation process. This may 

have appeared cumbersome for. tha saturated platelet whose edge 

contributions could have been determined by direct integration, 

however, it has a wider flexibility. 

When reverse domains form at the platelet edge the charge 

distribution is no longer of uniform sign. This can be easily 

reproduced in the summation process because any combination of positive 

and negative contributions can be included whereas direct integration 

would have been impossible. The effect of the formation of any 

distribution of reversed domains on the magnetostatic field from the 

edge is thus easy to study. 

The effect of a non-uniform edge charge distribution resulting 

from spike formation is seen in FIG.(7.6). The variation of H
z 
across 

the width of the platelet is plotted for two cases. These are shown 

with a dotted line in the case of a saturated platelet and with an 

interrupted line for a non-uniform charge distribution. Two scans 

across the width are given for each case, the first, 'A', is made at 

a distance equivalent to 3 µm from the edge and the second, 'B', at 
8µm. 

In the saturated platelet H
z does not vary substantially across 

the width of the platelet although it does increase towards the end 

marked X1 At 8 pm from the edge it has a value of its value at 

3 µm. Regions of reversed edge charge were included at locations 
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indicated on the axis in FIG.(7.6) and their effect seen by the 

share of the solid curve. Emphasis should not be placed on the 

detailed share of this curve because it is to an extent dictated by 

the resolution of the evaluation points. 

The 'A' scan at 3 µm shows an average Hz  value with reversed 

charges half as large as that of the saturated platelet. The 'B' scan 

at 8 dam however, shows negligible change in its average value as the 
localised effect of the reversed rerrions begin to even out. 

7.2.3  Energies in Platelet With Snike  Domains  

Both Hz/Ms 
and H/11 were seen in FIG.(7.5) to fall to low 

r. s 
values in the centre of the platelet away from the edge charges. 

Calculations can therefore be simplified by assuming that the field 

at any point in the platelet arises only from the nearest edge, the 

contribution from the far edge being neglected. Having made this 

change it is also more convenient to rotate the orientation of the 

platelet within the co-ordinate system. The geometry of this new 

position is shown in FIG.(7.7). 

When a platelet with spike domains is considered the magnetostatic 

potential at any point (z,x) can be divided into two contributions, 

that from the edge charges, and that from the 900  walls which do not 

lie exactly along the <100> directions. 

If the edge is subdivided into n equal segments, each of edge 

area AS whose charge can be positive or negative, the contribution to 

the potential at (z,x) from these edge charges can be expressed as 

0'11 (z,x) = 
	 (+)i (1Le 2/4--)AS 

i 	
j 	r. 

(7.19) 

where r. is the distance from the icth segment to the point of 

evaluation (z,x). 

Again, .any variation. in ri  through the thickness of the platelet 
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Fig. (77) Geometry used to evaluate energy Of platelet with 
spiko aomains 



is neglected and equation (7.19) becomes:- 

n 	z'+l 

f
0E  

7: (z-z")2+(x-x1).12  
i = 1 

4 
 z'-1 [ 

(7.20) 
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This expression is differentiated with respect to z and x to 

give (H' )E  and (H'
x
)
E 

at every point and this field, resulting from the 

edge charges, is assumed applicable over the local area gz gX. 

Tne potential at the same general point (z,x) from the charged 

spike domain walls may also be evaluated. The reason for their charge 

may be understood by reference to FIG.(7.8) 

FIG.(7.8) CHIME FORMATION ON SPIKES 

The magnetic charge formed per unit length of the wall is given 

by 

(M
s 
cos 0

1 
- M

s 
cos 0

2
) t 

But 01  = (45 - 0) and 02  = (45 + e) and the expression therefore 

simplifies to 

FMs t sin 

It is apparent that the sign of the charges un either spike wall 



H'(z,x) = (H' ), 
Z 

H'(z,x) = (H')- + x 

>n  

LJ 
n 

are identical, and opposite to the edge charges at the base of the 

spike. 

The potential at the point (z,x) from a spike of base width 2co 

and length L can be written as 
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IT M
s t sin 0 

L 
[ 

Qf  s  
(z,x) 

-
I  n 	1 

cos 0 	r
s1

0 

  

s21  
dx 	(7.21) 

 

where rs1 and r
s2 

are the distances from the two area elements of 
GX 

length - 
cosh 

 on either spike wall. 

The quantities sin e and cos 0 in equation (7.21) can be expressed 

in terms of w and L, and r
s1 

and r
s2 

as f (z,x,p,q,w & L). This enables 

the magnetostatic potential at (z,x) from one spike of length L, semi-

base width co, and base co-ordinates (p,q) to be evaluated. The 

expression is differentiated with respect to z and x, before evaluating 

the integral, to give (H') and (H') at any point from this.one spike. 
z s 	x s  

This field at (z,x) will in general arise from contributions from 

several spike domains and the appropriate values for rs1 
and r

s2 
must 

be substituted in equation .(7.21) to enable the contribution from each 

of the spikes to be included in the total value for (H') and (H') 
z s 	x s 

If the case of a platelet with n spike dcidiains is considered, 

with a certain fixed edge distribution the total demagnetising field 

at the point (z,x) is given by 

(7.22) 

  

wlere n sums the contributions from all the spikes. 

The total magnotostatic energy can no longer be found by an 

expression directly analogous to (7.18) because M does not bear the 

identical relationships to H' and H' over the enure platelet. This 



is illustrated in FIG.(7.9). 

FIG.(7.9) RELATIONSHIP BETWEEN M
s 
AND FIELD 

For locations outside the spikes the total magnetostatic energy 

is 

1M H' (z, 	cos 135 + M Ht(z,x) cos 135 1 gz gx 1 	r- 
E
ll' 

= -2- u
o 	----1  L S Z 	S X 

X z 
outside 
spikes (7.2'3) 

and for locations inside the spikes 

 

\ , T 
i 	

I N HT(z,x) E171 . If u 	cos 135 4- iq 11 1(z,x) cos 45 ] Sz Ex 
' o / 	L 0 Z 	s X 

x z 
inside 
spikes 

By adding together these two expressions for the areas where 

each is appropriate the total magnetostatic energy of the platelet is 

obtained. This is the value appropriate for a platelet with a given 

edge distribution and spikes defined by parameters c> and L, where the 

values for w correspond to the chosen edge distribution. 

Other terms in this expression for the total energy of the 

platelet are mo.,:e easily ca]culated. The applied field energy 

f
N .H d-is constant over the entire volume of a saturated platelet. 
.-3, --o 

When spikes are formed the magnetisation within the spikes lies normal 

to the applied field, and thus M .11 = 0 in these regions. This can 
—s —0 
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be seen in FIG.(7.9). The effective volume ever which N .11 = M H 
—s —o 	s o 

is taken as the volume of the platelet excluding the volume of the 

spike domains. 

The wall energy can easily be calculated as the prodact of the 

total spike wall area and the assumed energy density of these walls. 

For convenience this energy density is taken as 1 er cm
2 

 • 

The anisotropy energy of the platelet does not effectively change 

with the presence of the spike domains because the magnetisation 

remains in the same relative orientation to the <111> directions. 

A computer program was written which enabled the applied field, 

the magnetostatic and the domain energies to be calculated for a given 

spike distribution present in the platelet. 

One investigation has considered a trapezoidal platelet with 

base 150 is, width 50 pm, and thickness 0.2 pm, containing 10 spikes 

of base width 2 to on the <100> faces. The computer program evaluated 

the energy contributions to the total energy of the platelet as the 

length of these spikes changed from 1 to 20 is. The variation of the 

various terms with spike length are shown in FIG.(7.10) for an applied 

field of 15 oe. 

The magnitude of the applied field energy decreased as the length 

of the spikes increased because a smaller volume of the platelet had 

magnetisation lying along the field direction. The wall energy showed 

an expected linear increase with spike length and the magnetostatic 

energy a decrease which was only linear above 8 pm length. The 
resulting value for the total energy showed a slow change with length 

and a shallow minimum at about 3 pm. 

Comparison can be made here with FIG.(7.1 b) where, for an 

almost identical field, the spikes had an observed average length of 

about 7 pm. Two factors may account for this difference. The 
photograph shows a slightly greater number of.spie domains and the 

"2-33 
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presence of these might displace the position of the energy minimum. 

In addition the colloid particles between the spikes are seen to have 

collected over the edges of the platelet itself, suggesting a possible 

rotation of the magneiAsation out of the platelet plane. To 

incorporate this effect local anisotropy energy changes would also 

have to be calculated. This would be difficult, but their omission 

may account for the difference between the two results. 

Several precautions had to be taken during computation to ensure 

that no evaluations of the magnetostatic fields were made at locations 

on or very near to the spike walls. Due account was also taken in 

the summations of the difference in the magnetostatic field energies 

inside and out of the spikes, following equation 7.23 and FIG.(7.9). 

The base widths of the spikes were chcsen and then two parameters 

external to the computer program remained to be fixed, the wall energy 

of the spike walls and the value of the applied field. If these were 

kept within the limits of reasonable expectation the minimum in the 

total energy remained shallow, as shown in FIG.(7.10). This small 

change makes an investigation of the energy changes associated with 

the relative changes in spike lengths with field, as seen in FIG.(7.1), 

a dubious proposition. 

The physical interpretation of FIG.(7.10) is of an interchange 

of magnetostatic energy with wall energy in the platelet as the spikes 

increase in length. This shift is recorded in the overall energy 

changes within the platelet. However, th3 change is localised and 

becomes masked by the larger volume of the platelet which remains 

virtually unaffected by these changes. It will be recalled from 

FIG.(7.6) that although at 3 km from the edge the average internal field 

in a platelet with reversed domains was substantially lower than in a 

saturated platelet, at 8 4m. this difference was much less. This 

suggests that if an explanation of the spike domain behaviour in 

FIG.(7.1) is to be sought from an energy stand point attention should 

be paid to the local energy changes occurring near the platelet edge 



rather than searching for a minimum in the overall free energy of the 

platelet. 

Domains were L,troduced in Chapter I as being the result of two 

opposing requirements in a magnetic body. Their presence enables the 

total magnetic free energy to be reduced to a minimum value while 

maintaining low exchange, anisotropy and magactostatic energy 

simultaneously. FIG.(7.1) shows some of the simplest domain configurations 

that have ever been observed, yet the mathematical analysis of the 

behaviour of these spikes by a consideration of the free energy is not 

straightforward. 

It is stressed that this work is incomplete but the indications 

are that it might be more informative to consider the energy changes 

occurring in restricted regions or else to work in terms of the field 

forces acting between the spike domain walls in the platelet. 



CHAPTER 8 

CONCLUSIONS  

8 . 1 	atTlaLARY 

In Chapters 5 and 6 of this thesis observations on the domain 
properties of ferromagnetic crystals have been reported. In negative 

anisotropy platelets with (100) faces the domain structure is 

critically dependent on crystal thickness. At thicknosses less than 

4000 R planar domain configurations exist, but with increasing 
thickness the anisotropy, with easy axes in the <111> directions, 

becomes increasingly important. Structures in these thicker platelets 

thus arise from a balance, mostly between the anisotropy and magneto-

static energies, and form the stripe patterns discussed in Chapter 6. 

The small size of these platelets causes their behaviour to 'tle 

substantially influenced by the magnetostatic fields arising from the 

edges of the platelets. It is this same demagnetising field that 

accounts for the nature of the virgin domain Structure, and the 

formation of echelon structures on <100> edges in negative anisotropy 

platelets or <110 edges on positive anisotropy platelets. In platelets 

with low anisotropy the magnetostatic energy becomes relatively more 

important and wall structures form in configurations which avoid the 

formation of any edge fields, and for this reason sometimes adopt 

unusual angles. 

The degree of perfection of the platelets is high and, unless 

the platelets have been damaged in some way, structural considerations 

can be ignored when considering the movement cf domain walls. Quasi- 
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static field observations show that saturation of a platelet by an 

in plane easy axis field is achieved almost exclusively by domain 

wall motion. The shape of the M against H plot shows that the 

behaviour of the platelet is largely controlled by the demagnetising 

field, making the final approach to saturation slow. Under a hard 

axis field wall motion first occurs by domains with a magnetisation 

component in the field direction growing at the expense of those with 

only a component in the reverse direction. However, above about 

10 oe rotation begins to occur making the measurement of 11 against H 

plots from the domain areas impossible for the hard axis fields. 

Very seldom has it been possible to give a quantitative 

interpretation of the observed behaviour because of the impossibility 

of obtaining an expression for the magnetostatic energy. An exception 

to this is the observations made on an induced Neel strip structure in 

a long rectangular platelet where the longitudinal demagnetising field 

could be easily calculated. The evaluation of magnetostatic energies 

and its possible application to explain some of the behaviour observed 

in platelets was outlined in Chapter 7. Situations of interest in this 

work often cannot be treated in analytic terms and the application of 

numerical methods has been suggested. The calculation of the magnetic 

excitation for a given situation by this method is comparatively simple, 

but rather inflexible in coping with changing domain structures, thus 

limiting its own applications 

Magnetisation situations of interest which exist in observed 

platelet behaviour are usually too complex to enable a micromagnetic 

approach to be adopted. Alternatively the domain approach, and the 

numerical treatment of the magnetostatic field do not consider non-

uniform magnetisation rotations and are thus often erroneous in their 

predictions. The magnetic energies in a platelet can often be very 

locally distributed as was seen in Chapter 7, making the quantitative 
interpretation of behaviour difficult, except in specialised cases. 

In Chapter 5 the wall structures which exist in the platelets 
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and their variation with thickness and composition are seen to be 

more prolific and complex than the variation encountered in thin films. 

In the thickness range in which these variations are seen the 

differing wall structures must have very similar energies. Bloch 

lines play an important part, both in the initial formation of the 

domain structure and in the complexities that exist in the walls 

themselves where transitions between wall types occur. Of particular 

interest is the bright meta-stable wall structure which is frequently 

seen in the virgin domain structures, see for example FIG.(5.4). Its 

structure is still uncertain. 

Many of the remarks made above on the behaviour of domains in 

thin platelets also apply to thicker platalets, where an additional 

complication is added by an oscillation of the magnetisation about 

the plane of the platelet. This decreases the anisotropy energy bn 

at the same time establishes a vertical magnetostatic field. In the 

transition from planar to stripe configurations several types of 

oscillation exist, which are to a certain extent functions of platelet 

thicknesa. For example, the TYPE II stripe oscillations are only seen 

at the bottom of the thickness range. However, great similarities 

exist in the structures in platelets 6000 R thick, and those an order 

of magnitude thicker at 6 um. This suggests that the TYPE III 

structure thought to exist over this range is stable and is largely 

controlled by the anisotropy energy. Many details of behaviour were 

seen in Chapter 6 which are not adequately explained and a quantitative 

model is required for the TYPE III structure. 

Finally, reference is made to Chapter 3 where the production of 

these platelets was considered. The bromide of the required metal 

alloy is placed in a wet dilute stream of hydrogen, where it is 

reduced to give tiny platelets of the metal itself. To obtain the 

platelet growth habit a low supersaturation is required to suppress 

two dimensional nucleation. This is obtained by using a low transport 

rate by careful choire of the reactions used. An analysis of the 
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thermodynamics of the possible transport reactions within this system 

corroborates the experimental findings. The groerth mechanism of the 

platelet habit is difficult to explain but it would seem that, 

especially in the case of the triangular platelets, it is coupled 

with the growth of whiskers by a screw dislocation mechanism. 

