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ABSTRACT

The domain structure of gadolinium has heen
-observed and 1nvestigated. The wet colloid technique
nas been used for observation at temperatures down to
240K. The dry colloid technique has been used for
the observation of the patterns formed at low temper-
atures below 24OK; Various specimens of gadolinium
of different sizes have been used to investigate the
-changes of domain structure With crystal shape and
_size. All the crystals except one were obtained from
the . Centre for Materials~Sc1ence'University of Birming-
ham,‘and were af high purity.

At 273K patterns on planes containing the c-axis
‘showed parallel 180° walls, with the development of
reverse domains. The effect of the crystal thickness
»onsthe'size of the domain structure has beén observed
on the basal plane at 273K. This is discussed and
found to agree with an . expression due to Kaczer. The
effect‘on the patterms of reduoing the temperature has
been;studied.. | |

The domain~structure has been observed at 77K, where
. the easy directions lie on a cone around the c- ax1s, on
all prepared surfaces.  The zero field basal plane
pattern shows complex wall structure, while planes
containing the c-axis show a system of domains parallel

to the c-axis. The effect of applying a magnetic field

" on the domain structure has been.observed'and is dis-

" cussed. The lengths of daggers of reverse magnetization

and the widths of their bases were found to be in direct
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propdrtion at both temperatures TTK and-2l6K;

An interpretation of the pattern is given for
the two range of temperature, where the craxié is
.easy and for the easy cone région. A model'is
given for the patterns observed'at 77K and its
limitations discussed. Possible types of walls
éna magnetization difectioh'are élsé discussed on
the basis of the known magnetic- properties of the

material.
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"CHAPTER ONE

INTRODUCTION

1.1 Ferromagnetism

A number of different types of material are called
_ferromagnetic and they are characteriZed by the following
magnetlc propert1es The most notable property of a";
ferromagnetlc material is that 1t can be permanently
_magnetlzed. Also its magnetization may be saturated by.
the appllcatlon of relatively small magnetic fields. At~
- the same time it is possible for the magnetlzatlon of the
v;same specimen to be zéro in zero applled field.

The fields requlred to magnetize the ferromagnetlc
substances are cons1derably weaker than those requlred
for the paramagnetlcs. ' The explanation for th1s is that
“the atomic magnetic moments in a ferromagnetic substance
interact strongly with one ancther and tend to align themQ
elves parallel to each other: g1v1ng a spontaneous magnet-
ization. |

The existence of this'magnetization in . ferromagnetic
" substances arisegfrom a combination of the presence of

a magnetic moment associated either with the spins‘ of

'»'unpaired electrons in an unfilled band or with the total

angular momentum of an 1ncomplete shell and the presence
of an interaction field allgnlng the moments parallel to
each other. - The interaction is- snch as to correspond to

an applied field of the order of magnitude of 10" 0e..




no

On.increasing the temperature the alignment is
disturbed and the net magnetization.decreases until
above ¢ a critical temperature the Curie point T the
1_thermal effect is greater than the interaction and the‘~A'

'Elsystem 1S'disordered.' Above T the material is para-

““:imagnetic.

The presence of a strong inner magnetic field was
first postulated by P. Weiss (l907) He called it the

4‘}Molecular Field and developed a theory of the temperature.

“ﬁ_:dependence of the saturation magnetization. In the Weilss

f;;ftheory it is assumed -that the molecular field is proport-

‘sﬁvional to the average magnetization.};~It is more reasonable

ct'to assume that a local molecular field is produced by the

surrounding moments and that the moments tend to lie
~f‘parallel to their neighbours rather than to the average
"‘,magnetization. By using the suppos1t10n that the dipole~

:.orientation is governed by BOltzmanns Distribution Law, he.

"’zﬁshowed that the. magnetic susceptibility becomes 1nfinite

;at a specific'temperature and that below this temperature ' -
'uthe saturation magnetization is 'a definite function of

‘temperature, (figure 1.1). The variation is plotted in

'-1,reduced units, the form of the curve depends slightly on .

.the J value of the carriers of magnetic moment but a

"4;;broadly similar dependence is found ‘for all ferromagnetic

"'materialsL

Another attack on the same problem is by the Bloch

-»wtheory of spin waves (1930) This takes into account an
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- interaction due to quantum mechanical exchange producing,

magnetic ordering. The problem is treated by considering

'~>the correct_expression for this exohange interaction instead

of thefmolecular field,'and assuming that the spin_rever-'_i-

sals are freely propagated with various waveelengths'

E through the orystal intwhioh there is an almost perfect
'alignment of'spins. It was nOt.oossible to decide on
the basis of ‘the experimental data- which theory was the
_correct one. Some of the prediotions of the molecular
'field theory were in disagreement with experiment

Magnetism has its origins1n the spin and orbital
magnetic moments in an unfilled electron shell. . Act-
ually the three ferromagnetic elements Fe, Co, and Ni
ifhave an unfilled 3d shell, while'thesrare earth metals,
most of which exhibit ferromagnetism at 1ow temperatures,
have an. unfilled 4f shell

The 1nterpretation of the nature of the molecular

'field was first presented by Heisenberg in (1928) with

3d elements in mind. According to hlS theory, the.force

-'whioh makes the spins line up is an exchange force of-
:quantum mechanical natUreu' The potential energy{between
' two atoms hav1ng spins S and Sj_is éiven by

| wij“ =. -2 J Si §j

' .<;where’J is the?exchange integral} If J 1s positive,

‘iV.ithe energy lS least when S, is parallel to S.; if J

J’

oo is negative, the stable state is that in which s, 1s.



antiparallel to Sj' Two. electrons with the same kind
of spin canno* approach one another closely, since-the
Pau11 pr1n01ple permits an- orbit to be occupied by one
plus and one minus spin electron. The mean distance
between two electrons should be different for parallel
;. spins from that for antiparallel spins, and the codlomb
energy must be different in the two electrons Then

- the exchange energy 1is the electrostatic energy as it
'depends on the spin orientation through- the Pauli prln—
ciple.

It has been shown enperimentally,'from WOrk on the
'gyromagnetic ratio in 3d metals, that about 90% of the
‘saturation magnetization is due to electron spins, the
pest being due to orbltal motion. Van Vleck (1945)
has shown that the spins respons1ble for ferromagnetlsm
“are not thosevof valence electrons but of unfllled
electron shells. Thus for a substanoe to be ferro-
V‘magneticﬂtmust ;J have an incomplete shell.

There have been two p01nts of view in interpreting
?the moment configuratiOns 1n the ferromagnetic;substances.
One is based on a localized model in which the electrons
'responsible for ferromagnetism are regarded as localized
' at-their respective atoms. Rare earth metals are good

‘ xamples to be explained by the- locallzed model, -since :y
| the electrons respon51ble for the magnetism of these |

’metals are in the deep 1nner 4f shells of individual -~



atoms Then the atomic moments interact with one another
by an exchange interaction through conduction electrons.

The other point of view uses a collective electron
model in which the electrons responsible for ferromagnetism
lare thought of as wandering through the crystal lattice.

The 3d electrons in the transition metals are the
most_exposed except for the HSAconduction electrons.
g The 3d'shells_of individual atoms are thought to be nearly
:touching or overlapping with those of neighbouring atoms. '
‘Then the.energy levels of 3d electrons are perturbed
_and:spread to form an energy band. ' ~The hand theory of
ferromagnetismvwaS‘first proposed by Stoner in. (1936)
and'independently.by Slater in (1936).The-theory of collective
‘electron ferromagnetism is in better agreement with experiment.
.Detailed.comparison with experimental measurements of magnetic

and thermal properties and with neutron dlffraction studies show

o that for Ni the collective electron theory of ferromagnetlsm 1s

favoured whereas for Fe and Gd the Heisenberg theory is better.
An 1ntermediate polar model of erystals was also proposed

.in the works of Slater (1930) Shubin and Vonsovskii (1934).

'; The latter also suggested an s-d exchange model for ferromagnetlc

metals, and this. idea was developed further in the work of '

Vonsovskii (1946).

1.2 Magnetization Curve

_ We now return to the problem, -that whilst theory predicts
*that a ferromagnetic material will be spontaneously magnetized
.fo saturation below the Curie temperature, in fact it can appear
to_have_zero magnetization in the absence of an applied'field.

, Further ekperimental facts must also be considered. ~ VWhen :

.‘a_magnetic field is applied to a



ferromagnetic specimen, the magnetization mav vary from
zero to the saturation value. The variation of (My)
Athe component of the magnetization along the direction of
the applied field with the applied field'depends on the
material but frequently the curves have the general
appearance of the well known hysteres1s loop as shown in
figure (l - 2)
It is assumed that the material 1s 1n1tially in a
'demagnetized state. When a field is applied, the magnet-
:._ization MS increases at first slowly and then very rapidly, -
.until the saturation value I is reached After saturation
'fthe rise in magnetization is very gradual and nearly linear.
_ ThlS part of the plot is known as the magnetization curve,
and the magnetization process up to saturation is called
.technical magnetization. By performing the-sequence of
operations of'reducing the field to zero, . increasing it in
A the reverse direction, decreasing it to zero, and then
1ncreasing it to the original. value, a hysteresis curve Or loop
‘is obtained. This curve is symmetric about the origin and
_is usually closely reproduc1ble after a few cycles of magnet—.
- ization. Since the magnetization lags the applied field
”pwork'is performed on taking the material through a cycle.
.iThis-work;is given by the line integral |
' .VwA =ﬁH dMS .
'gltaken along the hysteres1s loop andwis obv1ously equal to
.the area enclosed by the loop X On the hysteresis 1oop
. the value -of the magnetization for H o'is called the

:residual magnetization or- remanence Mp 1'The value of
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-Ehé”field for which My = o 1is called the coercive force H,.

o The'saturation field of a ferromagnet is determined
"by'itsomagnetic anisotropy (Honda and Kaya 1926). ‘Even
in the most perfect ferromagnetic single crystals, saturatiOn
‘V:is reached in very weéak fleld only for magnetization along
a small number of prin01pal symmetry axes of the crystal,
’_known as the axes of easy magnetization Saturation in
‘iﬁother directions ‘requires higher (and sometimes very much -
:i.higher) fields
o Thus the energy to magnetize is dependent on directlon
' in;the crystal and this is known as magnetocrystalllne
:anisotropy energy. _ o o | ‘ |
o The spontaneous magnetization 1s 1ndependent t‘least
4sin the first approximation, of an external magnetic field
and 1s equal in magnitude to the observed magnetic satur-
ation I This magnetlzation, as we said pefore, depends
-';con51derably on the temperature and it disappears completely
bove the Curie point.
. Chamges of magnetization around the hysteres1s loop
are accompanied by changes 1n the dimensions of the  sample.
iThese changes are described by the general term magnetostrlction-

.l 3 Domain assumption

Domains were originally postulated by Weiss (1907) in-
~'order to account for the observed magnetization and hysteresis
;'curves. ‘In spite of the presence of spontaneous magnetizatlon,

ﬂg‘a block of ferromagnetic substance, polycrystalline or single ."

'?Vi crystal in practice, s usually not spontaneously magnetlzed



but frequently observed to exist in a state of zero overall

magnetization. But in the ferromagnetic state it is possible
for the induction and megnetization to be both different

from zero. (B = 4TI £ 0 ) at zero field, provided that

div B =oand divI - 0. For the latter to be true in

' this case, vectors I ( # 0) must be so distributed over the’

sample volume that no magnetic charges capable of producing
a field can appear. This fact led Weiss to suggest further
that such crystals are always magnetically saturated through-

out small regions, and that when a crystal is in the demag-

netized.- state, .the directions of magnetization of these
- regions,: or domains, are randomly.oriented so that the
A:resultant‘magnetization of the crystal along any direction

is zero. According to this, the effect of an applied field

in such a crystal is, then, not to induce the magnetization

a4t the atomic level, but to align the magnetization vector

of the domains.

Now the magnetization of the ferromagnetic specimen

changes when a magnetic field. is present The process of

| magnetization generally con51stsof a rearrangement of the
Astructures, as was’ suggested by R.Becker (1930). It

-is believed that twO main processes may occur. In one the

volume of the domains favorably oriented with respect to

<'§the applied field grows at the expense of those unfavorably

oriented “that 1s, there is a. displacement of the domain

l"walls In the other process the magnetization of the
fdomain rotates toward the: ‘field direction The two

:processes may occur either revers1bly or 1rrever51bly



depending- on thevstrength of the applied field and on the
nature of the‘specimen. |
Landau and Llfshitz (1935) showed that the sub- d1v1s10n
of a spe01men into domains could result in a con51derable
- reduction in the magnetosmtic energy from that of the ‘
‘1.saturated eondition.' The separate energy contributions
are-summed to give the total free energy of the specimen
and the sizes of the domains are assumed to be those which
- lead to a minimum value of the free energy.
Now however, let us see from a simple qualitative
argument why domains may be expected to occur. The stable
aequilibrium state of the specimenfs magnetization'is sought
| by minimiéing an expression for the free energy. The total
tfree energy of a;ferromagnetic speoimen in an applied
gmagﬁétic field may be written as the sum of several free
energy terms.' | |

+ F F + F + F_ + F

Fp = F p * Pk o e 0

T H

T:FH-iS the energy of the specimen's magnetization in the

»applled field H.

o

is the self energy of the magnetization in its own field

FK is the crystalline anisotropy energy

F is the magneto -strictive energy

al

:F is the Exchange free energy

_'F represents any other contributions to ‘the free energy that

may be present

. Suppose that- the applied field is zero, that there are

10 stresses, internal or external _and that the specimen has
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nogimperfections. Then FH_= €r= Fo = 0. Further, suppase

that the long edge of the crystal lies along an easy direction

of magnetization. Then Fy will be a minimum if all the atomic
_magnetic moments lie parallel to this long edge Such a
4'single domaln configuration 1s shown in figure (1. Ba) - In

| addition, the exchange energy F Wlll also be a minimum.
"However; the»remaining term, FD’ the demagnetlzation energy,
Will-not.have its minimum value. This large magnetostatic
'energy will be decreased by'introducing a domain structure,
although it7may be accomplished only at the expense of
-increas1ng the other energy terms. - For example for the
configuration of two antiparallel domains, figure (1. 3b),
'the demagnetizating energy is reduced by a factor of about
‘one half. There is now a boundary or trans1tion reglon
-<between the two domains in which the atomic moments are

'not parallel to each other and moreover do not lie along
feasy dlrections. Hence F and FK are 1ncreased The
a'boundary region is often called a-domain wall. Certain
domain arrangements make the demagnetization energy zZero

2figure (1.3c). The triangular or prismatlc domains,
"icalled closure domains, are most likely to occur if their
magnetization lies along an easy directlon Such may be
_Jthe case for cubic crystals For un1ax1al crystals the
:magnetization in ¢losure domainswould have to lie along a hard
'direction However, 1n both cases, the<format10n of -
closure domains involves a certain amount of magneto-

elastic energy due to magnetostrictlon The demagnatization'

-energy term is primarily respon51ble for the occurrence
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' of domains.

Itiis_known that the origin of the demagnetization energy
i$ the ¢lassical dipole-dipole interaction; which is very much
:smaller than the exchange interactiOn'between adjacent atoms
Hence 1t may at. first appear: anomalous that a domain structure
rather ‘than a state of uniform magnetization is usually
favoured The reason is that the dipole- dipole forces are
‘ilong rarige, dropping off slowly with distance, whereas the
exchange forces are short range being limited almost to the
nearest neighbours. Thus, overall, a domain structure ‘is
‘to be expected ‘whereas over short distances, that is within
- one domain, the magnetization is expected to be uniform

Q»Therefore,ias a general rule, a domain configuration
is expected that will reduce, if not remove, the uncompensated

. poles on the surface of the specimen.

1.4 Domain discovery

The first experimentai;wﬂification_of the presence of
'ferromagnetic domains was indirecthand was made by Barkhausen
15’(1919).: His experiment'consists.in amplifying the voltage
: induced in the secondarv'coil'whichris'wound.around.the ferro-
magnetic being magnetized, and observing the noise induced
by the changing magnetization. - The presence of characteristic
n01se proved that the magnetiyation process cons1sts of many
'_small discontinuous flux changes. : At the time these were'“

.. .thought to be due to the reversal of magnetization of each

”'-small magnetic domain.

The direct observation of ferromagnetic domain structure
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was attempted by Bitter in (1931), and independently by
AVon'HamosAand Thiessen ‘in (1932). They applied a drop of
| a ferromagnetic colloidal suspension, containing fine
-ferromagnetic particles, to a polished surface of a ferro-
b; magnetic specimen and observed the image of‘the domain.
Bitter did not conclude.that the image he gotAwas true
'domain structuwe, but explained'as being due to the inhomo-
geneity in the substance. He was unable to provide a
| relationship between the pattern observed on the surface
Vand the 1nternal structure, because the mechanical polishing
‘produced strain on the surface,‘and the magnetic particles
'used were not sufficlently responsive to the stray fields
:at the surface. | This technique became known as the Bitter
15'technique.‘ |
Several improvements were made by Elmore (1938) in the
ﬁtechniques of the preparation of the ferromagnetic 001101dal
suspens1on and also 1n pollshing. By ‘electro-polishing a
“rcobalt spe01men he eliminated the strain previously resulting
;v.from mechanical polishing and thus observed the truedomain
structure of cobalt. | '
| In (1934) Kaya made detailed domain patterns of iron
‘ and nickel single crystals and showed the maze pattern
A.due to the grinding or the polishing of the crystal surface.
Well defined domain structures were observed by Williams,

' Bozorth,and Shockley in (1949) on Si-Fe crystals. They

v'used the Bitter Technique on the. electro-polished surface.