8 .2 POSSIBLE DEVELOPMENTS  

The small size of these platelets and the difficulty of their 

growth restricts any technological application and outweighs 

advantages otherwise gained from their perfection. An extension of 

the range of compositions investigated might be interesting, but is 

limited by difficulties of crystal growth. If this is confined to 

the current process,permalloy compositions can be produced but the 

number of independent parameters affecting growth is high, hence 

reproducibility is difficult to achieve. Alternative processes for 

producing platelets will be worth investigating in a search for a 

simpler system if the platelets are required in any number. The very 

nature of their non-epitaxial production which gives the platelets 

their high perfection is a severe disadvantage in any possible 

application. 

As an extension of the present work further observations on the 

occurrence and behaviour of stripe domains are obviously required. 

In this direction, work was started towards adding the facility of 

applying magnetic fields normal to the platelet plane, during 

observations in the optical microscope. The effect of a vertical 

field should give further information on the magnetisation distribution 

within the stripe pattern. It might be useful to confirm by torque 

magnetometry whether the anisotropy values are as expected, but this 

may prove difficult with the small volume of material and the large 

shape anisotropy. In addition there is no underlying physical reason 

why any other anisotropy should exist. 

The lack cf a quantitative model to adequately explain the 



241 

behaviour of the stripe domains was evident in discussions in Chapter 

6. A micromagnetic calculation based on the TYPE III stripes would 

be most interesting. However, reference to other similar calculations 

shows that this would not be easy and in any case a more detailed 

knowledge of the structure, in the form of a phenomenological model 

is needed before this can be attempted. 

This additional information might come from the use of Lorentz 

microscopy together with low angle diffraction techniques. This, by 

necessity, will have to be done with high energy electron beams. 

Typical examples of the operation of the Cavendish 750 kV microscope 

in the Foucault and Fresnel mode are seen in FIG.(8.1). 

The tip of a triangular nickel platelet is seen in FIG.(8.1a). 

The presence of a possible whisker thickening down one edge is clearly 

visible, as are other structural features which have not yet been 

explained. The whisker edge is a (110] edge and the other thought to 

be a [120] edge. The abrupt join to a [100] edge is seen in FIG.(8.ib), 

taken on the same platelet. The domain patterns of (a) and (b) do not 

correlate with those familiar from colloid work and are rather similar 

to the domains seen in uniaxial polyc7:ystalline films. The change in 

pattern could result from strain present in the platelet, arising 

during mounting, or from the effect of vertical fields from the 

microscope objective lens. This latter case is thought to be more 

likely and the presence of this field could make Lorentz observations 

misleading. 

A further illustration of this is seen in FIG.(8.1c) which shows 

the presence of reversed spikes of magnetisation at the edge of a 

platelet. The micrograph was taken with the microscope operated in 

the Fresnel mode and a field of 45 oe applied in the platelet riane. 

The magnetisation in the spikes is reversed by about 180°  and thus 

shows a greater similarity with formations in uniaxial films than with 

the 90°  spikes seen on platelets with the Bitter colloid technique, 

for example FIG.(7.%;. 
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Fig ( 8.1 ) High voltage Lorentz Micrographs from platelets 



Finally, an area showing the flux closure circulation of the 

magnetisation is seen in FIG.(8.1d). This was taken in the Foucault 

mode and inset is seen the diffraction pattern produced by the 

magnetic splitting of the centre spot by the four domains in this 

area of the platelet. 

Electron microscopy may also be useful in giving some wide to 

the structure of the meta-stable intermediate walls. It is pos„:ible 

to compare the electron beam intensity distribution measured at the 

photographic plate with that expected from the transmission of an 

electron beam through a given structure. The comparison of the 

observed distribution with one calculated from a theoretical medal 

would provide a good check on the model itself, although this is not 

easy. A similar treatment could also be applied to walls in thinner 

platelets. 
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APPENDIX A 

Calculation of the enerF7 of a 180
o 
 wall in the (110)  plane of 

a thin film with ncrative .cubic nai.71etocrystalline anisotroa 

( ) 
	

Bloch Wall 

FIG (A.1) shows the co-ordinate system used for the calculation. 

FIG (A.1) 

a 	a 
A-- The wall i7 considered to ,L,xtend from 1 = 2 -- to 1 = 	along 
2 

the axis AA' shown. 

From FIG (A.1) we can exnress the direction cosines of the M 

vector in terms of the angles 0 and 0: 
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a
1 	

sin 0 cos 0 

a
2 

= -sin 0 sin 9 

a
3 

= cos 0 

M remains in the BB'Z plane, angled such that 0 = 1t/4 always. 

Thus, ignoring K
2
, the anisotropy energy can be written as: 

1 = 	
4 	

(sin 40 + sin220) 

This can be averaged over the wail width: 

245 

(s4-n40 + sin220) dl = 
7K1  

32 

The expressions for exchange and magnetostatic energy will be 

identical with the expressions for a Bloch wall in a uniaxial thin. 

film (Middelhoek 1961). 

Thus we can write: 

ita`  
BE 	= 

AP)2a +75z- K
1 
 a + 

(a + t) Msa  

which is equation (1.23). 
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(2) 	Wall 

FIG (A.2) shows the co-ordinate system used for the calculation. 

B 

FIG (A.2) 

a 
Again the wall is considered to extend from 1 = a to 1 = 4-2- 

along the axis AA' shown. 

0 is re-defined from the Bloch wall case as seen in FIG (A.2) 
and now the direction cosines of the M vector become: 

a
1 	

cos (45 - 0) 

a 	cos (45 + 0) 

a_ = 0 
1' 

M remains in the BB'AA' plane. 

Again, ignoring K
2 

the anisotropy energy can be written as: 

K1 
EK 	4 ' 

= 	cos220) 
( 



This is averaged over the wall width: 

.sa/2 
K 

a 	
1 1 - 

4
1 

cos220 dl = 

-a/2 

And, as before, the expressions for exchange and magnetostatic 

energy are identical with those of a Neel wall in a uniaxial thin 

film. 

hence: 

Nn - a 	(a 
_ 	Ap)2a 4.  1 7 	nat  m s2 

+  

which is equation (1.24). 
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APPENDIX B 

Preparation of colloidal marrnctite (Bitter Colloid)  

The method used in the production of colloid for the work 

reported in this thesis is given. The important points are under—

lined. 

3 gms of hydrated FeCl
3 
and 1.54 gms of hydrated FeS0

4 
were 

dissolved in distilled water and the total volume of solution made up 

to 150 ml. 2.5 gms of NaOH were dissolved in 50 ml of distilled 

water and the solution brought to the boil. 

The iron solution was stood between the poles of a 1.5 {gauss 

permanent magnet and heated. The NaOH solution was allowed to drip 

in slowlL while the solution was constantly stirred. 

A dense brown—black precipitate formed 

FeSC + 2NaOH 	Fe(OH)
2 
 + Na

2
SO
4 

FeCl3  + 3NaOH 	
3 - 

Fe(OH) + 3NaCl 

Fe (CV 2  + 2Fe( OH) 3 	,Fe 304  + 41120 

The solution was now boiled, whilst remaining in the magnetic 

field. This accelerates the ageing end polarises the chains as 

	

mentioned in the test. Boiling might continue for 	1 or 2 hours.* 

Boiling was stopped, the solution allowed to separate out and 

then decanted. Distilled water was added to the precipitate which 

*The two colloids used in this work had had 1 and 2 hour boils. 
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was stirred so that all was thoroughly washed. It was again allowed 

to settle and then decanted and rewashed, the prc;ess being repeated 

three times. The pH of the last rinse was very carefully adjusted 

to n115 by the additica of N/100 HCl. 

The time required to settle the solution increased markedly 

with each rinse. In this respect it was found advantageous to stand 

the beaker above an inhomogeneous magnetic field so that magnetic as 

well as gravitational forces caused settling. 

After the last rinse the slurry was added to 1 litre of 1% 

Teepol solution with nH 5.0-5.2.  This slurry was dispersed i:rto a 

colloidal form by stirring with a 1" diameter paddle for several 

minutes at L.000 r.n.m.  The solution was allowed to settle overnight 

in a weak magnetic field. If the process had behaved well a black 

colloid would remain above any settling which occurs. This colloid 

turns to a claret colour as oxidation occurs, and after a day or two 

can be used for domain observations. 
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APPENDIX C 

Calculation of Equilibrium Domain Configuration in a Neel Block 

A N6e1 Block with only 
reversed 'p. closure domains 

Length, L; Width, W; Thickness, t. 

	>H 
[010] 

250 

7 71  
A\ 

A 

h p 

----> [001] 90-T 

With the application of a magnetic field in the [001] direction 

the magnetisation turns away from the <110> directions rotating against 

the magnetocrystalline anisotropy to make an angle 0 with the [001] 

axis. The rotation is assumed to be such that the normal component of 

magnetisation remains continuous across the boundary. 

Magnetic energy in the main domains 

	

E = K
1 	

M
s H cos() 

K
1 

	

= --4- 	- M H cosO 

aE 
= K sinP0 cos20 N H sin() ao 	1 	- s 

= 0 when E reaches a minimum value, giving 

Ms 	= A 2K cos0 cos20 (c.i) 



251 

The energy minimum is then 

E . = K  ran 	4  sin 20 + 2K1 cos
20 cos28 

= K1  cos
2
9(2-3 sin2  0) 

Free-pole effects at the edges are reduced by the formation 

of 'p' closure domains, again with the normal component of magnyti- 

sation continuous across the boundary. 

The energy/unit volume of the 'p' closure domain is 

u K
1 

 cos 2 — cos20 + Ms H = Ms H = - 2K1 cos9 cos20 

Hence the energy of formation of the 'p' domains/unit volume is 

E
p 
= - 2K

1 
 cos3 eos20 K

1 
 cos29 (2-3 sine?) 

which simplifies to 

E = - K
1 
 cos0 (cos0 + 1)2(3 core - 2) 	(c.2) 

The dimensions of the closure domains are d , t and 
p 

d sine 0 hd = 	2 	ir- 	cos0) dp  cos(90 - —) = 2 d to  

	

2 	(1 + 

and hence the volume of these domains is 

1 
d 
2

t sing 

	

v= z d h t _ 	 

	

p 	P p 	(1 + cos9) 

hence the energy of formation of a closure domain is 

E v 	'  
2 	 .2/ d 	t sin() K

1 
 cos0 (case + I/ (3 cos9 - 2) 

	

P P 	4(cos0 + 1) 

1 = d 	t 	where K = b K 
p 	p 	p 1 sir20(cos9 + 1)(3  cosO 	2) 
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The total energy of the Pteel block/unit area of section t d is 

E = 
N td p 

  

2 	Yw t + 2d p2  t Kp  + w dpt K1 cos
20(2-3 sing©) 

  

     

     

where (' is the wall energy density, and assuming (4 d so that the 

closure domain walls are neglected. 

aE
N 2 w Te.  

Dd 	- 2 	-p.  

aEN  
which reaches a minimum when ad ad

p  

, 2 	w i.e. when u - 
P 

resubst4.tuting, the equilibrium value for d is given by 

d 2_ 	
- 8  

	

p TTr7iTITT—cc7E6 	 ccse 

  

(c.,3) 

  

    



APPENDIX D 

Rotation of Tyre III Stripe Domans under Applied Fields 

X 

For the purpose of this calculation the presence of any non <111> 

direction magnetisation components from the oscillation of the 

magnetisation towards different (111> directions is ignored. Initiallj 

it is assumed to all lie in the [111] direction and the application 

of a [100] axis field causes the magnetisation to rotate towards the 

plane containing this direction, but with the angle 0  remaining 

constant. 

It will be noticed that cos 0 = a7 	
1 

= -- 
15 

where a
l' 

a
2 
and a.,are the direction Cosines of the magnetisation. 
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The anisotropy energy/unit volume is expressed as 

2 E = K (a2a2 + a2a2 + a2a2) + K,(a a a_,) + 	 K 	1 1 2 	2 3 	3 1 	4. 1 2 

1 which using a2
3  

-4.- simplifies to 

2 2 	1 / 2 	2 	1 	2 2 EK = K1  [aa + 	krt 	) 	—Kaa 1 2 	3 	1 	'2 	3 -2 1 2 
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2 hence a2 	
2 

+ a2 	
3 

= -- 1  
But 

	 ai 
1=1 

1 

 

EK = (K1 1- K2)  44 -25. K1 

1 
+ K_)(a4  a2) 2 = 

+ K1 

The 	

3 	1 3 1 9 1 

The projected angle of rotation is given by 0 

(D.1) 

where cos 	— 0) — 
a srz 

 

thus 127 a = 	= cos 1 a Pr 	3  
(-11— 0) 

and a2 
	3 
= 	sin `k - 9) 

Hence EK can be expressed in terms of this angle as 

= -(K
1 
 ► 
	K

2 	
costs( ( - 0) — 	co-2(4  — 0] 	K1  
 9 	1 

Di Differentiating this expression with respect to 0 we get 

aEK K2 
9 

	

-- (K1 	1 	4 4 3 [4 COS3P-  - GO sin CI - 0) 

- 2 cos 	- 0) sin 	0) 

which simplifies to 
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oEK 
ao 	- 9 	3

. K
2 ‘-z (K + 	sin 4 0 	(D.2) 

With the field along the [100] axis in the plane of the platelet, 

the torque exerted on 11 due to the field is 

NAH = MHa 
1 

F1  H sin, (-Ili - 0) 

3EK 
But --a-o- 	Al A H 

(D.3)  

hence - —2 1 + 	sin 4 0 9   

ti F
... M H .. 	sin (a - 0) 4 
3  

using the values for K
1 and K2 cf Franse and De Vries (1968) quoted 

in Chapter 1. This equation reduces to 

H 	36.5  sin 40  

sin (H - 0) 4 
(D.4)  
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[011] direction, is seen to oscillate in a (100) plane approaching 

the two easy axes 100-711 and [010] that lie in that plane. The concept 

of magnetisation zones perpendicular to the plane of the foil has to 

be abandoned with the plane of oscillation making an acute angle with 

the plane of the foil, and by so doing avoiding the formation of a 

volume pole density. 

The.magnetostatic energy was approximated by a µ* correction 

and an expression for the total energy minimised with respect to 0 

and d. The result showed that this oscillation was energetically 

favourable for foils thicker than 1250 R with an amplitude 0 of about 
30
o
, varying little with foil thickness. The stripe spacing d was 

predicted to increase linearly with foil thickness, but at a rate far 

below that observed experimentally, giving a d value of just over 

2000 R for a foil of 4000 R thickness. 

A full micromagnetic treatment has not been applied - to these 

foils, but Bourret and Kleeman (1967) extended the II* correction to 

this particular geometry. The equations required numerical solution 

and gave good agreement with experimental results for the critical 

thickness, but the dependence of the stripe spacing d on the foil 

thickness was far too low. This probably arose from a linearisation 

of the equations at an earlier stage in the calculations. However, 

it is interesting to note that at the critical thickness the angle 0 

was found not to tend to zero, but to about 200. Thus any use of small 

angle approximations for the determination of the critical thickness 

in this type of geometry is fundamentally wrong. 