- These investigators showed that the domaln structures are in .
_good agreement W1th the theoretical predictions of Landau and

-Lifshitz and also of Neel.
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ENERGY OF MAGNETIC DOMAINS

The purpose of this chapter is to derive

'expre551ons for the differeut types of energy which enter
spe01ally into the theory of magnetlc domain structures.

The most important energies are: exchange energy, anisotropy
”energy, magnetoelastic energy and magnetostatic energy.

.In principle the inclusion of all of these terms is necessary
'and the omission of any one will cause modifications in the
nature of the structure of the domalns - Thus it is necessary

1n an examination of. domain structure to provide expressions

'»'jfor the energy due to various effects. - The expression for

‘thé total_energy_per unit volume of the-system is

g/ - E - HI . 2.
’ H.I represents the potential energyiof'a‘magnetized
" pody in .the magnetic field, and E 15 the internal energy

tWthh includes magnetocrystalline anisotropy; magnetostriction

‘-1"and energy due to free pole. It is then assumed that; at‘

f”equilibrium, the sum of the energy terms is a minimum w1th

‘.-frespect to -some- parameterf l.e..dE /drg O.' ' It has not

h-yet been - found possible to predlot a partlcular domain

'?;structure by calculation from the constants of the material

’Tand the dimen31ons of the specimen, but 1f reasonable models
are proposed they may be analysed to find which has the

| least energy and is therefore most likely to occur in practice.

"TjStructures found by direct observation may be analysed in

‘jtorder to test. the validity of the mathematical approach or,

‘"'to measure one of the parameters where the others are known.

',The-domain structure should.correspond to ‘the general solution
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for the lowest energy state.

2 1 Exchange Energy

The ex1stence of spontaneous magnetization may be

-.‘considered<as an atomic phenomenon. The~ferromagnetism

arises by combining two facts, first the presence of magnetic

;moment associated with anfincomplete electron shell and
‘secondly the existence of an interaction field between
Amoments of-neighbouring atoms. This'interaction, aligning
fthe moments parallel to each other,.may be'expressed in terms
of a magnetic field Hy (the Weiss Field) proportional to

opthe intensity of magnetization I,

Hw = »Nw I : - 2.2

So the potential energy corresponding is _

W 2 2.3
' where )AA is the spin moment.
Heisenberg s treatment showed that a positive exchange

interaction could have effects 81milar to those of the Weiss

‘molecular field, when electrons with parallel alignment of

their spins have a lower energy than those with antiparallel

allgnment.

In quantum mechanical terms the parallelism of the spin

rvector arises from the application of the Pauli exclusion
:principle, Wthh foraparticular electron configuration forbids
| the antiparallel arrangement of splns.,. It is usual to employ -
"2 model in‘which at each lattice point of the crystal, there

| éis s1tuated an atom w1th total sp1n quantum number S where S

- is equal to the number of unpalred electron Splns in the atom

and 1is an 1nteger

The relevant result of the quantum mechanical treatment
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of :the manyfelectron problem may be summarized by saying that
there i1s a term of electro-static origin, which does not
enter'on-classical dynamics, in the energy of interaction

between neighbouring atoms, and this term-tends to orient

the electron moment of the.atomsleither parallel or anti-

parallel to each other according to the algebraic sign of

'a certain energy integral J, known as the exchange integral.

The effective coupling between spins caused by the

~ exchange effect is equivalent to a potentlal,energy of the

form:

. - ;4_' ) | ‘, . 2.4

:’Where’Jij is the exchange integral connecting atom i and J,

i in the spin angular momentum of atom i and Sj that

of.atom j, measured in multiples of h/ . This equation

was shown to be a fundamental ‘result of quantum- theory by -

' Van Vleck (1945). It turns out that: the spin matrices are

approximately"related to classical,Vectors,_and in'this case

"~ equation 2.4 may be rewritten as

W | = - 2;2 Jijm'S2 cws.:d?ijA 1 | _ 275

ex.

Where @}, 1s the angle between the directions of the spin
B angular momentum vectors, understood in a classical sense;

‘jWéX_is'now the exchange energy.

' In domain theory one is often interested in the exchange

-;energy only for conflgurations in Wthh neighbourlng spins
'make small angles w1th each other.If 1t is supposed that only
'.1nteractions between nearest nelghbours are important for

.‘1qpthe exchange energy and ‘that these interaction are equal,

Wex ~= - 2957 ‘C‘?'S'_‘CPij , |
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433 <3:.l since neighbouring spins make a small angle with

each other, then

~ 5 o oo
Ao s 5 ¥ 2.7
,andtthe exchange energy between each pair of spins is
AW, g8ty - 2.8

ij
- We may‘eipfess eduation (2.7) in another form as follows:
. Suppose that the direction cosines of the spin atlattice
'“}pcint rj afe ,C(jx ,cxjy,c<jz. Now the direction cosines
f.CX}x,cx;y,aifg at the neighbouring lattice point r; may

: be expended in a Taylor series

- 2 X
" (. iJ_ < /3x13+ y-1;1'(‘3;'33’1:1]? ' Zii(’agé-z;) *

"l On summing over nearest neighboufs~on a body centered cubic

'lattice with lattlce constant a then:
AweX ’"='_"-2J82a2 Z(O( )

and‘ by using V (X.X) = o ,

' ':the equatlon turns to

AV, = 2 JS Z[(Vo( )2 (Voﬂy) + (T 2)2] 2.9
The energy density of exchange 1nteract10n becomes . .
- A[(voi) + (vl{g_)2 * (V°‘3) ] . 2.10
where A éJSE/a: _ | = is. the exchange constant.
*.This form was proposed by Landau and Lifshltz (1935)

.The relatlon between A and the Weiss ‘coefficient N&

."'is‘found'by equating the eXChange'energy for the saturated

state to- the 1nternal energy due to the Weiss field N I 2

‘ The»exchange constant A,cannot be_measured directly
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but may be simply estimated by two different methods.

Plrstly it may be obtained from the measured value of the

-Curie'temperature where the thermal energy becomes roughly

,-equal to-the*ekchange energy k T . The.second method is

by  the experimental determination of the constant C 1n the

e‘law, (Bloch 1930)

I = I ,(1-c¢ T /2y ' 2.1l

- for the variation of the saturation magnetization at low
AtemperatureS- Here the value of C 1s related directly to

the exchange constant. These estimates are useful since

the value of the exchange constant enters into the theoretical

' calculation.for both the width and energy of the domain walls.

'-Seavey and Tannenwald (1959) describe a method which gives

the exchange constant A directly from spin wave resonance

'measurements. '

:2 2 Anisotropy Energy

o Weiss suggested that in a s1ngle crystal in a demagnetized
statetthe,domain magnetizations could lie in all directions.:

This would mean that the magnetization curves

' whatever the direction of the applied field relative to

L theiaxes of the'crystal,gwould be the same, Experimental
jmagnetiZatiOn curyes show that . much smaller applied fields

B are required to 1nduce a given level of magnetization in

.: some directions than in others.

The anisotropy energy or. the magnetocrystalline aniso-

'tropy energy of a ferromagnetic crystal is a function:of

'magnetization direction so that the magnetization tends to
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be directed along certain definite crystallographic axes,
which accordingly, are called directions of easy magnetiz-

ation; The directlons along which it is most difficult

fipto magnetlze the crystal are called hard directions. It

-tfls found to requlre the expenditure of a certain and often
-considerable amount of energy to magnetize a crystal to
‘saturation in a hard direction. | A'lower amount of

. energy is required to saturate the crystal along a direction
of easy’magnetization. The excess.energy needed in'the
-hard'direction is the anisotropy energy.

Magnetic anisotropy can be produced'by applying mechanical

:Stress to the material This is called magnetostrictive

»;anisotropy. Magnetlc anlsotropy can also be controlled by

"heat treating the material in a magnetlc field, and thlS is:

"called 1nduced magnetlc anlsotropy

‘ The simplest form of crystal anisotropy is uniaxial
'_anisotropy. | A crystal which exh1b1ts this form of anlsotropy
.lﬁhas an easy directlon parallel to = somé : axis of the crystal._y
As the 1nternal magnetization rotates away from this ax1s,
the anlsotropy energy 1ncreases w1th increase of &, the. .
angle between the axis and the 1nternal magnetlzatlon. It
"takes its. maximum value at g = 90 » and then decreases to
jits original value at g = 180°. It is natural to expect
that the’ anlsotropy energy density fk may be represented by
.‘a series expan51on of the powers of s1n 9 ‘ ‘
f, - Zk s | o 2.12
Odd powers of81n 4] have not been included 81nce,by |

) symmetry the- 6 dlrectlon is equlvalent magnetlcally and

'fcrystallographlcally to the‘f-ev direction.' The Kﬁ'are
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constants'independent of 6 . It is actually found that

'a very good representation of the experimental observations

~1s usually given by the first three terms.

‘fk = K, sin%g + K, sin49 + K3 sin66 - 2.13

So the anisotropy energy in effect determines the direction

v._of magnetization relative to the crystal axes This contrib-

ution to the total energy will be a minimum when the various
domain magnetizations all lie along easy directions.

The quantities K pK and Kj are formal coefficients which

. may be used to describe accurately the anisotropic properties

of ferromagnetic materials. .~ They give no 1ndication of the

; physical origin of the anisotropy

The exchange energy by itself does not_lead to'any aniso-

tropy regardless of the actual geometrical anisotropy of the

._cryStal structure. The magnetic moment dipole- dipole inter-

action between electronic moments leads to only very ‘small

values of the anisotropy constants, much smaller than are

observed. The anisotropy constants are found to be very

) sensitive to temperature changes, and it is not unusual for

theisign of the constants to change between low and high

 temperatures. The origin of the anisotropy energy was.
45'believed (Sommerfeld -and Bethe»l933, Brooks 1940, Van Vleck
_“1947) to be the result of the combined effects of the mutual

_coupling between electron spins and the interaction between

the spins and the crystal lattice. - The physical origin of

t the-interaction between the electron spins and the crystal
'lattice was believed to be the result of spin orbit coupling,

Abut the theory is complex even when s1mplifications are made.
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‘One result whichmght be anticipated from any theory
of anisotropy 1s that the magnetic anisotropy energy would

tend to be large for crystals whose lattice of magnetic

‘Alons is of low symmetry, while the anisotropy energy would
Albe expected on the whole to be low for crystal 1att10es of
| f.hlgh symmetry.  This rule is suggested by the fact that .
' the anlsotropy energy enters only in higher order approxim-
vfations 1n ‘a cubic crystal than in an uniaxial crystal. The -
”_data observed support*this hypothesis,~the anisotropy energiesii
~:of the cubic crystals F and Ni are. of the order of lO5 erg/
"f cc, whlle for the hexagonal crystal Co 1t is of the order

" or 107 erg /Cu.

o Iron is°a-cubio crystal, and the magnetization curves

show that the ‘cube edges [100], [010J and [001) are the

direotions of.eaSy magnet;zation,Awhile the body diagonals

Clli:]and equivalent axes are hard directions. In attempting
to representithe'anisotropy energy of iron in an arbitrary

direction with direction cosines oy, Xy, o5 Teferred to the

,cube»edges.it is found that there are restrictions imposed

by oubic symmetry. For example, the expression for the

anisotropy energy must contain even powers of eachoﬁ_; and it

fmust‘be'invarient under Interchanges of thec(.; among them-

b !

. .'4. 2 . .
-y (oL ol +o<o< | 3°‘ )+ koo o

There are various ‘means for measuring the magnetlc

4[hanisotropy. , The torque magnetometer is an apparatus commonly

used for this purpose. : The'prinolple of this apparatus is

"fﬁdtodsuspend}the specimen by a fine elastio.string between the
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pole pieces of a rotatable electromagnet. When a strong
_magnetic~field is applied to the-specimen, the internal
magnetization 1s forced to line up with the field, and the
'ifspe01men disk tends to rotate to make an easy directlon
‘-approach the direction of magnetization. ~-If the magnet

©is rotated the torque can be measured as: a function of -

: 'crystallographic direction of magnetization, and the Various

_anisotropy constants may be obtained by analy51s of these
torque curves.'
| An alternative method for determining the anisotropy
1s to measure the magnetization curves for a single crystal
‘iin a number of" principal crystal directions. Thenh the
constants may be calculated from the area enclosed by the
magnetization curve, the ordinate ax1s, and the line I.— IS,
'.that 1s W o= JrH aI. ThlS however, 1nvolves an accurate
_knowledge of the demagnetizing factor.. | |

The magnetic anisotropy can-also be measured by means
.of ferromagnetic resonance. The resonance frequency dependsﬁl
' on the external magnetic field which exerts a torque on the
precess1ng spin system Since a magnetic anisotropy also'
causes a torque on a spin system 1f it points in other than -
iy-easy directions, the resonance frequency 1s expected to be

jfdependent on the magnetlc anlsotropy..-

2.3 Magneto-stfictién energy

The crystal anisotropy energy and the exchange energy

- are found to depend on the interatomic spa01ng of the lattice.

"‘Consequently any change in the 1nteratomic spacing gives rise .
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. to a further energy contribution to the free energy of a
}magnetic crystal. | |
It‘is'found'experimentally that there is a change in the

 dimension. of a crystal when its magnetization is varied, and
this may cause internal stress if the crystal is not allowed
'Ato expand freely. This phenomena is called magnetostrictiOn A
" and observedyby Joule (1842). The magnetoelastic energy
is that part of the-energy_of the crystal which arises from
EIthe_interaction between-the'magnetization and the mechanical
Strain_ of the lattice, Which implies that the'application of
i alstress'mill change the'magnetizationf The magnetoelastic
{energy is defined to be zero . for unstrained»lattice.

- In con51deration of the energy terms relevant to domain-

;structure problems, the inverse effect is perhaps more important.

Ai'AThis means that, if a magnetic crystal is ‘strained by an external

44force, this_additional»strain will alter the direction of the
intrinsic magnetization. The preferred direction of domain
_magnetization may be controlled not only by the magnetocrystallin

v-anisostropy but also by the presence of strained regions within

“‘_the material.

o The most exten51ve investigations have been of the linear :
B fmagnetostriction >\ defined as the change of length A 1 per
unit length that is Al /l, measured in a particular direction.
mi!There will be no 11near magnetostriction if the anisotropy
‘b'energy:is,independent of the state ofvstrain of the crystal.

ﬂfThe.Smallness of the change of-length.requires'the use of

>'~TQSensitive measuring equipment.' A variety. of techniques

‘:fhave been employed but. the resistive strain gauge method has 'ﬂ

- been much used despite problems of bonding and gauge . factor
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'“magnetostriction constants in. [ioo] and [111]d1rect10ns

2.

determination.

When the specimen is magnetized to saturation, the

magnetostriction approaches a limiting value, A , called
: . . . S .

-the;saturation magnetostriction. The magnetostriction

is positivehor negative, depending on whether there is an
expansion or contraction.

Magnetostriction phenomena are treated by macroscopic

-phenomenogical theory developed by Akulov (1931) and Becker

-(1930).  This theory has been criticized by Brown (1953),

though it has prOVided an interpretation‘of most of the
exnerimental’results, .In cubic crystals the assumption was
made that the crystal strain depends on the direction of the

Spontaneous magnetization with respeet to the crystal axes,

'that'is'on the direction cosinesa(l;b<2 and &, . Hence the

3

change of the length in-a certain direction whose direction

- cosines ar-eﬂ ,P’- and I} is given by (Becker& Dorlng (1939)

A1=' p +o</3 )

1
[100] % 2 3
. » xx b
‘3 113(%% Blﬂz +’°<g°3ﬂ2 343 '1[53/31) 2.15
and A- are the'saturatidn vaiues of the longitudinal

100 111

respectively I the magnetostrlctlon is assumed to-be

' _'isotr'OplC’ that is, /\[1001 . /\[1113 = /\ then

A% 3 )\ (cose-~—)-i | - 2.16

* where = cos™t Z ﬁ is the angle between the
: ' 1
4spontaneous magnetlzatlon and the dlrectlon in whlch A ,/1
' “ef'is measured.. Thls_equation finds someluse for.polycrystalllne o

specimens.

When a. tension o is applled, an expression for the -
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contributicn to the free energy F,- per unit volume arises.
This free energy will be equal to the work done when the

magnetostriction-change of length occurs in the presence -

‘ofﬂtheltension.

_ _ Al _ 3 o~ cos .
FE_ = - o"/'d ("% = -3 As & 2.7
For )s‘> o the mimimum in F,_  occurs when the direction

. of magnetization is parallel to the stress ax1s, while for

A,<; the minimum occurs when M,is perpendicular.

'2}4 Magnetcstatic Energy _

- The first ‘correct conception of magnetic domain structure

- was obtained by Landau and Lifshitz (19%5), and by Neel (194%),

because they took the.magnetostatic‘energy into consideration
in the calculation of. the size-of'magnetic»domains. Williams,
Bozorth and Shockley in (1949) verified this calculation
experimentally. 

The_effect of an applied magnetic field H on a domain

magnetiZed'to an.intenSity'IS in a direction at an anglef?

with the field directich is 'to create on it a couple equal

to_IsHsine:peAr‘ unit v'o‘lume,_ tending»to,rotate the magnetization

into the field direction.  The potential energy of a magnetic

ﬁspecimen,is given by

: EH HI = .~HIs~' cos = o -
The energy according to this expression will be zero at e = %1T.

and as it is sometimes convenient to have the energy equal

zero at @= 0, so the energy expression is written as

Ey = I (1-cose) . 2.19

Because of the demagnet1z1ng field of the spe01men, this

.field H Wlll usually dlffer con51derably from the externally

eappliedfield H
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At the'same time, even when no external field is
.appliedha magnetized body of finite size has a-certain
magnetostatic energy. This is because of the interaction -
fnbetween'the magnetic moment of the body and its own field,

'?Which may be calculated as the work required to assemhle all

Lmevdipoles,‘equal to E = -% Is HD “The factor % is

_1ntroduceds1n&eemch d1pole ‘would otherw1se be counted tw1ce.