6.1.1:- The Application of Micromagnetics to Stripe Domains 

Before considering the properties of stripe domains in thin 

platelets the application of micromagnetics to stripe domain 

calculations is considered.. 

Exact solutions of Brcwn's equations of micromagnetism are 

difficult to obtain because of complexities arising from the expression 
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for the stray field energy and from the limitation that the squares 

of the direction cosines of the magnetisation vector must at all times 

sum to unity, 

3 
2 

	 Ct 	= 1  
i=1 1   

In a limiting case of M
s
2 

 --=0 ,00, whilst the other physical parameters 

remained finite, the magnetisation configuration would be such as to 

avoid +he formation of stray fields. Thus in this limiting case: 

	

dives = 0 	 (6.6) 
M . n = 0 on all surfaces 

where n is the vector surface normal. 

A classical Bloch wall in an infinite body is an example of 

such a distribution. Hubert (1969) applied the limitations of 

equations (6.6) to situations in thin films with the restriction that 
k>> 1 (k = 2n M

s
2/X). The opposite limit with k <<1 is suitably 

covered by the u* method. Hubert found that a micromagnetic 

configuration satisfying equation (6.6) did not in general fulfil 
Brown's equations and although micromagnetic equations allowing (6.6) 
were formulated they were not easy to solve for any but linear cases. 

Hubert restricted himself to approximations by a Ritz's method. 

However, this approach has been most important in providing an upper 

bound to the energy of any real micromagnetic configuration. 

An example of such a result was seen in section 1.5 considering 

the theoretical models for Bloch walls. It was seen that La Bonte's 

two dimensional construction of a Bloch wall fell below Hubert's upper 

limit, Wnereas all previous models had had higher energies, see 

FIG.(1.10). 

Hubert applied equations satisfying zero stray field not only to 

Bloch and Ne'el walls but also to ripple and stripe structures. 

Considering once again the critical case, the critical film thickness 
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tc 
tic 	A

- 1114s] 
2K 

(6.7a) 

below which no stripes would be stable t
c
, in a film with a uniaxial 

anisotropy normal to the film plane, was found to be: 
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H being applied in a direction parallel with the stripes and 

2K - HM 
=tc 2K HM (6.7b) 

which for K/2AM--->0 is seen to be in agreement with the result of 

Murayama, see equation (6.4,IIIb) and of Holz and Kronmuller (1969), 

(see below). 

N'imerical calculations were also performed for the stripe 

domains seen in iron foils, to give the critical thickness as 

2 

t
c 

= 6.83( ) 
K
1  

and the stripe spacing at that thickness as 

A I 
c1  =7.77(K-- )= 1.11 tc 

1 

(6.8a) 

(6.8b) 

Holz and Kronmuller (1969) treated the nucleation of stripe 

domains by considering the critical parameters for which the magneti-

sation began to rotate out of the film plane. Because at this stage 

the magnetisation direction only deviated slightly from the film 

plane the problem could be treated by linearized micromagnetic 

equations. (ilurayama's paper was criticised for violating the 

mieromagnetic surface conditions and this was avoided in Hubert's 

work). 

Solving the resulting equations, they were able to characterise 

materials by the parameter k, mentioned before (k = 271 Ms2X. 
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(a) When k>1 and t <t
c 

the magnetisation lay in the film plane 

with the domains separated by either Neel or Cross-tie walls. 

(b) When k> 1 and t> tp 
a stripe structure formed, and as t 

increased above this thickness a continuous transition from stripe 

to bulk domain structures occurred (note the work of Krinchik, section 

(c) When k <1 the magnetisation was independent of the thickness 

of the film, lying parallel or anti-parallel with the easy axis down 
to values of t = 0. (Domain structures in these materials are 

established by the nucleation of reversed domains at imperfections 

and dislocations. 

A plot of tc and d
c 

as functions of 1/k displayed these three 
regions graphically and from the positions of the 1/k values of the 
transition ferromagnets the critical thicknesses were found to be 

t
Ni 	

2780 R 

Fe 
t
c 	1320 R 

t
cc 

233 R 

(6.9) 

A 
At large values of k, tc was found to approach the value an(—K) 

in agreement with Murayama's result. 

The relative insensitivity of tc  to Ms  for k>>1 implied that the 

formation of stripe domains occurred by a stray-field free magnetisation 
process, Hubert (1969). With decreasing 	values the stray field 

increased in importance. 

To obtain agreement with Saito's experimental results for tc  and 

d a perpendicular anisotropy of 60% of Saito's value had to be used, 

which may well be acceptable. 

A check was also made on the stripe domains in (111) plane iron 

foils, see section (6.1.3). The value Bourret afra Dautreppe had used 
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for the exchange constant (0.8 x 10
-6 

ergs/cm) was considered too 

low. Using a value of 2 x 10 6  ergs/cm the critical thickness was 

found to be 

-a- (6.10a) A N tc = 6.225(7-J 

and 	d = 1.11 t
c 	

(6.10b) 

in excellent agreement with equations (6.8). 

The numerical value for tc of 1320 R was too high for Bourret's 

experimental results. The value of d (2930 R) at this thickness 

showed even greater disparity but this was probably because d was a 

sharply varying function of t at this thickness. The disagreement of 

the value of t
c 

itself is probably to be found in the initial assumption 

of Holz and Kronmilller's equations, that because they were considering 

only critical conditions linear equations could be used. However, it 
will be recalled from the work of Bourret and Kleeman that even at 

the critical thickness the maximum spin deflection was 	It 

unfortunately looks as if non linear equations will be necessary. 

The approach adopted by these authors is obviously very powe:.:.ful 

and has scope for further development being limited exclusively by the 

ability to handle the complex mathematical functions. A similar 

approach to the strong stripe structures would also be very desirable. 

6.2 	STRIPE .501.1AINS IN PLATELETS  

Observations of stripe domains in platelets with negative 

magnetocrystalline anisotropy have been reported by De Blois (1965 and 

1968a). Several types of stripe pattern have been observed, varying 

with the thickness and composition of the platelets. The minimum 

anisotropy <111> axes point out of the plane of the platelets at 35.3°  
and the magnetisation turns towards these directions when the 

anisotropy energy is sufficiently lowered at the expense of the 



exchange and magnetostatic energies. The <111> directions lie in the 

{110} and {112} planes, there being a set of six of the former and 

four of the latter. With the exception of the 109°  rotations in the 

0101 planes, rotation from one <111 >direction to another involves 

only a small anisotropy barrier, thus leading to the multiplicity of 

possible stripe structures. These are described in section 6.2.1 

below. 

6.2.1 Platelet Stripe Structures 

ape I stripe domains have been found in platelets which exhibit 

pseudo-positive anisotropy, that is platelets.  with compositions of 

low, but nevertheless still negative magnetocrystalJ.ine anisotropy 

which show structures normally associated with platelets of positive 

anisotropy. In the thicker platelets the 180°  domain walls lie along 

the <1(0 > direction and the 90°  walls along the <110> directions with 

the Bitter patterns from the stripes lying parallel with the hard 

<100> directions. This configuration can easily be explained by 

analogy with the stripe domains in iron foils, see section 6.1.3, and 
reference to FIG.(6.5). 

If the stripes are assumed to slant through the platelet in 

{110} planes then the magnetisation in a given domain can oscillate 

on a 109o arc between two <111> directions, but giving a net component 

in a <100? direction. Thus if the surface Bitter pattern shows a net 

(1003 magnetisation, the magnetisation in one stripe might lie in a 

(Oil) plane having a [111] direction and in the adjacent stripes would 

lie in parallel (0T1) planes but oriented towards the Mi11 direction. 
It is unlikely that the magnetisation actually rotates as far as the 
<111>airection in any of the stripes because the surface pole fields 
would reduce this angle, in the manner of a II* correction. 

This structure, although hypothesised from colloid work has been 

confirmed by x-ray diffraction topography. 

Type II stripes are seen as striations in the colloid which they 
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do not gather nearly as readily as the other types of stripe domains. 

They have often been seen in platelets together with Type III stripes, 

see for example FIGS.(6.3 & 9). The structure is thought to be 

similar to that of tine Saito stripes with the net magnetisation 

oriented in a <110> direction with an oscillation of the magnetisation 

vector on a 71
o arc in the (110) plane towards the [111] and [11T] 

directions. The structure of the Type II stripes is probably modified 

in the same way that Murayama's treatment, see FIG.(6.2), modified 

the Saito stripe structure. Thus the stripes essentially consisted 

of a set of Bloch lines running through the platelet in the <110> 

direction with the surface magnetisation acting as a closure structure. 

The internal flux closure produced by this arrangement is high and 

accounts for the poor colloid collection. 

rIne III stripes collect colloid far more strongly than Type II 

yet fit with little disturbance into the <110 >closure structures 

familiar from Chapter 5. The boundary between Type III and Type II 

stripe domains in zero field has been found to lie approximately along 

<100> directions indicating the normal component of magnetisation-

across the boundary to be constant. The stripes themselves lie almost, 

but not exactly, parallel with a [100] direction despite the fact that 

the magnetisation vector oscillates in a (110) plane towards [111] and 

[111] directions. 

De Blois (1968a) noticed a small change in the magnitude of the 

net magnetisation associated with the structural change between Type II 

and Type III stripes. A compatible structure could be constructed, 

however, by assuming (a) the normal component of magnetisation to 

remain constant across the boundary between the two types, (b) the 

magnitude of the net magnetisation in the Type III stripes to be a 

little smaller than in Type II, and (c) a slight divergence of the 

magnetisation to occur near the boundary in Type II stripes to lower 

the normal component across the walls. Type III stripes tend to form 

parallel wjth an edge, or step in an echelon structure, leading to a 
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smaller divergence of the magnetisation than if Type II stripes were 

to gradually change direction in these same regions. 

Type IV stripes are not uniform through the thickness of the 

platelet and are confined to the thicker specimen. The structure is 

thought by De Blois (1968a) to consist of helical rotations of the 

magnetisation vector through 71°, parallel to a f1101 plane, from 

one .111> direction to another. If, for example, the net magnetisation 

is along the [110] direction then the magnetisation vector in one 

stripe can be taken as rotating clockwise in a (101) plane from the 
[i11] direction at the top to the f1T11 direction at the bottom. The 

magnetisation vectors in the neighbouring stripes on both sides then 

point towards the [ili] direction at the top and rotate clockwise in 

a (011) plane to point towards the [Ili] direction at the bottom. 

These changes in orientation from the top to the bottom surfaces 

of the platelet can be visualised with the help of FIG.(6.6a). The 

magnetisation in a given stripe rotates from the direction Tl at the 

top to Bl at the bottom of the stripe. In the neighbouring stripes 

on either side the magnetisation at the top points in the direction 

T2 and rotates in a different (110) plane to B2 at the bottom. The 

stripe domain walls lie in the (110) plane containing Ti and B2. 

The resulting stripe domain pattern at the top and bottom of the 

crystal as seen from above is shown in FIG.(6.6b). This structure, 

like those of Murayama and Krinchik provides an increased degree of 

local flux closure. 

De Blois (1968a) has reported a few observations made on the 

behaviour of these stripes under in-plane magnetic fields. The effect 

of the field on the stripe pattern was found to be directionally 

dependent. In some directions alternate stripes became very faint 

or even disappeared, thus effectively doubling the spacing without 

altering the striae structure, and in other directions the brightness 

remained unchanged but the stripes became asymme-Lically spaced. 
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The 180
o wall in Type IV stripes has been explained as a rotation 

of the in-plane component of the magnetisation through 180°  (over a 

distance where c, 90
o rotation normally occurs) with the vortical 

component reversing sign in the normal way, as seen in FIG.(6.7). 

A 
	

0 

0 

6 

FIG.(6.7) 180°  WALL IN STRIPE IV DOMAINS 

72,-, presence of a 180°  wall cannot therefore of itself be 

detected, with a colloid technique, by its increased local field. 

No calculations have yet been made either to determine theore-

tically the equilibrium stripe spacing or to give any indication of 

the critical thickness at which these stripes form. 

Tyre V stripes (not classified by De Blois) have only been seen 

in the small triangular edge closure domains of platelets. The structure 

of these is thought to resemble the strong stripe domains observed by 

Ferrier and Pulchalska (1963). In both cases it will be noticed thE:t 

the out of plane anisotropy is not normal to the plane, but for 

different reasons. In films a uniaxial anisotropy arises from the 

oblique incidence evaporation, but in platelets the origin is crystal-

lographic. This helical rotation of the magnetisation allows a region 

of flux closure with net magnetisation parallel with the edge to still 

exist and to form a stripe pattern in thicker platelets. 

The possibilities offered by these five stripe models must be 

considered in the sections following, describing obs'er'vations made on 

several platelets. 



6.2.2 Observations on Mixed Stripe Structures 

The coexistence of several stripe structures is seen in 

FIG.(6.8b) on a (100) plane of a nickel crystal with <100> edges. 

The thickness of this platelet is not known exactly, however from 

the Lorentz investigations it would seem to be less than 4000 R. 
This particular platelet had a shape similar to those previously 

seen in FIG.(3.5c), but this is of no importance in considering the 

fine magnetic structure. 

The structure of the main domains seen in FIG.(6.8b) formed a 

familiar closure pattern, but the striated colloid collections within 

these domains suggested the existence of a weak type II stripe 

structure. This was further confirmed by Lorentz microscopy. 

FIC.(6.8a)*, a Lorentz micrograph taken in the Fresnel mode at 500 kV, 

sllowa a 180°  wall near the centre of the platelet with the fine 

oscillation from the stripes on either side. The stray field from 

these oscillations is too weak to gather significant amounts of 

colloid, and although the magnification of FIG.(6.8a) is not known 

the stripe spacing is thought to be less than 5000 R. 

Small echelon structures only exist near the corners of the 

platelet and are formed with a separate type of stripe domain, most 

readily visible in the right hand corner. The small size of these 

domains complicates their stripe pattern but one of a type III 

structure would seem the most likely. Triangular closure domains 

along the top edge show a type V structure, which will be mentioned 

again later. 

The effect of an easy axis applied field on this platelet is 

seen in FIG.(6.9). During this series of phothgraphs the platelet 

was free to rotate is the colloid so that the field was known to be 

*FIG.(6.8a) was obtained by Dr. I.D. Pulchalska using the high 
voltage microscope of the Cavendish Laboratory, Cambridge. 
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Fig. (6.8) Mixed stripe structures 



applied exactly along the easy axis and strain was unlikely to have 

affected the domain pattern. A frequently observed feature of 

platelets with stripe domains was the poor definiton of the zero 

field structures, which is why the photograph preceding FIG.(6.9a) 

was omitted. 

This photograph, FIG.(6.9a), shows the pattern in a field of 

27 oe where 90
o walls were seen to stretch across the width of the 

crystal as the magnetisation 'zig-zagged' along its length. Weak 

type II stripes were clearly visible but did not show a uniform 
direction in any dcmain. Instead they showed a waving variation 

within the domain and a general rotation away from the field 

direction. At the edges of the domains with magnetisaticn lying in 

the field direction sudden changes occurred to a stronger stripe 
he 

structure, which wade an angle of between 150  and 2yo  with the 

platelet edge and which, judging by the colloid collection, had a 

large stray field. 