;The demagnetlzlng field H, 1is proportlonal to I and is equal

D

:Hb-,= -NI, N is the demagnetizing factor, I and Hy are in

5opposite directions. So the ‘self energy-due to the 1nter-
action between the free pole;and°its 0wn'demagnetizing field is
. . 2 N . . ) .
-3 Hpl = % NI-.
Demagnetlzlng factors can be derlved for an ellipsoid

because its magnetization is uniform. The maJor demagnet1z1ng’

factors N,, N, and N_ in the direction of the major semi-

b
- axes a,,b and c were calculated by Stoner (1945) and Osborne

(1945) It was- found that N, -+ N + N = 4T and the

b

effectlve value of N in a direction w1th cosines o ,C<2 and

X equal :

IR . 2 2
N = N .c< 4+ Ny c& + N, o(

a

A'f_For a cylinder of elllptical cross- sectlon magnetlzed along

the b or ¢ axes (a _Co), bi'= 4T /(b+c)'and N, = 4Trb/(b+c)

~ For an prolate spheroid with‘a/b _ q and magnetized parallel
toa, N, - 4T (in 2q- 1)/a® +M(31n2g-5)/a" + - - -
For sheets and rectangular prlsms, Rhodes and Rowlands

j (1954) have derived express1ons for the energy, assuming that
- the two are uniformly magnetlzed The value of N for a spha?

.unlformly magnetlzed in- any d1rect10n is 31T this value is
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~also for N of a cube -. For rods of square cross-section<

‘magnetized along the axis a
N

1q;> 2.

iﬁle1ding the crystal into magnetic domains. The subdiv1sion'

'3 (3q - 1)/q° where g ratio of length/side and
The magneto static energy 1s reduced as a result of

,is assumed to continue until the energy required for the

formation of further domain boundary is greater than the’

':e,reduction in the magnetostatic energy.:

Near the surface under the influence of the demagnet—

"121ng field the magnetization vector may be slightly rotated

' Jaway from the easy<d1rection. The component of magnetization

along the easy direction remains unchanged while the component
t_vof magnetization produced perpendicular to the easy direction
:vlS proportional to the demagnetizing field. Eor a small

' rotation of the magnetization the material‘has a constant

effective permeability perpendicular to the easy direction."

. * . ) I ‘ _ .
Mo=1 s e 2.20

This value was calculated by Williams, Bozorth and

;?}'Shockley (1949)
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CHAPTER THREE

DOMAIN STRUCTURES

‘3.1 Domains in uniaxial material

_ The domain structure in a ferromagnetic metal is
hnot uniquely determined by the material. The domain
"‘structure which appears at. the surface of the magnetic.
'crystal is dependent on a number of factors. It is a
'~function of the d1mensions of the sample, and the orient-.
"'ation of the surface of the crystal relative to the crystal_
'ifstructure Also the structure depends on the shape and
‘.state of stress of the 3rystal _ The 1ntr1ns1c magnetic
r~f'properties of the material such’ as spontaneous magnetiz—r-
e:ation and the anisdropy are of great importance for the
"formation of the domain structure._' A ‘most important
‘factor 1s the demagnetlzing field arising at the boundary
' of the specimen The structure will also depend on
-‘external factors such as the direction and the magnitude
of any applied magnetic field _ The domain boundarles lie
ptin planes co"responding to the minimum in the total

‘,boundary energy

. Uniaxial materials‘have a relatively low degree of crystal

. symmetry. _According to this a high value of magnetocrySta;

>lline anisotropy referred to the one easy axis 1s found fOP
most such materials, In a uniaxial crystal boundary
walls generally contain- the easy ax1s which is the c- axis-

' for ‘many of these. materials A' Then the domain structure

o consists ba51cally of arrays of l8O domains within the

Aibody of the material ' Differences in structure ex1sting
between different material are found in the closure

r~domain formed at ‘basal plane surface ,Possible domain. -
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configuration have been suggested by many workers

for uniaxial crystals as following.
v“ Landeu-aﬁd Lifshitz (1935): suggested a structure
'which istfound when a large demaghetizing field arise
- due to any free pole on the basal plane, figure (3.1.1).
They proposed the formatlon of closure structures whlch
.have a magnetoecrystalline anlsotropy energy proportlonal
- to their}volume._. This structufe gives a‘total energy
Vper1unit-area;'l | B _ ,
| B - l&_ +. KD - (3.1)
. * 2 :
~where D-is the width of the domaln and L is the length
'of the crystal as in figure (3 1. l) Y 1s the wall
energy per unit area, and K. is the anlsotropy constant.
Klttel (1949) gave three models in material where
the magneto—crystalline energy 1s‘verylarge compared
with the magnetic energy. The strueture_will be of
f'simpie perellei 180°'walis with,nefclosure domains
beeeuse these'secondary structure will have a large
,magnetoerystalline ahisotropyienergy; Figufe (3.1.2)
fshbwsAajstructure which hasfbecome kthn as thefKittel
| modei; Kittel calculated ﬁhe magneto-Static enefgy
WM for‘e:suffaee of this,strueture'consisting of equally
Sspaced parallel strips of magnetic poles of alternating
sign;u - | |

0.8525 12D ° per unit area, (3.2)"
' ‘where D is the width of each'strip;' =
The total energy of unit surface area is given by

- Whererw%is'thestotal Wali-ehergy. 8o
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W= 1.705 I, D + 5'% o (3.4)
Y is the wall energy per unit area.

-Another model of Kittel is shown in figure (3.1.3)
which shows“a structure known as chequer-board pattern.
'This structure,has a total energy equal

iwt"l; 0.53 12 D + YL L | : (3.5)

Flgure (3.1.4) shows a circular pattern which is
the third model of Kittel and it has a total energy
| equal to

e D 4 B’L | | | (3-6)

:h W= 0.374 IS
It is clear that in each case the magneto-static
' energy is proportional to the domain width. Minimization
of these express1ons yields values for equilibrium wall
spacing and total energy. o |

“ Goodenough (l956).proposed the structure shown

in figure (3.1.5) in which the magneto-static energy
decreases”without the formation of cloSure structures

and without greatly increaSing the wall energy.

Lifshitz (1944) proposed a structure of more

. complicated nature for a un1ax1al crystal shown in.

figure (3.1.6). He showed(that this structure has
7.Alower energy than that of closure structure.
| Tt is reasonable to expect that the structures
:'mentloned before are those which might be found in
.any homogeneous un1ax1al crystal |

The.domain wall spacing D on an axial plane_varies E

with‘the Crystal thickness L in the axial direction. |
For a sheet of thickness below a critical value (l%/im for

' Co) Klttel (1949) showed that D was: proportional to
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_ lf_. nFor specimens with L more than 12 microns,
patterns ofAundulatory wall are found on basal planes.
"The undulations increase in_hoth spacing and amplitude‘
as the'specimen thickness is 1ncreased With further
'1ncrease in thickness, the undulatory patterns become
‘gradually more complex,Goodenough (1956). |
When high fields are applied along the axial’
~d1rection differences are also found in the behav1our
'of the patterns. PatternS>of alternate strips or
'rings bécome covered by 001101d particles according. o
the emergent fTlux is parallel or antiparallel to the
applied field. This structure,has~been interpreted
simply as‘one.of»reverse'spikes.i “Some ofAthe hasal
plane pattern may remain unchanged'throughout'a_complete
~magnetization cycle, indicating no normal ccmponent_of
 the magnetization. | Very high fields are needed to -
'transfen this structure into_free pole structure.
' This structure is thought to be of the Liftshitz type,
‘with small closure domains. The differences in
structure may be attributed to the‘ma.gnitudes of the
saturaticn magnetization and magnetocrystalline
3'anisotropy in particular materials. ' Unixial material
with high I_ & low K exhibits Lifshitz closure structures
, while material with low I & high K possesses reverse

| . spikes.‘

'3 2 Domain wall

o The demagnetizing fields may be respons1ble for
,the subdivis1on of thezcrystal 1nto domains. There
will be a transition 1ayer between adjacent domains‘

- which are magnetized in different directions. In
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!

this:layer the spins change from one direction to the

other. This transition layer'is called the magnetic domain
wall. - A common type of wall is often.referredAto as
Athelﬂoch wall, for its properties Wwere first considered
.'by Bloch (1932). . In Chis wall the-magnetization rotates
_about the ‘wall normal asvone proceeds through the wall.
iBloch shoWed that in transition metals the change in

moment direction does not. occur in one'discontinuous
jump'between one atOmic plane and the next but takes

place over a distance of many atomic planes in a -
gradualxmanner. So the domain wall has a finite thicknessQ
}The'reason for the gradual nature of_the moment change

is that the;exchange energy 1s lower when the change is
distributed over many moments, than in abrupt change

over a couple of atoms. The origin of the force which
:lines up the. spins is the exchange interaction of quantum
'amecharucal nature. The expression for the exchange energy
' 1is given by the equation |
| “ Wey - = -2 JKS cos 43 _(3-7) R
for'an angleqb'between spins.'. If~4} is a small:angle 1
this may be approx1mated by o . _ \
s2 (1 - 4;2 (3.8)

wex = -2 dg

Awhere Jg 1s the exchange integral and S the total spin
‘quantum number of each atom. = Thus the change in the
exchange energy due to a deviation of(ﬁ from the ‘
vparallel_position is given by - - - l | ST
) A"wéx S - ?52 - | _' (3.9)

The magnetization in a domain is generally parallel -

A'lh“to-the easy,direction,,but in the domain wall this is not



32.

SO. In the domain wall, the atomic moments are not
'_ parallel to one another, hence there is an .increase
in the exchange energy we%.' -lf the change is spread
out over a number of lattice planes some of the moments'
in the wall are not lying along the easy direction of.
-*the magnetization.‘ Therefore the anisotropyvenergy'
| v%( is increased. This means that there will be an
'anithropy.energy associated-with the wall, which
‘Wwill be the greater the thicker the wall. _Thus
anisotropy energy acts to limit wall thickness and
the exchange energy favours the thick - wall. The
: equilibrium width will occur when the decrease in
Aeichange energy 1is balancedAby'theiincrease'1n aniso-
t ropy ehergy.gi.e. the width of the Wall is considered
to be that:Which make the sum of the exchange energy
Aand the anisotropy energy a minimum, assuming the
‘ magneto-static energy is zero. Moreover 1f there
are any uncompensated poles in the wall that 1s, if
A-there is a-divergence of the magnetization I, there
will also be an increase in the magnetostatic energy.

It has usually been assumed that the normal componento

. of the magnetization,remainS‘constant throughout the

wall. _
| - On this~basis'we may:make'an*appr0xinate calculation
of'Wall“energy andlthickness; Assuming.that only
exchange.and anisotropy energy contrihute,athe wall' .
l:energy_dénsity may be written as following |
| ww : ;. Wex Wanis .(3.10)'
lf the‘material has uniaxial_symmetry the anisotropy

énergyﬁwanis'is then,(taking 0nl¥.the lowest order term)»
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o 2 o
Wi KV sin g (3.11)

where § 1s the angle between the moment direction and

the reference axis which is taken'to be the easy axis
of7the magnetization. If the tOtal change in spin

_ -direction is<#>, and takes. place in N equal steps,

theri 47 CPo/N and o , |
,Awex '=. JKSQ( 4%9).2 | _ (3'.12.)A‘
: so that the total change-in the exchange energy over
f»N + l spins is given by

2

W, o= g 52 (7 ) | (3.13)

If ’the. tot-al angie P, =.,7'7' ' ’(18o'°. domain -'Waiis)_,
the exchange energy will be B . . _
.'wexl = (TT ) L ,‘h ‘ .(3-14)7
43Assuming-l800,domain5'and;a lattice constant a,‘
then o ; | |
| ' ors® |
Wey = mi's ‘per unit area (3.15)
-‘The anisotropy ener%y per unit volume is-approkimateiy
,‘given by . the first anisotropy constant Kl The‘volume;
'of the wall per unit area will be Na

' Thus,

wanis = Na Kl ) per unit area.. . (3.15)

Then the wall energy per unit area w1ll be as follow1ng

: w” o TrEJK T4 NaK, (3T
e ) | °

The wall thickness, Wthh 1s determined by N, will
be such as- to minimize the- total energy per unit area..
| Differentiating equation. (3. 17) With respect to N and

equating it to zero we’ have
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| L |
N =(112 I8 F (3.18)
K a 2 ' '

S

1

2 = .
Efﬂ_s__] © (3.19)
Ka

_;Substituting for N in equation (3. 17), the wall energy

The wall thickness % = Na

;4per unit area W, equals: -

: : 28K J, - 2 | L ~ :

W - 2 2 k . < .
W () | (3.20).

" If the exchange constant A is défined as‘equai to

N 2 : " N .

20,8%  then
T a 3 3 .
the wall width 4, = e (3.21) .

2 K

'v‘and the energy per unit area'x 12'”2AK . - (3.22)

As a simple approximation we may write 2 JS = k Tc
Thus’ for gadolini-um with o
T, = 292K @, a = 3.6 x 10—80m and .

S0.17 x 10%rg / en’

(at- temperature 270K) K;

we obtain % = 0.572 x 10%m = 572°
h:and _ : | ;A}{le'il 94 erg ;’cmg.

To consider how the wall width 4 and the wall
energy .per unit area for gadolinium depend on temperature
-graphs of'6 and Z’have been calculated using appropriate

‘values for the effective anisotropy K.

The anisotropy constants Kl’ K2, K3 for gadolinium;

o are functions of the temperature as will be explained’

'further, figure (4 8 ). . The appropriate combination
, to use for X depends on the temperature range.
For the range themperature Tﬁ>~24OK the c-axiSAE

_1s the easy d1rect10n, s0 1in a 180 wall the moments

will rotate through the energy max1mum at @= 90 .

The effective anisotropy is given by the difference C
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between F, at &= 0° and at e = 900. As shown in

k
fiyure (3 2a) it is given by [LF‘ =K, + K, + Kj'

Since
| Fki(oool) = K,
L R (msl) o K rE e K 4T
S0 ,AFk_ | = Ky + K_2 + Ky

~..For thefrange of temperature T <:24OK, where the

easy direction lies on a cone, the rotation maj'be'over

" a lower barrier. The anisotropy constant given by the

K between 6 =06, and 9 90° as in figure

(3 2b). The differences given by
AR, - F(8)-F (9B
Co ~Ek(€%) (k, + K2 + Ky )

: The'values‘- of 90, the cone angle, for different

difference of" F

:ltemperature determined from the graph, figure (410), of
.the variation of theteasy’cone angle.with temperature
for Ga, also the resultant values for K, + K, +AK3gare'

measured from figure (4.8), for the variation of'theA
j"'anisotropy constants with temperature for Gd.' Graphs.of

‘caloulated 4>and )’values are shown in figure (3.3) and

‘.(3.4).. These graphs will be- discussed later in the next

Achapter.

-3 2.1 Closure domain

It is possible to design a. domain arrangement for a

rectangular surface, which Will have no magnetic poles,

hil Figure.(jal.l); Such an arrangement was first treated

‘f,vby Landau and~Lifshitz (1935) for unixial crystals.
. Close to- the surface,vthe shape of domain becomes such

. -as to diminish the effect of demagnetization energy..

?QSurfaceﬁclosure}regions domain?ha?e;the form of trigonal .
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prisms. In closure domains thevmagnetization is | ;
perpendicular to the easiest axis but parallel to the |
'sample surface. ' | |

| The flux circuit is completed within the crystal
by means of the closure domain on the two parallel

R surfaces of the crystal. Closure domainstransfer the

'wljfmagnetization flux from the forward directed domains to

'the backward directed domain without formation of any
‘Apoles. The poles are absent as a result of the continuity
i across the prism sides of the normal component of
";magnetization.
N The magnetic -energy - is zero, but the anisotropy
-1energy is not zZero intumixial crystals. The volume
",Within the domain of closure is magnetized in a hard
1 direction, its anisotropy energy is K per unit volume,
,;where K is the anisotropy constant. The volume of the
"closure domain is D/E.sorthat: | |
Vs = K/ 323
”“Using this it 1s possible to. carry out energy minimization
A‘calculations to yield domain wall spacings.
If the sample surface is flat but 1nclined to the
" easlest axis, the shapes of the wall closure regions
w1ll be more.complicated. _The theory of magnetic
"‘,doma’ins in uniaxial materials have been considerably
’developed and applied to a variety of materials. 'It
a_awill not be pursued further at this stage, but. attention y

" 'will now be diverted to_the material of particular

;ﬁlhtepeSt*in the-present-inyeStigaticns.
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3. 3 Prev1ous work

‘ Because of the compumﬁfd.types of ordering found
in the heavy rare earths it was anticipated that they
would_provide domain structures that provided new

'hchallenges in'interpretation X With its Curie temper—
"ature of 292K and its moderate anisotropy gadolinium
lgwould appear to be an interesting element on which
to begin investigation
S The‘development,of this work has been strongly
gdependent on the availability of suitable materials.
A;The first observation of domains in gadolinium was by
':Birss and Wallis (1963) who observed . needle- shaped
domains at a temperature of about 268K running parallel
“to the c-axls, using the Bitter technique with a
modified'colloid. Thentin.(l964) Bates and Spivey
'observed a domain structure in gadolinium using the
"same technique, but with a different suspending medium
~for the colloid.  They found-domains of a variety of
-structure in a range of temperatures between l8OK‘and |
210Klusing-polycrystalline samples. Also in (1965)
‘l:the German‘workers Schaffer and Helmut observed a domain.
structure in thin film of Gd using the magneto optic Kenry
:effect'technique, in temperature range from 95K to 273Kf :
,The-domain structure did not“appear:to change but was

vymuch clearer at 95K. -

‘Then in (1969) Al—Bassam and Corner observed domains
inia gadolinium single crystal between 273K and 2lOK
4 temperature by using the wet colloid technique with-
f solution secondary butyl alcohol, They showed clearly
&;the closure structure near the edge of the plane

- containing the c-axis. They also saw a domain of
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'complex type on the basal plane.