It is possible that these edge areas were formed by type III 

stripes. (The boundary conditions between type II and type III were 
discussed in section 6.2.1). It is further possible that the type III 

structures formed because no closure structures (familiar in. thinner 

platelets) existed at the edge, and the edge stray field from the 
type III stripes was lower than from the type II. Then in order to 

maintain a constant normal component of magnetisation across the 
boundary between the two stripe regions, a torque was exerted on the 
type II stripes causing them to deviate and the 'boundary to adjust and 

adopt an equilibrium angle. This eagle was not necessarily constant 

because c.,f the changing effective magnetic field in the proximity of 

the edge. 

The effect of progressive increases in the magnetic field are 

seen in FIG.(6.9b) at 60 oe, (c) at 83 oe and (d) at 107 oe. In (b) 

most of th 90 wails had. shrunk to spike domains althoughh, faint 

colloid colleCtions could. still be seen across the platelet in four 
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Fig. ( 6. 9) Application of easy axis field 	 H 



places, indicating the remains of possible double walls. The 

striations from the type II stripes decreased, and with the decrease 

in the 900 walls also rotated back to a more normal angle of about 

45
0  with the <100> edges. The volume of the type III stripes 

increased along all the edges, where they formed a very regular 

pattern. The spike domains themselves were narrow (--2 gm wide) and 
showed a similar periodic spacing, in the colloid collection along 

their walls, to the stripes. In Y1G.(6.9c & d) the spikes shrank 

back and merged with the strong stripe domains. 

During these processes it is interesting to note how the colloid 

distribution along the edge of the platelet became more uniform with 
increasing field, as the edge became entirely flanked by the type III 

stripes. With increasing field gaps also appeared in the colloid 
stripe formation. In some circumstanees this might have been 

attributed to a lack of colloid particles, but this does not apply 

here and suggests that the magnetisation was lying in the plane of the 

platelet with a certain amount of curling oecurring near the edge. 

It is possible that the platelet was of such a thickness that the 

stripe domains were only just stable, and their very presence was 

influenced by the local magnetic field conditions. 

Two further interesting observations are seen in FIG.(6.8e & d). 

Part of the platelet is shown in (c) in a decreasing field of 27 oe, 

i.e. a similar field to that of FIG.(6.9a). The tips of the type III 

stripe regions stretched right out into the type II regions and very 

large colloid clouds gathered where these same fields ended at the 

edges. Finally, FIG.(6.8d) shows the effect of a. 61 oe field across 

the oppeaita diagonal of the platelet. The 90°  walls stretched across 

the platelet and a fascinating boundary shape formed between the two 

types of stripes. 

The shape of this boundary between the type II and tree III 

stripe regions may be influenced by restrictions on the free movement 

of the domains along the edge itself. It can be seen that the 900 

18I 



185 

walls did not always make direct intersections with the edge and 

small spike domains may have existed, thus distorting the local field. 

If, as suggested above, the transition between. the stripe types is 

affected by the local field, then the presence of the spikes may, by 

distorting the field, have given the stripe boundary this shape. 

6.2.3 Stripe Behaviour in Moanetic Fields 

Observations have been made on several Ni crystals with thick-

nesses in the region of 6,000 R whose stripe domains have shown 

similar behaviour. One of these, a kite-shaped platelet with 

rectangular dimensions 98x90x0.64 µm. is discussed in detail. The 

virgin structure of this p?atelet is seen in FIG.(6.10a) and a 

demagnetised pattern at higher magnification in KG.(6.10b). 

Careful inspection of FIG.(6.10a) enabled overall magnetisation 

directions to be ascribed to the domalns by analogy with the closure 

structures familiar from thinner platelets. The presence of 180°  walls 

was often mated by a line of colloid separated from the stripe pattern, 

this can be seen clearly in FIG.(6.10b), but the 900  walls were not 

always so apparent. 

If the magnetisation directions have been ascribed from the 

overall flux closure pattern in the platelet, as has been done here, 

the relationship between the stripes and the magnetisation directions 

in the main domains is established. Each of the main domains 

consisted of several stripe regions where the stripes made an angle of 

80°  with the net magnetisation and 8°  with the nearest [100] direction. 

The stripe spacing remained very uniform with a 0.8-0.9 µm. separation. 

The effect of applying magnetic fields, see below, showed the magneti-

sation direction not to be constant in a given. domain but to vary 

slightly (as shown by the dashed arrow in FIG.(6.10b)) creating a low 

angle wall between the various stripe regions in one domain. it is 

seen, therefore, that the magnetisation distribution over most of the 

platelet can be explained by a structure based on the type 	stripe 
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Fig. (6. 10) Platelet showing Type III stripe domains 



domains. 

Where the magnetisation changed fairly rapidly over small 

areas, near the edges of the platelet, the stripe pattern was more 

complex. This can be seen along the bottom edge and the left-hand 

corner of FIG.(6.10b). At the base of some of the echelon structures 

small triangular regions were visible in which the magnetisation lay 

parallel with the edge of the plafelet. The stripes, however, were 

normal to the platelet edge, which could only be explained 

satisfactorily if they were assumed to be type V. 

(a) Easy Axis Fields 

The effect of an east [110] axis field is seen in FIG.(6.11), 

with the initial zero field structure after demagnetisation shown in 

FIG.(6.11a). The main domains stretched across the platelet, but 

these were normal to the easy axis altng which the platelet had been 

demagnetised. On several occasions when this was repeated the same 

structure fcrmed, indicating its particular stability in this 

crystal. The dark field illumination was slightly off-set in this 

picture to increase the contrast and emphasise the presence of 

similavly oriented stripe regions. 

With the applied field directed towards the bottom left-hand 

corner only small areas of the platelet had favourably oriented 

initial magnetisation directions (notice especially the echelon 

structures on the upper left-hand side and the lower right-hand side). 

These areas became enlarged at 8 oe, FIG.(6.11b) while areas with 

reverse magnetisation shrank and the remaining areas with neutral 

magnetisatian directions adjusted to accommodate these changes This 

paocess is seen in a more advanced stage at 16.5 oe in FIG.(6.11c). 

The two stf.ipe orientations in the main transverse easy axis 

domains did not behave equivalently under the magnetic field, but one 

orientation grew at the expense of the other, indicating a slightly 

off-set orientation of the net magnetisation within each stripe 
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Fg ( 6.11) Application of easy axis field 



sector, see FIG.(6.12). 
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V 

FIG.(6.12) SUBDIVISION OF DOMAINS WITH TYPE III STRIPES 

The 90°  rotations which subdivided the closure echelons were 

not visible as distinct walls even in zero field. As the field 

increased the division became even more complicated and the echelons 

on both the left-hand and right-hand sides of FIG.(6.11c) showed a 

complex stripe pattern with the stripes bending through angles of up 

to 20°, and even subdividing. The net result of this was to increase 

the magnetisation volume favourably oriented tciards the field 

direction. 

A further three photographs were taken at 26 oe, FIG.(6.11d), 

41.5 oe, (e), and 59 oe, (f), and show a continuation of the above 

process. In (e) it was still just possible to correlate various 

regions of the platelet to determine how the existing structure had 

boon reached, bat in (f) this was no longer the case. At higher 

fields the stripe formation seen in the top right-hand corner of (f' 

formed across the entire platelet. 

The behaviour in higher fields is seen more clearly in FIG.(6.13) 

which shows two -pictures taken from a set on a separate but almost 

identical niatelet, at 44 ce, (a), and 55 oc, (b) 	Long sweeping 
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Fig. (6. 13) Type 111 stripes in higher easy axis fields 
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stripe areas crossed the platelet, FIG.(6.13a), and the angle 

between stripes in adjacent sections decreased to about 65°. The 

stripe width veried from about 0.9 min the centre of the platelet 

to 1.3 pm.at the edges. It would appear that the decreased angle 

made with the field direction was unstable, and with a further 

increase in field, a slight rearrangement occurred to give low angle 

stripe boundaries of up to 20°, see FIG.(6.13b). 

The stripes finally just faded away at higher fields. The 

beginning of this can be seen on both the left-hand and right-hand 

sides of this photograph. At higher fields the size of the stripe-

less area slowly increased until only small edge stripes remained. 

Visual observations could only be made to 160 oe. where some stripes 

still remained. It is interesting to note that thinner platelets 

showed -no evidence of domain structure in comparable easy axis 

fields although reverse nuclei probably still existed, as has already 

been discussed. To check whether these were freak conditions the 

platelet was removed and inserted in a 10 k oe field, subsequent 

observation showed the stripes to have returned and their behaviour 

to remain unaltered. 

(b) Hard Axis Fields 

Starting from a magnetic structure identical with that of 

FIG.(6.11a) the effect of a hard [100] axis field was investigated 

on the same platelet. The observed movement of the stripe domains 

is seen in FIG.(6.14) in a field of 16 ea, (a), 31 oe, (b), 49 oe, (c), 
65 oe, (d), 85 oe, (e), and 120 oe, (f). The field was applied in a 

direction from the top to the bottom in these photographs. 

Unlike the case in the easy axis field none of the domains had 

its magnetisation oriented in the field direction, but the left-hand 

and richt-hand structures both showed favourable orientations and 

expanded. The beginnings of this at 16 oe can be seen in FIG.(6.14a). 

On the left-hand side a triangular closure domair with type V stripes 
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can be clearly seen, but with reversed magnetisation it shrank in 

higher fields. 

The two main domains of the opposite echelons displaced the 

stripe domains existing in the centre of the platelet and met under 

an applied field of 49 oe, FIG.(6.14c). Smaller regions in (b) with 

stripes in the appropriate orientation also expanded at the expense 

of 1712.e horizontal stripes. This process continued and is seen at 

65 oe, (d), and 85 oe, (e), where a very regular stripe structure 

covered the centre of the platelet. The behaviour of the bottom of 

the platelet is too complex to interpret, and with the minima in the 

anisotropy, the magnetic field and the magnetostatic energies all 

oriented in different directions, this is hardly surprising. Finally, 

(f) at 120 oe shows a further division of the stripes at higher.fields. 

Tne angle that these stripes made with the applied field 

direction as a function of that field is shown in FIG.(6.15). In the 

low fields this angle was taken from the stripes in the main domain 

of the left-hand echelon structure. The angle that the stripes made 

with the field would seem from these results to have increased 

linearly with field. An error of 4- 20 is shown in FIG.(6.15), being 

representative of the accuracy in setting the protractor used to 

measure the stripe angle. In addition to this it will be noticed 

that a slight angular variation also occurs along the length of the 

stripes in a given area, presumably in response to changing values 

of the local field. 

Three photographs were taken in decreasing field immediately 

afterwards, and the stripe angles from these are also shown in 

FIG.(6.-;5). The fact that these lie on a lower curve can be 

tentatively explained by the sequence of measurement. The angles 

taken fro FIG.(6.14) in increasing field were measured on a specimen 

that had just been demagnetised along a [110] direction, whereas 

those in decreasing field were from a specimen that had been saturated 
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in a [100] direction. It is thus possible that the surrounding 

areas, having different magnetisation arrangements, had produced 

different local torques on the magnetisation in either case. 

A basis for an explanation of the increase in the angle 

between 'the stripes and the [100] direction has been advanced by 

Leaver (1969). He considered the rotation of the magnetisation from 

the <111> directions by a field replied in the [100] direction, but 

at the same time constrained the magnetisation to maintain a constant 

angle 0 with the [001] direction. Ee equated the field torque on 

the magnetisation with the rate of change of the anisotropy energy 

due to the angular rotation (see Appendix 'D') and found that the 

field excitation could be expressed by the equation 
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H - 36.5 sin 40  
sin (2  - 0) '4 

(D.4) 

where 0 is the angle between the planar component of the magnetisation 

and the [110] direction. 

This function is also plotted in FIG.(6.15) and is seen to be 

almost linear. The structures seen on this platelet have also been 

seen on much thicker platelets (see section 6.2.4) where the 

anisotropy is more important than the magnetostatic energy,which 

suggests that in zero field the magnetisation is already oscillating 

between <111> directions. Thus if the stripe structure itself tends 

to maintain the magnetisation angle 0 with the [001] direction, the 

application of a field causes rotation of the stripe pattern as the 

magnetisation structure rotates towards the (100) plane in the field 

direction, pulling the stripes towards the [110] direction. 

The theoretical values of H in FIG.(6.15) would be depressed 

slightly when the demagnetising field is considered, thus bringing 

the gradient into better agreement with the observed values. This 

field varies according to the -position in the platelet of the region 

where the behaviour of the stripes is being studied. 
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A similar expression to equation D.4 can also be derived for 

the application of an easy axis field normal to the initial 

magnetisation direction. However, it is apparent from FIG.(6.11) 

that in this case the greater part of the magnetisation re-alignment 

is achie7ed by domain wall motion rather than by rotation. 

CD 

FIG.(6.16) ECHELON STRUCTURE IN STRIPE DOMAINS 

Evidence from the application of an easy axis field, FIG.(6.11), 

has already suggested that the magnetisation in the various stripe 

regions within one domain is offset from the [1101 direction. This 

was shown diagrammatically in FIG.(6.12). Further evidence for this 

is seen in FIG.(6.16) which is a representation of part of the left-

hand side of FIG.(6.14a). In this diagram the triangular reverse 

closure domain (I) is thought, as in the thinner platelets, to have 

its net magnetisation lying parallel with the edge and must therefore 

have a type V stripe structure. The domain walls bounding this 

region will bisect the magnetisation directions on either side if no 

charges are formed along them and the planar components of magneti- 
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sation in each domain are equal. This therefore fixes the magneti-

sation directions in the type III stripe regions. Thus, a relation-

ship between the magnetisation and stripes i2 established, and is 

seen in FIG.(6.16) to agree with the previous suggestion, shown in 

FIG.(6.12). 

The magnetisation in region (2) of FIG.(6.16) makes an angle of 

5°  with the [110] direction and 60°  with the stripes in that section. 

Thus, to get a true comparison between the theoretical and experimental 

curves in FIG.(6.15) for this particular region a -5o correction 
should be applied to the theoretical curve. Remembering that in this 

region the magnetisation makes a 60°  angle with the stripes, the 

theoretical curve can be converted to represent the angle between 

the stripes and the field. This would then predict an angle of +10°  

for the zero field angle with the .same slope as the curve representing 

equation D.4. Displacing the curve by +4°, as shown in FIG.(6.15), 

brings it into better agreement with the range of experimental points, 

however the slope remains in error. This suggests that the magneti-

sation and the stripe pattern may not be as rigidly coupled as has 

been imnlied, and relative rotation may occur with the magnetisation 

turning away from the <111> directions and into the plane of the 

platelet. 

Alternatively, it must be remembered that the rotational theory 

in Appehdix 'D' has assumed that the entire magnetisation lies in 

the <111> direction, whereas in any real stripe structure other 

magnetisation directions are also present. If the effect of a 

complete distribution rotating were considered, the equilibrium 

between the torque and rate of change of anisotropy energy might not 

be the same. This would lead to a different dependence of the stripe 

angle on the applied field than given by equation (D.4) and might be 

in bettor agreement with the experimental results. 

Region (3) in FIG.(616) is equivalent to region (2) and 

behaves in the same manner, but the magnetisation in region (+) 



Points 10
o nearer to the field direction than in regions (2) or (3). 