Recently an investigation of magnetic domains 1n Gd
| foll using the transmission electron microscope_technique
-has been made by Chapman et al (1976) They saw clear
;gNeel walls at temperature 160K. |
Previous attempts to extend the temperature range - down-
"ward have been.unsuccessful and it.is.clearly”Of interest. |
‘to knodehat structures are.present}when the easy cone 1is

well developed.

3. 4 Methods of the observation of magnetic domains

Many methods of direct observation of magnetic domains
‘have been used including the colloid technique, magneto optic
'.methods, Lorentz microscopy, scanning electron microscopy,

- and X—ray topography, These - methods will now be brlefly

discussed{

3.4 The Colloid Technique

This' has been the only 1mportant method for direct
observation until comparatively recently, leading to a
vfundamental understanding of many - domain structures. The -
methods of studying ferromagnetic domain by means of tiny
:magnetic particles free to move over the surface of a sample
':,was first,suggested by Bitter (1931). The magnetic powders

,used earlier con51sted of magnetic particles in a true
.colloidal suspension, this- gave smaller particle aggregates
:_of about l/im in diameter (Elmorel934) Improved colloidal
~*suspensions have been developed with finer particles down

| to about 0. l/lm (Garood 1962) ' These particles were.
:A allowed to-set in Celacol whilst on the specimen, subsequently
.A.peeled off, and examined w1th the much -higher resolution of

= the electron microscope (Craik and Griffiths l958)
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 The mechanism of the effect is that the tiny magnets
(crystallites of magnetite Fe304 )are acted upon by the
stray magnetic fields produced at the surface of a ferro-
magnetic material by the free poles formed on the surface,
‘when a domain boundary terminates there. That is
xto say that the crystallites ‘collect most densely in
3the=regionsoof an inhomogeneouS‘magnetic field where
the -field intensity is highest. |
A recent development of this'technique is the
"evaporation of a ferromagnetic material in an atmoéphere
Aayof'inert gas onto the ferromagnetic:specimen, where the
: particles are deposited preferentially in reglons of
u*maximum‘field. The particle-size'ofttheideposit depends
Aprimanﬂy'on ‘the helium pressure.‘m'The patterns so formed
: may be examined optically or may be replicated and examined
hin the electron microscope (Hutchinson et al 1965).
Quite fine domain boundaries can be studied using
-the colloid technique, but the technique has certain
'limitations.' Due to the inertia of the magnetic particles
‘it permits only static or quas1static observations to be
-made. The gradients of the magnetic fields above the
specimen are dependent on'thetmagnetocrystalline anisotropy
hof;the specimen material. The lower the anisotropy the
rwidertis the domain wall producing the.field; and_consequently
-the smaller is ‘the field gradient -aioo‘ve the wall. Since
l'ithe forces .on the colloid particles are. proportional to
',;field gradient a less well defined pattern results from a
~‘broad wall. | |
The first requirement for successful use of the powder

‘"”pattern,method is-that the;surface under,examlnation‘should
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be strain-free and microscopically smooth. If these
conditions are fullfilled the magnetic fields at the

surface will be due to the domains and not influenced by

'*f.the presence of foreign matter or strains.

For wet colloid the temperature range over which
f'observation can be made is somemhat restricted. So
'*the nature of ‘the suspension liquid becomes of dominant
fimportance. By using methylcyclohexane stabilised by
- sodium olgate Bates and Spivey (1964) were able to reach
'180K. »_Birss and Wallis.(l963) had:used sodium di-
-.(ethylhexyl) suphasucinate at 268K.
At high temperature liquid evaporation is the
.'difficultm but by using oil Andra (1956) has made obser-
”vations up to 580 C. Clearly colloid technique results

ieare extremely important for high resolution studles.

. 3.4.2 Magneto Optical Techniques

The interaction of plane polarized light with a
h'magnetized medium can lead to changes in the polarlzatlon
'of the light which can be usefully used to reveal.domain
structure. Provided that there is a component of the
. magnetization along the direction of propagatlon of the .
-~flight the. plane of polarization will be rotated by an
-amount dependent on the direction of magnetization. .
The plane polarized light 1s reflected from thesurface'

“df a magnetic material as elliptically polarized w1th

"3 the maJor axis of the ellipse rotated... This change is known

| "as-Kerrieffect. - It can be classified into several types
‘according to the relative orientations of the magnetization,
-vthe plane of incidence and the electric vector of the in-

s cident light , The polar Kerr Effect was first used by
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Williams, Foster and Woods (l951), to reveal domains in
"a s1ngle crystal of cobalt. - The. meridional~KeTP
effect was first employed by Fowler and Fryer (1952)
fwto observe domaln structure in a crystal of silicon-
iron. ' The longltudinal Kerr effect shows a max1mum.'
. for -a -pa-rticular angle mf 1ncidence. ' |
A similar effect known as the Faradayeffect when
| plane polarized lightnstransmitted through magnetic medium
:._w1th a component parallel to the direction of propagation,
:can lead to a rotation of the plane of polarization.
ib- This may be_used to- study domain_structures.in trans-
: :parent materials. - o o
) The magneto-optic effectS‘are particularly usefdl.
- fOr'material with low anisotropy and very wide domain
:_boundaries. Domains whose'direction of magnetization
differ rotate the plane of polarization by different
zamounts; When the difference‘in direction of magnet-
ization of adJacent domains is small the light contrast
is so small that observation is difficult The . small
'rotation by the magneto—optic interaction-of the polar-
'1zed beam, and the need to work w1th nearly crossed
: prisms, leads to- an image of the domain structure. very
low 1n 1ntensity Techniques have been developed for
enhancement of contrast by coating the surface with a

dielectric layer.

When an electron moves in a magnetic fleld 1t is
_deflected by the action of the Lorentz force B, given

by:,
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F o= -e (WB) (3.24)
_ S ‘ .
where e is the electronic charge, V its velocity and B
the magnetic intenSity. The deviations of an electron
beam may'be used to detect.the'magnetic variations.
Studying the domain~structure of'thinnfoils has led to
‘-1the Lorentz microscopy technique. - In this the direct
'interaction between the . electron beam and the specimen
magnetization is used to produce a- picture of the
domaln structure.
o The first observation of domain walls was in thin
:.. evaporated films of nickel iron alloy by Hale, Fuller .
'and Dubinsteinp(l959). The electron beam was deflected
-by'transmission through a thin ferromagnetic specimen
' cOntaining.a 180° Néel‘wall. - Thefelectrons passing
through the film on either side of the wall will converge
'or diverge after transmission; this -'depending on the '

‘sense of the domain magnetization relative ‘to the_

": 'electron beam. Domain walls will be imaged as reglons

. of high and low electron dens1ty and appear as alternate

bright and dark lines._A

3.4, 4 Scanning Electron Microscopy

ThlS is the most recent of the methods,of-direct,
yobservation'(Banbury J.R. et al,1967). Experiments
'.have shown that the magnetic contrast may be obtained
.by.two techniques. . The first (Type 1) uses the Lorentz
force Suffered.by the secondary electrons, as they pass
fi-through the stray fields at ‘the specimen surface, after

_}their emission (Joy and Jakubovias, 1968).  These fields
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reflect the domain structureée at the surface and
f_,conseQuently vary in magnitude'and direction. Type II
:contrast is used when - the spe01men surface has no poles

;except at the walls. By this technique a large depth-

'1.M of focus can be achieved For small values of magneto-

"i crystalline anisotropy leading to small or even non- existent

~3stray fields at the specimen surface flux- closure domains
may be difficult to detect by Type I contrast but may
rbe revealed by Type II contrast with a. suitably oriented

surface.

"”V3;4f5‘XQRay‘Topography
| This technique allows the 1nternal distribution
- of magnetic structures to be investigated in specimens
»s«as thick as EOQ/Am. Polcarova and Lang (1962)'haver
f_?shown the feasibility of the method. - |
| - The effect depends on magneto- striction and the
-consequent_mis—match between domains.puts the orystall—
foéraphic lattice into a state of strain-which is a
;}:maximum at the domain wall., . This strain gives rise to
~diffraction contrast since the Bragg angles will be
different in-the strained and unstrained parts of the
‘”lattice. 1 Monochromatic radiation 1s.used in these:

methods. Also transmission and reflection methods

"._of X—ray topography can be used to'reyeal domains.