With the increase in field the stripes in this region rotated until 

they lay normal to the field direction, see FIG.(6.14d). The stripe 

spacing had decreased and the magnetisation probably made an angle 

of 25°  with the field direction. Further rotation of region (4) 

appeared blocked by the nature of the structure and the type (2) 

and (3) regions continued to grow at its expense, until only they 

existed. A change in the stripe spacing of the type (4) regions in 

FIG.(6.16) was also observed and may have occurred through a magneti-

sation rotation away from the <111> directions. The effect of the 

blocking of the stripe rotation and the change in spacing precludes 

the application of the above theory to these type (4) regions. 

Further details of this blocking are described in section 6.2.5. 

62.4 Stripe Domains in Very Thick Platelets 

Observations have also been made of stripe domains in platelets 

more than an order of magnitude thicker than those discussed in 

section 6.2.3. Two photographs of the virgin stripe structures in a 

triangular platelet, which was approximately 9 µm, thick but not of 

constant thickness, are seen in FIG.(6.17). The first (a) shows 

what is clearly an echelon structure on a [100] edge of the platelet, 

and the second (b) shows an enlarged view of a central domain area, 

with a similar structure to the area at the top right-hand corner of 

(a). 

The central structure (b) shows what must have been two 180°  

walls extending vertically across the field. of view, although there 

was effectively no colloid collection along them but a very precisely 

defined gap in the stripe pattern. Small triangular closure domains 

with an absence of stripe domains were visible on either side of these 

walls, although detailed examination of the original negative showed 

these to be smaller than the photograph suggests. Although shown 

clearly in FIG.(6.17'-) the small triangular regions are not unique 
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Fig. (6.17) Stripe domains in very thick platelets 



to these very thick platelets and reference to the work on thinner 

platelets confirms their presence in platelets where the 130°  walls 

are visible, see FIG.(6.10, 11 & 14). Howeter, none of the 

observations that have been made have given any definite indications 

of the magnetisation directions in these very small regions. The 

acute angle between the stripe sections in any domain was 53°  and 

the spacing 1.5 pm. 

The stripe structure in the echelons was more complex than in 

the centre of the platelet, especially near the edge.. Examination 

under an optical microscope showed that there was a thickening•of 

the platelet along the [100] edge :shown and the line across the 

bottom of FIG.(6.17a) was a real thickness contour on the crystal. 

At this edge the platelet was 9 pm. thick and decreased to 6-7 pm. in_ 

the centre. A significant increase ih the stripe spacing could be 

seen with the appearance of a second weaker stripe between the strong 

stripes and near the very edge a complete set of fine stripes, 

showing the greatly increased width of the main stripes. Distinct 

closure domains were generally not visible and the complezity of the 

pattern was - probably due in part to the increased magnetic freedom 

with the thicker edge, and in part to the amount of flux closure that 

was being achieved within the stripe patterns. 

The top wall of the echelon structure in FIG.(6.17a) consisted 

of alternate 180°  and 90°  wall structures. It will be noticed that, 

in a similar manner to FIG.(6.17b), colloid failed to collect along 

the 180°  boundary and the 90°  wall was hardly visible except from the 

alternate intermeshing of the strives. It would seem that this type 

of strii:e pattern can accommodate a 99°  magnetisation change within 

its structure buc not the change required for a 180
o 
wall. 

The application of an easy axis field to another thick triangu-

lar platelet is seen in FIG.(6.18). The platelet measured 280 pm. 

along the hypotenuse and was 13 pm. thick. The four photographs were 
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Fig. (6.18) Application of easy axis field in thick platelets 
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taken from a set and show the behaviour at intermediate fields 

47 oe, (a), 58 ce, (b), 83 oe, (c), and 105 oe, (d). 

Three features were immediately apparent. The major growth 

step and a series of minor ones inside it, which crossed the centre 

of the platelet in an arc, were at no time seen to have any effect 

on the behaviour of the stripes and could be ignored. Thus at these 

dimensions the thickness of the platelet was not critical in 

determining the behaviour cf the stripes. Several vertical lines, 

parallel with the [110] direction appeared on all pictures. They 

appeared not to be structural, but exerted a large influence on the 

local stripe structure. Finally, the appearance and behaviour of 

spike domains forming on the [100] edges, then shrinking to disappear 

at higher fields, showed identical overall behaviour with that 

familiar from studies on thinner platelets, without stripe domains. 

At 47 oe, FIG.(6.18a), two spikes had formed on the right-hand 

edge of the platelet and three on the left-hand side, with a fourth 

just emerging in the stripe pattern. The stripe angles both inside 

and out of these spikes fitted the now familiar type III description, 

but the pattern at the apex and along the top of the right-hand side 

showed great complexity and a wide spacing. Due to the proximity of 

the edge the effective field in these regions was lower but the 

kinks and terminations of the stripes were fascinating although 

unexplained. Another interesting region was the low angle stripe 

'boundary near the centre of the hypotenuse of the platelet, formed 

by successive spikes terminating. 

An increase in field to 58 oe, FP-1.(6.18b), caused the spikes 

to decrease in size but increase in number, and the reverse closure 

complex to be pushed further towards the apex. This process was 

taken a stage further in a field of 83 ee, (c), with most of the 

platelet covered by large sweeping stripe domains. The effect of 

the vertical lines, mentioned earlier, showed very strongly, but the 
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stripes also underwent slight directional changes for no apparent 

reason. At occasional places across the platelet regions existed 

where the stripes completely disappeared, presumably because the 

magnetisation then lay entirely within the platelet plane. At 105 oe, 

FIG.(6.13d), the stripeless areas dominated the platelet but stripes 

still persisted at the apex. Eventually at higher fields these too 

shou34 disappear. Again it will be noticed that these fields are 

much nigher than those required to remove domains from thin platelets. 

Bearing in mind the greater thicknesses of these platelets it 

is perhaps rather surprising that a type III structure seems to fit 

their behaviour. This, however, cannot be certain because no 

sophisticated quantitative calculations have been performed. The 

possibility of structures similar or related to those discussed by 

Krinchik (1963), see FIG.(6.3), should not be overlooked. 

6.2.5 Complexities in Stripe Structures  

Detailed observations of flux reversal showed many features of 

stripe domains in platelets which are not understood. These are 

discussed in this section in conjunction with colloid pictures of 

stripe domains taken at higher magnification. 

The domain photographs seen in FIG.(6.19) were taken from the 

centre of a long rectangular nickel platelet of dimensions 440 x 27.5 x 

0.66 um. The virgin pattern from a central region of this platelet 

can be seen in FIG.(6.19a). The magnetisation followed a zig-zag path 

along the [110] directions in the centre of the platelet. Reverse 

flux closure was achieved by triangular regions containing type V 

stripes, seen clearly on the left-hand edge. 

Several features seen in FIG.(6.19a) are of interest. In 

section 6.2.4 the absence of colloid collections along the 180°  

domain boundaries was noted. In this photograph from a thinner 

platelet the termination of the stripes on either side of the wall is 

clearly visible, with a gap before the colloid col]ection along the 
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Fig. (6.19) Detailed behavior of stripes with hard axis field. H 



wall itself. A slight increase in the colloid collection was 

sometimes visible at the end of the stripes. This is possibly 

where the magnetisation was locally rotating more rapidly to lie 

in the platelet plane. The 180°  walls, although necessary from the 

overall flux pattern within the platelet do not therefore seem to 

fit well with the oscillations of the stripe domains. This can 

also be seen in FIG.(6.10). 

mhe forward magnetisation in FIG.(6.19a) appeared to be divided 

by 90°  walls across the width of the platelet. At one end the stripes 

lay parallel with these walls but at the other had diverged ta leave 

a triangular closure region where the stripes lay almost in the [100) 

direction, This occurred at opposite ends on alternate walls and 

must have been important for flux closure. Again, regions like this 

can be wound by referring to FIGS.(6.10 & 11) where stripe domains, 

although not of the type V lay in a [100] direction normal to the 

edge but rotated to connect with [100] stripes parallel with the 

edge. These particular regions played an important part during the 

application of hard axis fields. 

In a field of 6,0 oe, FIG.(6.19b), the reverse triangles with 

type V domains had shrunk and the closure areas of the main domains 

expanded. The entire structure is now seen to resemble a Ngel strip 

with a degree of rotation of the magnetisation occurring in the 

expanded closure areas. Another interesting feature, visible in the 

photograph, was the splitting of the corloid collection along some of 

the stripes. At this thickness it was not thought to arise from free 

poles on the under face of the platelet, as had been observed in 

thinner 7-latelets, Gemperle and Kaczer (1969). 

At higher fields 16 oe, FIM6.19c), 25 oe, (d), and 37 oe, (e), 

these closure areas continued to grow, with the volume of the central 

domains decreasing. At the same time the spacing of the stripes in 

this central region decreased,whilst they showed pn increased tendency 
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to lie normal to the field direction and to split. This was 

unexpected as these regions already had a magnetisation component 

in the field direction. It would seem therefore that this structure 

was incapable of rotating fully into the field direction, being in 

some manner blocked, and therefore had to be displaced by the closure 

areas., which were apparently more free to expand. 

This observation together With the behaviour seen in FIG.(6.14) 

suggests that the stripes which lie almost normal to the applied 

field direction show an increased resistance to rotation. This may 

be because stripe rotation is restrained by the overall magnetic 

structure of the neighbouring domains and only rotation of the 

magnetisation within the stripes is nossible. Thus the closure 

domains with the intermeshing of the stripes in the two halves may 

provide a 'flexible joint' in the magnetisation structure and expanC.t 

into the centre of the platelet, as seen in FIG.(6.19). The increased 

magnetic field also caused the spacing of the central stripes to 

decrease, where the magnetisation was probably locally rotating 

independently of stripes,and causing the stripes to split. 

.Finally, at 49 oe, FIG.(6.19f), the particular area shown 

contained only stripes originating from the closure domains. A light 

gathering of colloid showed areas where a small divergence of the 

magnetisation occurred at the edge of the platelet, but, in the main, 

the magnetisation must have been directed along the [100] axis. The 

angle that the stripes made with the field direction was, at 30°, 
 

much higher than angles previously measured for this field, i.e. about 

16° at 49 oe. It could, however, be that the details of the stripe 

structure were different from that of FIG.(6.14e & f). The spacing 

of the stripes in the hard axis field in that platelet was 1 gm. 

whereas the ones seen in FIG.(6.19f) had a spacing of about 2 gm, i.e. 

twice as wide. A far larger displacement than would seem probable is 

required to make the theoretical curve in FIG.(6.15) fit this value, 

again indicating that perhaps these stripes are not exactly of the 
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same type as those discussed earlier. 

Gaps in the colloid between successive orientations of the 

stripes could 'oe clearly seen, as well as a non-uniformity in the 

colloid collection. This again indicates the complexity of the 

structures, even in higher fields. 

As an interesting comparison FIG.(6.20a) shows the corner of a 

platelet 6,200 .R thick in a field of 27 oe applied along the easy 

axis. A close-up of part of it is seen in FIG.(6.20b). The overall 

magnetisation directions were certain from familiarity with thinner 

platelets, with spike domains formed from the edges, and triangular 

closure domains at the base of the spikes. -  Yet within this 

arrangement the stripe domains could be seen to execute very complex 

variations for no apparent reason. 

Uoservations were also made on both sides of a platelet with 

stripe domains. Unfortunately, these observations could not be made 

simultaneously but were achieved by completely immersing a freely 

suspended platelet in colloid sandwiched between two microscope cover 

slips, spaced apart with grease. Successive observations were made 

on either face of the platelet, inverting the specimen under the 

microscope. These showed a similar overall strecture on either face, 

as seen in FIG.(6.21a & b), but with slight variations in detail. 

A 1800 wall, if visible on one face, was also visible on the 

other.. The absence of colloid in some of the triangular closure 

regions, which has already been commente4. on, occurred on both faces. 

A slight displacement of the stripes on one face compared with the 

other was possible but not completely proved. The nature of the 

stripe pattern in corresponding regions was similar although in 

detail there may have been differences. These differences are at 

the limit of resolution of the colloid and may even have arisen from 

slight obstructions to the free flow of colloid over both faces. 
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Fig. (6.20) Spike domains in stripe platelets 

Fig. (6.21) Stripes on opposite faces of one platelet 



6.2.6 Summary of Stripe Observations 

Earlier sections have attempted to fit a crude model to 

explain the many varied stripe structures observed in platelets. 

De Blois (1968a) had observed the type IV structures in thicker 

platelets. No evidence of this structure has been found. The best 

approximation is the type III structure with magnetisation 

oscillating about the plane of the platelet angled at something 

near 45
o 
to the colloid collections, however such a description is 

still obviously insufficiently sophisticated. 

In zero field the flux closure patterns can be correlated with 

familiar structures in thin platelets. Yet the domains themselves 

are often subdivided into regions containing similar stripes, but in 

different orientations, and the stripes in the sub-domains can show 

angular variations of up to 20°. At the same time the stray field 

produced and the change in orientation between two sets of adjacent 

stripes in neighbouring domains separated by 'a 90
o wall may be no 

greater than within the same domain. This, however, is not the case 

when the domains are separated by a 180
0  wall, and a distict break 

exists in the colloid pattern. 

There is little change in structure through the thickness of 

the platelet in the thinner stripe bearing platelets. The fact that 

structures in platelets an order of magnitude thicker appear to be 

similar suggests that this may also be the case with these. At the 

bottom end of the thickness range the ty-te3 III structures are found 

to be compatible with the type II Saito stripes, and at the top end 

of the range the circle Bloch lines, which probably exist through 

the centre of the platelet, expand to become Bloch walls. 

The behaviour under both easy and hard axis fields is very 

complex_. In the case of the former, long sweeping stripes form 

across the platelet with decreasing separation in increasing fields, 

until they finally disappear. The field necessar-j  to saturate a 
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stripe bearing platelet in the easy axis is much higher than for a 

thin platelet and approaches the anisotropy field value. In the 

case of hard axis fields short sections of stripe domain form making 

an angle with the field direction which is a function of the applied 

field. These sections of stripes become shorter with increasing 

field. 

No model has been found,which adequately fits the many 

characteristics observed. The stripe patterns seen over quite large 

areas, in high fields or zero field, suggest that they may be formed 

by a reasonably simple magnetisation distribution. In this distri-

bution the mean magnetisation is loosely coupled to the stray field 

pattern and its net direction lies somewhere in the region of 45°  to 

the stripe direction. The first step to an understanding of these 

complex stripe structures requires a micromagnetic calculation but 

more limitations must first be put on possible models to enable this 

to be done. As these structures have been observed on nickel any 

calculation will probably have to include magnetostrictive terms. 
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CHAPTER 7 

MAGNETOSTATICS IN PLATELETS  

INTRODUCTION 

In section 1.1 of this thesis the terms which contribute to 

the magnetic free energy of a body were examined and an expression 

obtained for the total energy. Various terms in the expression are 

dominant according to the size, shape and nature of the material 

body being considered. In the case of the ferromagnetic platelets 

studied in this thesis the magnetostatic energy played an important 

part in determining their behaviour, seen clearly in the observations 

reported in Chapters 5 and 6. Unfortunately, the magnetostatic 

energy of these platelets is difficult to evaluate and makes direct 

comparison between their observed behaviour and any theoretical 

models complex, an exception being the N6e1 strip treated in section 

5.2.4, 

The magnetostatic energy was shown in section 1.1.4 to consist 

of two terms, that arising from the applied field, Ho, and that from 

the material itself, H , so that 

H = H
o 
 H 

— 
(7.1) 
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and 
, 

E 	(H 	"2-  H ) . M dt (1.7) 

Unlike Ho, H usually lies in a direction such that H . M is 
—— 

negative. 

The Maxwell eqaations for the magnetostatic field are: 
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curl H = 0 
	

(7.2) 
div B = 0 
	

(7.3) 
B 	t.l

0 
 (H 	M) 
	

(7.4) 
in M.K.S. units 

and from (7.3) and (7.4) 

div H = - div M 
	

(7.5) 

Because the curl of the magnetic excitation is at all times 

zero it is possible to express H as the gradient of the magnetic 

scalar uotential 

H = - grad 0 	(7.6) 

and from equations (7.5) and (7.6) 

V2 0 	div M 
	

(7.7) 

With the rotential itself exuressed as a combination of surface 

and volume pole densities, as seen earlier 

0 
I 	. ds 

41; 

div M 
	 az r (1.5) 

With the volume integral taken over the entire volume of the 

specimen and the surface integral over the entire outside surface. In 

principle therefore the magnetostatic energy of any charge distribution 

may be calculated by first evaluating the magnetic scalar potential 0 

using equation (1.5), determining H from 0 using equation (7.6), and 

finally combining H with M according to equation (1.7) to give the 

magnetostatic energy. 

Ali-.ernatively we may write 

= 	- 	p.. N d z 	 ( 1 . 6 ) 
V 

which by using equation (7.6) becomes 

TO 1 - 0  grad 0 . 11 dc, 
f 
V 



and can be rewritten as 

1 EN ' = 2 g
o 

div (0N)  dz 2 - 	11.0  
V 

which by using Gauss's theorem becomes 

div M dz 

EH  = 2 1.1.0 
	M . ds.- 	µ

o 
ir

0 div M dt 
	

(7.3) 

In magnetostatic calculations M is usually assumed to be uniform 

within the specimen so that the second term may be neglected. 

Thus 

E
H 
= µ

o 
0 M ds 

Js  

or E
H
' = 2 p

o 
0 Ge ds 

(7.9) 

where Cr' = M . n 

In this chapter a short review is given of the methods that have 

been used to evaluate magnetostatic energies. This is followed by a 

description of an incomplete attempt that has been made to evaluate 

the magnetostatic energy of a platelet,entirely numericallyl and to 

incorporate this in a total energy expression. One of the simplest 

examples of the movement of domains is seen in FIG.(7.1). It should 

be possible to predict this observed behaviour from a minimisation of 

the fundamental expressions for the various energy terms involved. 

However, this has not yet provided definite answers. 

7.1 EVALUATION OF MAGNETOSTATIC ENERGIES 

Reference has already been made in section 1.1.4 to the 

evaluation of magretostatic energies of specimens whose shape can be 

approximated by that of an ellipsoid. However, such calculations are 

of limited range and of little interest in explaining domain behaviour. 

Other approaches have therefore been made in attempts to enable domain 
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Fig. ( 7.1) Growth of Spike Domains 
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calculations to be put on a stronger theoretical foothold. 

7.1.1 Fourier Methods 

One important technique has been the application of Fourier 

methods in evaluating the energies of infinite periodic domain structures. 

This was first applied to the important problem of a thin plate with 

parallel strip domains, see FIG.(7.2), by Kittel (1946). 

7 
A 

/X 

I 1 I 1 1 i 
D 

FIG.(7.2) THIN PLATE WITH STRIP DOMAINS 

Kittel calcUlated the magnetostatic energy density per unit area 

of a sine plane of alternating strips as 

E
H
' = 0.8525 M 2  D 
	

(7.10) 

For a thin plate he took the value as being double that for one 

surface, i.e. 1.71 ?I 
s
2 D. This only strictly applicable when t)› D 

and interactions between the surfaces can be neglected. Malek and 

Kambersky (1958) included this interaction and determined the energy 

per unit area as: 



 oo  
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16 M
s
2 D 

E
H 

- 
n
2 	 3 	

nnt 
1 	

---- 
— (1 - 1 

D 
 ) 

,n 
 (7.11) 

 

 

n 

   

where n is odd. 

As t > oc equation (7.11) becomes equal to (7.10). 

Silcox (1963) considered the case when both the magnetisation 

and easy axis were inclined to the plate normal but the expression 

required an experimentally measured parameter to generate the results. 

A completely theoretical expression was derived by Jakubovics (1966b) 

which was confirmed by Lorentz microscopy observations made on cobalt 

foils. 

By expanding the potential in two Fourier series taking different 

forms inside and out of the plate, after Goodenough (1954), Kooy and 

Enz (1960) investigated the energy of reverse domains in a partially 

magnetised plate. They also considered the case of a single reversed 

cylindrical domain in an infinite plate. 

The double Fourier series, suggested by Kittel (1949) was used 

by Spacek (1959) to calculate the mag7netostatic energy of several 

different infinite strip, checkerboard and echelon structures on a 

single plane, all of which had zero overall charge. Simple and complex 

honeycomb structures were evaluated by Kozlowski and Zietek (1966) and 

concentric squares by Di Chen (1967). 

7.1.2 Direct Integration 

In crystals where the domain structure is large in relation to 

the size of specimen, which can no longer be regarded as infinite 

Fourier methods are no longer suitable. It therefore becomes necessary 

to use numerical methods to evaluate the integral of equation (7.9). 

Rhodes and Rowlands (1954) considered the problem of a bounded thin 

plate, i.e. similar to that shown in FIG.(7.2) but only containing a 

few domain walls in total. They expressed the mutual energies of two 



parallel surface charge distributions as 

110,1172~2 (x2y2) dx2 dy2 (7.12) 

CY 
—1 r
12 

dx
1 

dy
1 

i.e. 02is the scalar potential at some point on surface (2) due to L 
the in.egrated charge distribution of surface (1). The interaction 

energy between charge distributions is positive if they are of the 

same sign and negative if of opposite sign. 

A calculation of this type was used by Craik and McIntyre (1957) 

to evaluate the critical size for the adoption of a single domain 

state by a rectangular block, as a function of its aspect ratio and 

of the or:bient field. 

In a review of the magnetic domain structures of small crystals 

by Craik (197ci) this approach was extended to evaluate the equilibrium 

number of domains in a small uniaxial crystal as a function of its 

dimensions. This gave the interesting result that above certain 

ratios of crystal dimensions only odd numbers of domains are predicted. 

Craik also showed that in a very simple case the equilibrium position 

for a domain wall in a crystal need not leave the crystal in a 

demagnetised state. 

7.1.3 The a* Correction 

A decrease in maguetostatic energy can occur in crystals with 

out of plane easy a:zes by a rotation of the magnetisation away from 

these axes and into the plane of the crystal. The surface pole 

density is reduced at the expense of introducing anisotropy energy 

and a volume pole distribution, and thus is more likely to occur in 

materials with low anisotropy. Corrections of this type are generally 

known as a* corrections and were first used by Williams et al (1949). 

They derived an expression for the effective permee.bility normal to 
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the easy direction as 
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211M 
s
21 

K ti* = 1 + (7.13) 

(The permeability parallel with the easy direction is assumed 

unity since the magnetisation in that direction cannot be changed 

appreciably). 

This allows the total energy of the system to be written as 
1 2 J crO ds, where cris the surface charge density on the assumption of 
infinite anisotropy, and 0 is the potential at the surface evaluated 

from a charge density c-on a material with permeability it*. 

By using this technique Fox and Tebble (1958) investigated 

energy reductions in high crystalline anisotropy materials as a 

function of the angle made with the basal plane. It has also been 

applied to the open Kittel type structure in uniaxial materials, and 

to the magnetostatic field in thin plates showing stripe domains, as 

was seen in. section 6.1. 

7 . 2 I1UKERICAL A PP:ROACH TO DONA IN BETTAV 'OUP IN PLATE LETS 

Although the methods described in section 7.1 have been useful 

in evaluating the magnetostatic energies of periodic magnetisation 

distributions they are unsuitable for the situations that exist in 

thin platelets with planar domain configurations. Often no symmetry 

.or periodicity exists in the platelets and an attempt has therefore 

been made to evaluate the energy completely numerically. 

Sommerfeld (1952) considered the car4e of a cylindrical bar magnet 

of length 21 and evaluated the magnetostatic potential produced by a 

uniform pole density on the circular faces at either end. He showed 

clearly the relationship between the magnetic excitation, H', the 

field, B, and the magnetisation M. This is shown in FIG.(7.3) where 

the field quantities are given as functions of position along the 
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FIG.(7.3) DEMAGNETIZATION OF A unroRmra MAGNETIZED BAR 

The magnetisation is zero outside the body of the magnet and 

has a constant value N inside. The magnetic excitation H' is at all 

times negative inside the bar and thus has a demagnetising action 

with a very small value in the centre, but increasing to reach a value 

of _N/2 at either end. At the surface itself H' becomes +M./, with a 

discontinuity N, and thereafter outside the body follows the magnetic 

field values, being related by B = H. The magnetic field itself 

attains almost the full magnitude µ0M at the centre of the bar, but 

is only half as large at the ends, and is of course continuous, in 

keeping with the boundary conditions at the surface. 

This approach was extended by O'Dell (1960) who studied the 

magnetic excitation inside a cylindrical thin ferromagnetic film. 

The geometry of this situation was such as to give an expression for 

the magnetic -potential 0 and excitation H'. The expression fcr 0 was 

valid at any point within the film, except within a distance t of the 

end, where t was the thickness of the film, because the integrand for 
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0 contained a singularity at this point. The excitation within the 

neighbourhood of either end was calculated from a separate expression 

which ignored the contribution from the opposite end and avoided the 

singularity, but was only valid near the one end. This limitation on 

the general expression for the potential is important in the platelet 

work considered below. 

A set of photographs, FIG.(7.1), had been obtained record hg 

one of the simplest domain. movements observed in platelets, and the 

work below is an initial investigation of this behaviour. 

The formation and behaviour of spike domains, near to saturation 

in increasing and decreasing fields applied along the easy axis of a 

platelet, has already been noted in Chapter 5. FIG.(7.1) shows in 

detail a decrease from saturation in a (100) plane trapezoidal 

platelet. Initially the large stray field which had existed along 

both of the [100] edges at saturation was lowered by the formation 

of numerous small spike domains, seen at 21 oe. in FIG.(7.1 a). These 

grew out, and at the same time decreased in number at 16 oe. (b) and 

further 11 oe. (c). At this stage, however, only some of the spikes 

continued to enlarge whilst others shrank, 8 oe. (d), continuing at 

6 oe. (e). With a further decrease in field to 4.9 oe. (f) the spikes 

themselves became so wide that small closure structures formed at 

their own base. At 4.85 oe. the uppermost spikes on either side 

extended until they touched, and the remainder collapsed back FIG.(7.1g). 

Finally with a further slight decrease in field to 4.8 oe. the Bloch 

line which must have existed at this tip extended to form a vertical 

180°  Bloch wall, seen in (h). 

Thus initially many spikes formed along the sides of the platelet, 

to lower the magnetostatic field on the <100> edges. With decreasing 

fields some spikes continued to grow and others to shrink, with the 

total number of spikes gradually decreasing, until eventually the 

configuration_ was changed by the formation of the 180°  wall. As the 

process was performed quasi-statically over a period of several 
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minutes, this behaviour was assumed to represent successive equilibrium 

structures. Although initially a larger number of reverse domains 

were nucleated observations have shown that it is unfavourable for 

these all to grow. This type of behaviour has not previously been 

reported and is still unexplained. If it is assumed, and it would 

seem reasonable to do so for this type of behaviour has been seen on 

many occasions, that the platelet is always in its lowest free e-iergy 

state, then energy minimisation calculations should give a prediction 

as to spike length and behaviour. This is investigated below. 

7.2.1 Evaluation of Magnetostatlic Field of Saturated Platelet 

The magnetostatic potential at any point inside a saturated 

trapezoidal platelet seen in FIG.(7.4 a) is given by 

M .n 	M .n 
0 (z,x) = 14  17 	

1 	
ds
1 	LE:; 

--s -1 	1 1 -
r  
s -2  ds

2 
+ 

j- 2 si 	s, 
c. 

(7.14) 

If the magnetisation is assumed uniform throughout, the demag-

netising field at the point (z,x) is given by 

H' (z, 	= 	
ax 
	and 	H'(z,x) 	az 

The total demagnetising energy of the platelet is then given by 

E
H' 
= µ

o 
H' 	dt 
z s 

(7.15) 

   

volume of 
platelet 

(111 .M being zero at every point). 
-x -s 

Alternatively, the platelet can Le imagined as consisting of a 

series of n parallel bars all having the same uniform magnetisation 

and cross section, as seen in FIG.(7.4 b). The total surface area of 

the end has been reduced by J2 , if faces normal to the x-direction 

are disregarded, therefore H is replaced by 12M to compensate for 

this change. 
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Fig. (74a) Geometry used 'kr saturated platelet 
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The potential at any point can now be written as the summation 

of the potentials iiioduced by each strip separately at that point 
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0 (z,x) (7.16) 

  

where AS is the cross-sectional area of a strip. 

The demagnetising energy at the point (z,x) remains as 

2 11o z Mt(Z,X) M
s
. If the platelet is thin any variation in rli  and 

r2i  through the thickness of the platelet can be neglected when 

integrating over the end surfaces. Using the symbols defined in 

FIG.(7.4 b) the potential at (z,x) can be written as 

t dx"  
[(2,1 41-z)2+( x"-x)2-1-1  

  

n 

 

M
s 0 (z,x) 

   

    

 

i = 1 

 

(7.17) 
t dx" 

[(zt-l-z)2+(xu-x) 

It is more convenient to differentiate this expression with 

respect to z before evaluating the integral and this gives lq(z,x). 

Rearranging equation (7.15) using (7.17) the demagnetising 

energy can be rewritten in summation form as 

E
H' Pis  	( z , 	gz dx 	(7.18) 

x z 

(the summation being carried out over all co-ordinates (z,x) inside 

the area of the platelet). 

This expression is not valid within distances N t from the edGe 

of the platelet and such regions are omitted ir evaluating equation 

(7.18). 

The accuracy with which the bars substitute for the edge distri- 

bution increases with the number of bars, i.e. as the end steps 



degenerate into a slope. 

A simulation o2 a saturated trapezoidal platelet of base length 

150 pm, height 50 pm and thickness 0.2 pm was made using strips of 
1 pm width, i.e. putting n = 50. The value of Hz(z,x) was determined 

over a mesh of co-ordinates, and at each co-ordinate was taken to be 

the value appropriate to the surrounding 25 so. pms. A computer 

program was written which evaluated the ratios H'(z,x) 	and H'kz,x)/Ms 
over this mesh of co-ordinates using equation (7.17). The scalar 

product 2-  µ M .111(z,x) was at all times zero because M was assumed to o --s 
lie uniformly along the z axis, and the product 2 11 M .H'(z,x) was at o 
all times negative because the demagnetising field, opposed the 

magnetisation. The value of H for Ni is 5.5 x 105  amps/m, and for a 
platelet of this volume (10-15  m3) the total demagnetising energy given 
by equation (7.18) is found to be 3.9 x 10-13  joules. The applied 
field necessary to saturate the platelet was taken as 5 x 10-3  wb/in2  
making the applied field energy 2.75 x 10-12  joules. 

With the magnetisation lying entirely along the [1101 direction 
the cosines of the magnetisation vector are a1 = 

a
7 
= 0. Taking the value K1  from section 1.1.2 as 

this gives the total magnetocrystalline anisotropy 

platelet as 1.42 x 10-12 joules. If saturation is 

, a
2 
= _12 and 

-5.7x10' joules/m3  

energy of the 

achieved entirely 

by wall motion, as happens when an easy axis field is applied, the 

anisotropy energy can be regarded as constant, and can therefore be 

'neglected. If rotation occurs this is no longer true and allowance 

would have to be made for this energy change. 

In addition to calculating the tctal energy of the platelet 

the computer program enabled the magnetic excitation to be plotted as 

a function. of position at any point in the platelet. A typical result 

of the computations is seen in FIG.(7.5). The plots show the variation 
of H and H , normalised with respect to Us, along a centre axis of 

the platelet, AB, parallel with the z axis. They are included to 
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demonstrate the degree of variation within the platelet, with the 

largest contributions arising near the pole densities at either end. 

Little variation occurred in the excitation in a line close to and 

parallel with the pole densities at either end. It began to increase 

locally in the region of the corners, but these areas are in any 

case outside the limitations of the model. 

7.2.2 Platelet With Mixed Edge Distribution 

In the previous section the magnetostatic potential at any point 

in a saturated platelet was found by a summation process. This may 

have appeared cumbersome for the saturated platelet whose edge 

contributions could have been determined by direct integration, 

however, it has a wider flexibility. 

When reverse domains form at the platelet edge the charge 

distribution is no longer of uniform sign. This can be easily 

reproduced in the summation process because any combination of positive 

and negative contributions can be include& whereas direct integration 

would have been impossible. The effect of the formation of any 

distribution of reversed domains on the magnetostatic field from the 

edge is thus easy to study. 

The effect of a non-uniform edge charge distribution resulting 

from spike formation is seen in FIG.(7.6). The variation of H
z 
across 

the width of the platelet is plotted for two cases. These are shown 

with a dotted line in the case of a saturated platelet and with an 

interrupted line for a non-uniform charge distribution. Two scans 

across the width are given for each case, the first 'A', is made at 

a distance equivalent to 3 µm from the edge and the second, 'B', at 
0 µM. 

In the saturated platelet H
z does not vary substantially across 

the width of the platelet although it does increase towards the end 

marked sal. At 8 pm from the edge it has a value -4 of its value at 

3 rim. Regions of reversed edge charge were included at locations 
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indicated on the axis in FIG.(7.6) and their effect seen by the 

shape of the solid curve. Emphasis should not be placed on the 

detailed share of this curve because it is to an extent dictated by 

the resolution of the evaluation points. 

The 'A' scan at 3 µm shows an average Hz  value with reversed 

charges half as large as that of the saturated platelet. The 'B' scan 

at 8 µm however, shows negligible change in its average value as the 

localised effect of the reversed rer,ions begin to even out. 

7.2.3 Enersies in Platelet With Snike Domains  

Both Hz/14 and HIM were seen in FIG.(7.5) to fall to low s 
values in the centre of the platelet away from the edge charges. 

Calculations can therefore be simplified by assuming that the field 

at any point in the platelet arises only from the nearest edge, the 

contribution from the far edge being neglected. Having made this 

change it is also more convenient to rotate the orientation of the 

Platelet within the co-ordinate system. The geometry of this new 

position is shown in FIG.(7.7). 

When a platelet with spike domains is considered the magnetostatic 

potential at any point (z,x) can be divided into two contributions, 

that from the edge charges, and that from the 90°  walls which do not 

lie exactly along the <100> directions. 

If the edge is subdivided into n equal segments, each of edge 

area AS whose charge can be positive or negative, the contribution to 

the potential at (z,x) from these edge charges can 'be expressed as 

  

) r- ) (4-.± tr1,1/1 AS 
r. 

 

0.1;  (z,x) 

 

(7.19) 

   

where r. is the distance from the i'th segment to the point of 

evaluation (z,x). 

Again,.any variation. in r. 
through the thickness of the platelet 
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Fig. (7-7) Geometry used to evaluate energy of platelet with 
spike domains 



is neglected and equation (7.19) becomes:- 

z'+1 
(±)i 	t dz"  . 
Lin j [(z-z")2+(x-x1)2 

(7.20) 

This expression is differentiated with respect to z and x to 

give (Ht)
E 
 and (H'

x
)
E 

at every Point and this field, resulting from the 

edge charges, is assumed applicable over the local area gzgx. 

The potential at the same general point (z,x) from the charged 

spike domain walls may also be evaluated. The reason for their charge 

may be understood by reference to FIG.(7.8) 

CHARGE FORMATION ON SPIKES 

The magnetic charge formed per unit length of the wall is given 

by 

(M
s 
cos 0

1 
- M

s 
cos 0

2
) t 

But 0
1 

= (45 - 0) and 0
2 
 = (45 + 0) and the expression therefore 

-  
simplifies to 

1-2-  M
s 

t sin 0 

It is apparent that the sign of the charges un either spike wall 

230 



231 

are identical, and opposite to the edge charges at the base of the 

The potential at the point (z,x) from a spike of base width 2w 

and length L can be written as 

0 
m t sin 0 L 

[ r (z,x) - 4n 	cos0  
 s 	1 

dx 
sl 	

r 
 s2 	

(7.21) 

0 

where r
sl 

and r
s2 

are the distances from the two area elements of 

length GX  on either spike wall. 
cos0 

The quantities sin 0 and cos 0 in equation (7.21) can be expressed 

in terms of w and L, and r
s1 

and r
s2 

as f (z,x,p,q,w & L). This enables 

the magnetostatic potential at (z,x) from one spike of length L, semi-

base width w, and base co-ordinates (p,q) to be evaluated. The 

exprescion is differentiated with respect to z and x, before evaluating 

the integral, to give (H') and (H' ) at any point from this one spike. z, s 	x s 
This field at (z,x) will in general arise from contributions from 

several spike domains and the appropriate values for r
s1 

and r,, must 
L) C.. 

be substituted in equation (7.21) to enable the contribution from each 

of the spikes to be included in the total value for (H') and (H') 
7, S 	X s 

If the case of a platelet with n spike dodains is considered, 

with a certain fixed edge distribution the total demagnetising field 

at the point (z,x) is given by 

Hqz,x) 	>n.   (Hi) 
z z s 

(7.22) 
H'(z,x) = (H').„ 
x x  

(H') 
x s 

where n sums the contributions from all the spikes. 

The total magnetostatic energy can no longer be found by an 

expression directly analogous to (7.13) because Ms 
does not bear the 

identical relationships to H' and H' over the entire platelet. This 

1 



is illustrated in FIG.(7.9). 

FIG.(7.9) 	Y<ELATIONSHT1? BETWEEN 11, AND FIELD 

For locations outside the spikes the total magnetostatic energy 

is 

EII ~ = -2- p,o 	GJ [N,Hz, (z 	cos 135 + sII' (z,x) cos 135 1 6z 6x 

outside 
spikes 	 (7.23) 

and for locations inside the spikes 

lt IP( 	 q z,x) cos 135 + M Hz,x) cos 45 gz E
H' 

=  
 L s z 	s x 

x z 
inside 
spikes 

By addin together these two expressions for the areas where 

each is appropriate the total magnetostatic energy of the platelet is 

obtained. This is the value appropriate for a platelet with a given 

edge distribution and spikes defined by parameters w and L, where the 

values for w correspond to the chosen edge distribution. 

Other terms in this expression for the total energy of the 

platelet are maJ:e easily ca]culpted. The applied field energy 

f
M 
s
.1T dx, is constant over the entire volume of a saturated platelet. 

-- -- ,c) 
When spikes are formed the magnetisation within the spikes lies normal 

to the applied field, and thus M .H . 0 in these regions. This can 
—s —o 
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be seen in FIG.(7.9). The effective volume over which M.11 = M H 
—s —o 	s o 

is taken as the volume of the platelet excluding the volume of the 

spike domains. 

The wall energy can easily be calculated as the prodact of the 

total spike wall area and the assumed energy density of these walls. 

For convenience this energy density is taken as 1 er cm
2 
 . 

The anisotropy energy of the platelet does not effectively change 

with the presence of the spike domains because the magnetisation 

remains in the same relative orientation to the <111> directions. 

A computer program was written which enabled the applied field, 

the magnetostatic and the domain energies to be calculated for a given 

spike distribution present in the platelet. 

One investigation has considered a trapezoidal platelet with 

base 150 4m, width 50 am, and thickness 0.2 pm, containing 10 spikes 

of base width 2 pm on the <100> faces. The computer program evaluated 

the energy contributions to the total energy of the platelet as the 

length of these spikes changed from 1 to 20 gm. The variation of the 

various terms with spike length are shown in FIG.(7.10) for an applied 

field of 15 oe. 

The magnitude of the applied field energy decreased as the length 

of the spikes increased because a smaller volume of the platelet had 

magnetisation lying along the field direction. The wall energy showed 

an expected linear increase with spike length and the magnetostatic 

energy a decrease which was only linear above 8 pm length. The 
resulting value for the total energy showed a slow change with length 

and. a shallow minimum at about 3 pm. 

Comparison can be made here with FIG.(7.1 b) where, for an 

almost identical field, the spikes had an observed average length of 

about 7 am. Two factors may account for this difference. The 
photograph shows a slightly greater number of.sni:,e domains and the 
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presence of these might displace the position of the energy minimum. 

In addition the colloid particles between the spikes are seen to have 

collected over the edges of the platelet itself, suggesting a possible 

rotation of the magnetisation out of the platelet plane. To 

incorporate this effect local anisotropy energy changes would also 

have to be calculated. This would be difficult, but their omission 

may account for the difference between the two results. 

Several precautions had to be taken during computation to ensure 

that no evaluations of the magnetostatic fields were made at locations 

on or very near to the spike walls. Due account was also taken in 

the summations of the difference in the magnetostatic field energies 

inside and out of the spikes, following equation 7.23 and FIG.(7.9). 

The base widths of the spikes were chcsen and then two parameters 

external to the computer program remained to be fixed, the wall energy 

of the spike walls and the value of the applied field. If these were 

kept within the limits of reasonable expectation the minimum in the 

total energy remained shallow, as shown in FIG.(7.10). This small 

change makes an investigation of the energy changes associated with 

the relative changes in spike lengths with field, as seen in FIG.(7.1), 

a dubious proposition. 

The physical interpretation of 1IG.(7.10) is of an interchange 

of magnetostatic energy with wall energy in the platelet as the spikes 

increase in length. This shift is recorded in the overall energy 

changes within the platelet. However, the change is localised and 

becomes masked by the larger volume of the platelet which remains 

virtually unaffected by these changes. It will be recalled from 

FIG.(7.6) that although at 3 km from the edge the average internal iield 

in a platelet with reversed domains was substantially lower than in a 

saturated platelet, at 8 rim. this difference was much less. This 

suggests that if an explanation of the spike domain behaviour in 

FIG.(7.1) is to be sought from an energy stand point attention should 

be paid to the local energy changes occurring near the platelet edge 
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rather than searching for a minimum in the overall free energy of the 

platelet. 

Domains were itroduced in Chapter I as being the result of two 

opposing requirements in a magnetic body. Their presence enables the 

total magnetic free energy to be reduced to a minimum value while 

maintaining low exchange, anisotropy and magnotostatic energy 

simultaneously. FIG.(7.1) shows some of the simplest domain configurations 

that have ever been observed, yet the mathematical analysis of the 

behaviour of these spikes by a consideration of the free energy is not 

straightforward. 

It is stressed that this work is incomplete but the indications 

are that it might be more informative to consider the energy changes 

occurring in restricted regions or else. to work in terms of the field 

forces acting between the spike domain walls in the platelet. 



CHAPTER 8 

CONCLUSIONS  

8.1 	zul IrAARY 

In Chapters 5 and 6 of this thesis observations on the domain 

properties of ferromagnetic crystals have been reported. In negative 

anisotropy platelets with (100) faces the domain structure is 

critically dependent on crystal thickness. At thicknesses less than 

4000 R planar domain configurations exist, but with increasing 
thickness the anisotropy, with easy axes in the <111> directions, 

becomes increasingly important. Structures in these thicker platelets 

thus arise from a balance, mostly between the anisotropy and magneto-

static energies, and form the stripe patterns discussed in Chapter 6. 

The small size of these platelets causes their behaviour to 'oe 

substantially influenced by the magnetostatic fields arising from the 

edges of the platelets. It is this same demagnetising field that 

accounts for the nature of the virgin domain Structure, and the 

formation of echelon structures on <100> edges in negative anisotropy 

platelets or <1- 0> edges on positive anisotropy platelets. In platelets 

with low anisotropy the magnetostatic energy becomes relatively more 

important and wall structures form in configurations which avoid the 

formaticn of any edge fields, and for this reason sometimes adopt 

unusual angles. 

The degree of perfection of the platelets is high and, unless 

the platelets have been damaged in some way, structural considerations 

can be ignored when. considering the movement of domain walls. Quasi- 
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static field observations show that saturation of a platelet by an 

in plane easy axis field is achieved almost exclusively by domain 

wall motion. The shape of the M against H plot shows that the 

behaviour of the platelet is largely controlled by the demagnetising 

field, making the final approach to saturation slow. Under a hard 

axis field wall motion first occurs by domains with a magnetisation 

component in the field direction growing at the expense of those with 

only a component in the reverse direction. However, above about 

10 oe rotation begins to occur making the measurement of M against H 

plots from the domain areas impossible for the hard axis fields. 

Very seldom has it been possible to give a quantitative 

interpretation of the observed behaviour because of the impossibility 

of obtaining ark expression for the magnetostatic energy. An exception 

to this is the observations made on an induced 'Teel strip structure in 

a long rectangular platelet where the longitudinal demagnetising field 

could be easily calculated. The evaluation of magnetostatic energies 

and its possible application to explain some of the behaviour observed 

in platelets was outlined in Chapter 7. Situations of interest in this 

work often cannot be treated in analytic terms and the application of 

numerical methods has been suggested. The calculation of the magnetic 

excitation for a given situation by this method is comparatively simple, 

but rather inflexible in coping with changing domain structures, thus 

limiting its own application. 

Magnetisation situations of interest which exist in observed 

platelet behaviour are usually too complex to enable a micromagnetic 

approach to be adopted. Alternatively the domain approach, and the 

numerical treatment of the magnetostatic field do not consider non-

uniform magnetisation rotations and are thus often erroneous in their 

predictions. The magnetic energies in a platelet can often be very 

locally distributed as was seen in Chapter 7, making the quantitative 
interpretation of behaviour difficult, except in specialised cases. 

In Chapter 5 the wall structures which exist in the platelets 
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and their variation with thickness and composition are seen to be 

more prolific and complex than the variation encountered in thin films. 

In the thickness range in which these variations are seen the 

differing wall structures must have very similar energies. Bloch 

lines play an important part, both in the initial formationsof the 

domain structure and in the complexities that exist in the walls 

themselves where transitions between wall types occur. Of particular 

interest is the bright meta-stable wall structure which is frequently 

seen in the virgin domain structures, see for example FIG.(5.4). its 

structure is still uncertain. 

Many of the remarks made above on the behaviour of domains in 

thin platelets also apply tc thicker platalets, where an additional 

complication is added by an oscillation of the magnetisation about 

the plane of the platelet. This decreases the anisotropy energy ba 

at the same time establishes a vertical magnetostatic field. In the 

transition from planar to stripe configurations several types of 

oscillation exist, which are to a certain extent functions of platelet 

thickness. For example, the TYPE II stripe oscillations are only seen 

at the bottom of the thickness range. However, great similarities 

exist in the structures in platelets 6000 R thick, and those an order 

of magnitude thicker at 6 µm. This suggests that the TYPE III 

structure thought to exist over this range is stable and is largely 

controlled by the anisotropy energy. Many details of behaviour were 

seen in Chapter 6 which are not adequately explained and a quantitative 

model is required for the TYPE III structure. 

Finally, reference is made to Chapter 3 where the production of 

these platelets was considered. The bromide of the required metal 

alloy is placed in a wet dilute stream of hydrogen, where it is 

reduced to give tiny platelets of the metal itself. To obtain the 

platelet growth habit a low supersaturation is required to suppress 

two dimensional nucleation. This is obtained by using a low transport 

rate by careful choice of the reactions used. An analysis of the 
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thermodynamics of the possible transport reactions within this system 

corroborates the experimental findings. The gro-rth mechanism of the 

platelet habit is difficult to explain but it would seem that, 

especially in the case of the triangular platelets, it is coupled 

with the growth of whiskers by a screw dislocation mechanism. 

3.2 POSSIBLE DEVELOPMENTS  

The small size of these platelets and the difficulty of their 

growth restricts any technological application and outweighs 

advantages otherwise gained from their perfection. An extension of 

the range of compositions investigated might be interesting, but is 

limited by difficulties of crystal growth. If this is confined to 

the current process,permalloy compositions can be produced but the 

number of independent parameters affecting growth is high, hence 

reproducibility is difficult to achieve. Alternative processes for 

producing platelets will be worth investigating in a search for a 

simpler system if the platelets are required in any number. The very 

nature of their non-epitaxial production which gives the platelets 

their high perfection is a severe disadvantage in any possible 

application. 

As an extension of the present work further observations on the 

occurrence and behaviour of stripe domains are obviously required. 

In this direction, work was started towards adding the facility of 

applying magnetic fields normal to the platelet plane, during 

observations in the optical microscope. The effect of a vertical 

field should give further information on the magnetisation distribution 

within the stripe pattern. It might be useful to confirm by torque 

magnetometry whether the anisotropy values are as expected, but this 

may prove difficult with the small volume of material and the large 

shape anisotropy. In addition there is no underlying physical reason 

why any other anisotropy should exist. 

The lack of a quantitative model to adequately explain the 
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behaviour of the stripe domains was evident in discussions in Chapter 

6. A micromagnetic calculation based on the TYPE III stripes would 

be moot interesting. However, reference to other similar calculations 

shows that this would not be easy and in any case a more detailed 

knowledge of the structure, in the form of a phenomenalogical model 

is needed before this can be attempted. 

This additional information might come from the use of Lorentz 

microscopy together with low angle diffraction techniques. This, by 

necessity, will have to be done with high energy electron beams. 

Typical examples of the operation of the Cavendish 750 kV microscope 

in the Foucault and Fresnel mcde are seen in FIG.(8.1). 

The tip of a triangular nickel platelet is seen in FIG.(8.1a). 

The presence of a possible whisker thickening down one edge is clearly 

visible, as are other structural features which have not yet been 

explained. The whisker edge is a [110] edge and the other thought to 

be a [120] edge. The abrupt join to a [100] edge is seen in FIG.(8.1b), 

taken on the same platelet. The domain patterns of (a) and (b) do not 

correlate with those familiar from colloid work and are rather similar 

to the domains seen in uniaxial polycnn-stalline films. The change in 

pattern could result from strain present in the platelet, arising 

during mounting, or from the effect of vertical fields from the 

microscope objective lens. This latter case is thought to be more 

likely and the presence of this field could make Lorentz observations 

misleading. 

A further illustration of this is seen in FIG.(8.1c) which shows 

the presence of reversed spikes of magnetisation at the edge of a 

platelet. The micrograph was taken with the microscope operated in 

the Fresnel mode and a field of L5 oe applied in the platelet plane. 

The magnetisation in the spikes is reversed by about 180°  and thus 

shown a greater similarity with formations in uniaxial films than with 

the 90°  spikes seen on platelets with the Bitter colloid technique, 

for example FIG.(7.I. 
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Fig ( 8.1) High vcltage Lorentz Micrographs from platelets 



Finally, an area showing the flux closure circulation of the 

magnetisation is seen in FIG.(8.1d). This was taken in the Foucault 

mode and inset is seen the diffraction pattern produced by the 

magnetic splitting of the centre spot by the four domains in this 

area of the platelet. 

Electron microscopy may also be useful in giving some guide to 

the structure of the meta-stable intermediate walls. It is por„:ible 
to compare the electron beam intensity distribution measured at the 

photographic plate with that expected from the transmission of an 

electron beam through a given structure. The comparison of the 
observed distribution with one calculated from a theoretical mcdol 

would provide a good check on the model itself, although this is not 

easy. A similar treatment could also be applied to walls in thinner 

platelets. 
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APPENDIX A 

Calculation of the enemy of a 1800  wall in the (110) plane of 

a thin film with negative -cubic maF:netocrystalline anisotropy 

(1) 	Bloch Wall. 

FIG (A.1) shows the co-ordinate system used for the calculation. 

♦ • • • 

FIG (A.1) 

a 	a 
2 The wall ifs considered to extend from 1 -- 

2 
 to 1 = A-- along 

the axis AA' shown. 

From FIG (A.1) wo can express the direction cosines of the M 

vector in terns of the angles 0 and 0: 
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a1 
= sin 0 cos 0 

a
2 

= -sin of sin 0 

a3  = cos 0 

M remains in the BB'Z plane, angled such that 0 = 1t/4 always. 

Thus, ignoring K
2
, the anisotropy energy can be written as: 

4 
— (sin4 	sin220) 

This can be averaged over the wall width: 

a/2 

1 	
X
1. 4 	2 	

71{1 
(sin 0 + sin 20) dl = 1  a ' 4 	 + 32 

-a/2 

The expressions for exchange and magnetostatic energy will be 

identical with the expressions for a Bloch wall in a uniaxial thin. 

film (Middelhoek 1961). 

Thus we can write: 

	

n 	
2 

	

A(.-) a + — K a + 
na 	N 2 

	

BT y-  a 	32 1 	(a + t) s 

which is equation (1.23). 
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(2) 	1g:el Wall  

FIG (A.2) shows the co-ordinate system used for the calculation. 

FIG (A.2) 

a 	a 
Again the wall is considered to extend from 1 = --- to 1 = 2 

along the axis AA' shown. 

0 is re-defined from the Bloch wall case as seen in FIG (A.2) 
and now the direction cosines of the M vector become: 

CCi = 
cos (45 - 0) 

CY
2 
 - cos (45 + 0) . 

a_ = 0 2' 

N remains la the BB'AA' plane. 

Again;  ignoring K2  the anisotropy energy can be written as: 

= — K 4 1 (cost  2,0) 



This is averaged over the wall width: 

2107 

cos 
K
1 

dl = -8- 

And, as before, the expressions for exchange and magnetostatic 

energy are identical with those of a 'feel wall in a uniaxial thin 

film. 

hence: 

= A(71)2a + 1  I(1 	(a 
. a + 	

n+at t) " 
m s2 

a  

which is equation (1.24). 



APPENDIX B 

Preraration of colloidal masnetite (Bitter Colloid) 

The method used in the production of colloid for the work 

reported in this thesis is given. The important points are under-

lined. 

3 gins of hydrated FeC1 
3 
and 1.54 gms of hydrated FeS0

4 
were 

dissolved in distilled water and the total volume of solution made up 

to 150 ml. 2.5 gms of NaOH were dissolved in 50 in]. of distilled 

water and the solution brought to the boil. 

The iron solution was stood between the poles of a 1.5 {gauss 

permanent magnet and heated. The NaOH soDtion was allowed to drip 

in slowlz while the solution was constantly stirred. 

A dense brown-black precipitate formed 

FeSC + 2NaOH 	Fe(OH) + Na SO
4 	

2 	2  

FeCl
3 

+ 3Na011----4.Fe(OH)3  + 3NaCl 

Fe(OH)
2 
+ 2Fe(OH)3-->iFe304  + 4H20 

The solution was now boiled, whilst remaining in the magnetic 

field. This accelerates the ageing and polarises the chains as 

mentioned in the test. Boiling might con'Anue for 2, 1 or 2 hours.* 

Boiling was stopped, the solution allowed to separate out and 

then decanted. Distilled water was added to the precipitate which 

*The two colloids used in this work had had 1 and 2 hour boils. 
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was stirred so that all was thoroughly washed. It was again allowed 

to settle and then decanted and rewashed, the praass being repeated 

three times. The pH of the last rinse was very carefully adjusted 

to nH5 by the additica of N/100 HC1. 

The time required to settle the solution increased markedly 

with each rinse. In this respect it was found advantageous to stand 

the Ineaker above an inhomogeneous magnetic field so that magnetic as 

well as gravitational forces caused settling. 

After the last rinse the slurry was added to 1 litre of 1% 

Teepol solution with nH 5.0-5.2.  This slurry was dispersed iAto a 
colloidal form by stirring with a 1" diameter paddle for several 

minutes at 4000 r.o.m.  The solution was allowed to settle overnight 
in a weak magnetic field. If the process had behaved well a black 

colloid yould remain above any settling which occurs. This colloid 

turns to a claret colour as oxidation occurs, and after a day or two 

can be used for domain observations. 
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APPENDIX C 

Calculation of Equilibrium Domain Configuration in a Neel Block 

A 	A Neel Block with only 

w 
reversed 'n. closure domains 

Length, L; Width, W; Thickness, t. 

	;H 
[010] 

 

—› [001] 
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6 
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With the application of a magnetic field in the [001] direction 

the magnetisation turns away from the <110> directions rotating against 

the magiietocrystallino anisotropy to make an angle 0 with the [001] 

axis. The rotation is assumed to be such that the normal component of 

magnetisation remains continuous across the boundary. 

Magnetic energy in the main domains 

E = K
1 
cos

2  9 sin-
?
9 M

s 
H cos0 

K
1 

= — 4 sin
2 
 29 - M

s 
H cosP 

aE 
= K sin29 cos20 N H sins 

aa 

= 0 when E reaches a minimum value, giving 

M H = 	cos9 cos29 (C..1) 



The energy minimum is then 

K 

min _ 
	i 4 	sn

2  20 + 2K1 cos
20 cos20 1 - — 

cos(90 -7)  
1 d tan- 0 = 

2 1+ 70s0) = 2  
d sin() 

d p  h
d 
= 
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= K1  cos
20(2-5 sin -?  0) 

Free-pole effects at the edges are reduced by the formation 

of 'p' closure domains, again with the normal component of magnuti-

sation continuous across the boundary. 

The energy/unit volume of the 'p' closure domain is 

K 
1 
 cos2 

 2 
— cos2  0+Ms H=Ms H=- 2K

1 
cos0 cos20 

Hance the energy of formation of the 'p' domains/unit volume is 

E = - 2K
1 
 cos° cos20 - K1 

cos20 (2-3 	sin
2e) 

which simplifies to 

E = - K
1 
 cos0 (cos0 + 1)2(3 cos0 - 2) 

	
(c.2) 

The dimensions of the closure domains are & , t and 

and hence the volume of these domains is 

1 
d 
2 
 t sin0 

v= 2 d h t= 
p 	P p 	(1 + cos()) 

hence the energy of formation of a closure domain is 

E v = 
2 	 2/ 

d 	t sins K
1 
cos0 (cos° + )) 

P P 	4-(cos0 + 1 

cos0 - 2) 

 

1 
=d 

2  t K 	where K = -,T 6  K1 
 sir20(cos0 + 1)(3 cost - 2) 



The total energy of the Ngel block/unit area of section t d is 

1 E - 
N td 

p  

 

2 	O m t + 2d n2  t K + w dpt K1 cos
2  0(2-3 sin20) 
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assuming 4 d so that the p where is the wall energy density, and 

closure domain walls are neglected. 

aE
N 	2  

ad 	2 4-  "
p  
d 

aEv  
which reaches a minimum when -- ad̀1  - 0 

p 

2 	)',(1) when a 
pK 

i.e. 

resubst;:tuting, the equilibrium value for d is given by 

 

 

d 2 - 	
-  8  

p 	K
1 
 sin2O (cos0 + 1)(3 cose - 2) 

 

(c.,3) 

    



APPENDIX D 

Rotation of Type III Stripe Domans under Applied Fields 
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H 

a 1/ 4  

X 	 

For the purpose of this calculation the presence of any non <111> 

direction magnetisation components from the oscillation of the 

magnetisation towards different <111> directions is ignored. Initial:14.  

it is assumed to all lie in the [111] direction and the application 

of a [100] axis field causes the magnetisation to rotate towards the 

plane containing this direction, but with the angle 0 remaining 

constant. 

It will be noticed that cos 0 = a . -- 3 
1 

 0- 
where  a

l'  a2 
 d an c are the direction cosines of the magnetisation. 



The anisotropy energy/unit volume is expressed as 

	

(a2a2 a2a2 a2a2) 	K  (a'e 2a2) E
K 
 = Kl 

1 2 	23 	31- 	2' 1a23 

1 which using a2 = -7 simplifies to 

2 2 	1 k/ 2 	2.1 +  1 — 	2 E 	= K [a a2  +—a +a2 	a a2  K 	1 	1 	3 	1 	3 2 1  

But ?3'  2 

i=i 	 ai 1 2 hence a2 	
2 

+ a2 = 
3 1  

EK  = (K + K,.) 2a2  + K 
3 	'I 2 	9 

	

1 	b. 	2 

	

= —(K + — 	-, 73- a-1-) + 	K 

	

1 3 	9 1 

The projected angle of rotation is given by 0 

(D.1) 

where 	cos - 9) - 4  

   

   

thus 	a1  = 
1 2 = tj— cos 

a 137 

and a
2 

= I2: sin 	- 9) 
3 

Hence EK can be expressed in terms of this angle as 

EK = -(K
1 
 + 2 

2 9 
K2 ) [1-+ 

cos  ' - e) - 	n 	2 
cos'-1  (-r - 0)] + 	K 

; 	9 	4 	9 1 

Differentiating this expression with respect to 0 we get 

a EK  4 n 
(Y 	L 	0) sin (-1 	8) 

ao 	9 '1 3 	4 	4 

- 2 cos (- - 0) sin (I - 0) 

	

4 	4 

which simplifies to 
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aEK .1 	K
2 

as - 9 
(._ 
(Ki  + 73) sin 40 	 (D.2) 

With the field along the [100] axis in the plane of the platelet, 

the torque exerted on M due to the field is 

MAH = MH 

= 	
3 m H sin.(4  11  - 0) 

aBK 
But Te-- = AS A H 

(D.3) 

hence 2 
K
2 - -9 al + 3) sin 4 0 

117  3 
M II sin 

ti 
using the values for K

1 
and K

2 
cf Franse and De Vries (1968) quoted 

in Chapter 1. This equation reduces to 

H = 36.5 sin  40 	 (D.4) 
sin ( - 0) 

- 0) 
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