-i'Scanning an area of selected:ﬁﬁiection plane, in the

‘crystal can be done by mov1ng the specimen and the

-kffphotographic plate together.v
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3.5 Methods used in this work

The-wet:and'dry colloid techniques'were used

‘for observation of domain structure. The results of

'A_.these two methods were very satisfactory for giving

';nearly .a complete picture of the domain structure of
.gadolinium. ‘ ‘ _
Also the Kerr magneto -optical effect was tried but -

')for gadolinium the domains are very small in size and

1 f problems were encountered with the 1limited resolving

power,of the system used. The objective lens had to
" be situated'outside the cryostat containing the sample
~and this imposed a severe limitation on the numerical

aperture.' It”also'pr0ved difficult to?prepare a perfect

ﬁ"surface and if the surface was slightly irregular the

'fl scattering of the incident light destroyed the contrast.

7'.After preliminary trials the technique was abandoned in
'favour of the colloid method. | |

}', Scanning-electron microscopy has also been tried for
‘gadolinium. ~Using the Scanning'ElectrOn Microscopg in
the Metallurgy Department of the University of Oxford, it
proved impossible to observe.a domain structure. The
t-difficulties were the irregularity and contamination of
the surface of the.crystal which took place rapidly after
surface preparation before mounting in the eduipment, an
“operation that took about two minutes. This foreign
dlayer prevented the development of magnetic contrast,
-and the domain magnetization could not be detected.

In these circumstances the colloid technique will

often still give results. It is not possible to use

X-ray topography since the magnetostriction of gadolinium
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}is too low. for the development of adequate contrast
.vto reveal domain structures.A Lorentz microscopy
was not used since we were dealing with bulk crystals.
For these reasons the Kerr effect Lorentz microscopyp
scanning electron microscopy and X-ray. topography were

" not employed for the observation reported in this work.
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CHAPTER FOUR

RARE EARTH METALS

~ The Rare Earth'metals consist of fifteen elements
~all having very similar chemical properbies. They are
commonly known ‘as the lanthanides after the first member
Vof the series. The initial member of the family of the
t_rare_earth elements has atOmic:nUmber 57, and the final
.i‘member, lutetinm has atomic number'7i. - The physical'
properties of the elements -show differences and in |
particuiarvtheyvhave.veryhdifferent magnetic properties.i
The reason lieszin theira4f'electr0ns which determine
.bhe"magnebic properties. »‘The-uf transitidn series
“elements are all structurally quite similar and cons1st
‘vof three electrons cutside a Xenon core and a partlally
 filled 4f shell. Lanthanum has the electron configuratien
. (ls 2s 2p6js 3p63d104524p64d105$25p6) 4£© 5d(l) 6s(2)
where' the configuration within the brackets is that of
_ Xenon.' The parentheses for the 5d and 6s states are
ised to indicate that in many of the elements, once

the 4f shell contains electrons, the 5d and 6s electrons
are transferred.to the 4f shell; The energy of the 4f

shellAbeing higher than the 54 state and it 1s therefore

undccupied. There are 14 available electron states since

thei4f shell has an angular momentum quantum number 1
equal to three and therefore has 2(21 + 1)states’ (seven
orbital states and two spin states for each). The

14

filling of these states up to 4f for lutetium

charaeterises the rare earth series,

There is a dedrease in the radius of the 4f wave
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function with increasing atomic number; | This phenomenon
is known as the lanthanide contraction. This arises .
-because‘an electron added to the 4f shell cannot screen
:the remaining electron inhthis shell from the added
positive nuclear.charge.- This contraction has‘important
effects in some of the properties“ofmrare earths.

Unlike the corresponding 3d transition series, the
4f electrons of the rare earths generally remain'highly
localized in the solid and form the magnetic electrons.
The 4f electrons behave, to a first approximation, 1like
'those in'a free ion.

‘The outer-lying electron states are essentially
~ unchanged and it is for this reason that the rare earth
: elements are so chemically alike. i The Sd(l) and 65(2)
electrons are readily removed to hecome-conduction
'electrons; leaving a trivalent ion.‘ If the 5d electron-
has transferred to the 4f shell oneiconduction electron
COmes from this shell. 1In the-solid state the three -
outer electrons form bands of mixed 5d p 6s character,
which account for the metallic conductiv1ty of- the |
' elements. (Watson (1968)) |
It is the unpaired 4 electrons which give the

rare earth ion its permanent magnetic moment and lead

to the appearance of ferromagnetism in some elements,

the magnitude of Which is governed by Hund's Rules. .

| These state that the moment assooiated wit_h' an incompleté -
ionic shell is given first by the combination of spin -
vmoments to giveﬂtheimaximum value of S and'then the |

combination of'orbital‘momentsito give -the maximum
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- value of L consistent with this'arrangement of the
electron spins. Spin and orbital angular momenta

are strongly coupled yielding J as a good quantum

“_{,number. ; ‘The total moment is then calculated from '

"f 'J L S for a less than half filled shell and J L+S-

,jfor a more than half filled shell The series is.
‘Tconveniently divided at the point of a half-filled
by shell into light (La-Eu).and“heavy (Gd-Lu) groups.

' The Rare Earth metals, in the solid phase, can be
hobserVed in many of the normal metallic configurations
‘as body centred cubic, face centre cubic, hexagonal
close packed, double hexagonal close-packed and samarium
~HStructures. At normal temperatures the structures of
"all the elements, with the exception of europium, are y"
of a close_packed nature. Theselstructures may be |
Tdescribed‘in termS-of.three typestof layer, “These~
~layers may be defined as A B and C and are shown 1n

7f1gure (4 3). |

4,1 The heavy rare earth metals

4,1, 1 Crystal structures

All. the heavy rare earth elements, but ytterbium,

i-»have at room temperature a hexagonal close packed

: -structure of A} type. This structure has a form ABAB., f&__

;fiand 1is shown in figure (4. 3a)

_ The lattice spacings decrease on g01ng from Gd to

. Lu,vdue~to ‘the lanthanide contraction. “The ax1al ratios:
Rc/a of the heavy metals vary between 1. 59 for gadolinium'

'7§fand 1. 586 for lutetium having a lowest value of about 1571
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between.holmium and thulium. All these ratios are
somewhat less than the ideal value of QJ—’/J——

l 633 obtained for the close packing of spheres.‘A

“h.io Magnetic properties

In the heavy group the element ytterbium has a full
cOmplement of fourteen ot electrons*and is only weakly
paramagnetic. Likewise, the element Lutetium has a
sfull bt shell and it toc is weakly paramagnetic.  Each

of the'remaining heavy metals exhibits an effective

'f:vmagnetic moment in the paramagnetic state

As the temperature is reduced below a certain
ljcritical temperature there is a transition from ‘the

' 'paramagnetic state to an ordered state in which the .
mOments arrange themselves in one or another ordered
'h_magnetic configuration. _The'temperatures-at which the
- orderedisOrder transitions occurAare known by noticeable
anomalies-or discontinuities in the measured electrical,
thermal'or magnetic properties of the metals; For all
the heavy rare earth metals except Gd, there is evidence‘
at lower temperatures for order order transformations to
'iother magnetic configurations. For.the_heavy series

Athe'meaniradius'of the 4f shell is one tenth of the

. ;interioniclspacing,_so that the»direct overlap between

| 41:”or5'1t'a'1$ on the neighbouring io'né is negligible.

o The magnetic ordering observed in the heavy rare-
..:earth metals arises from an indirect exchange mechanism
»_betWeen the polarizatlon of the conduction band electrons

and the local 4f moments. Such an interaction is



osoillatory in nature and has long range. It is
therefore capable of giVing rise to ahvariety of
periodic spin struotures, such as indeed are observed
-,in the heavy rare earth metals. jThe applibation of
’the'theOry of exchange interaction for the Rare earth
- metals is assooiated with‘the namés‘of Rudermanh and
’.Kittel (1954); Kasuya (1956) and Yosida (1957). It
 1s known as. (RKKY) interaction. This interaction
has led to a,fuller understanding of many of their
properties. | | ‘_

| 'The eXohange funtion j which appears in- the: energy -
 »1$ equal }g;j(rlJ) S . SJ, and is usually discussed in

| terms of the Fourier transform function

j(q)% Zj(r __;&;_

:>;This function,j (q) may indicate a maximum at qQ =0 or
'.at other general value q = qmax elsewhere in the Brilloan\
zone (Keeton and Loucks 1968). In the case of maximum

{ at q = o the initial magnetic ordering is ferromagnetic,
while when{j(q) exhlbits a maximum at a non-zero value

_of g, .a periodic ordering resultsowhioh is :antiferro-

'magnetio with wave vector g (Evenson and Liu 1969).

max
. This condition is found in most of the rare earths.

:,The condition that the .exchange functions occurred

. having maximum at non zero q has been studied by a

" number of workers. - Keeton and Loucks and Evenson and
Liu connect this situation'to-the nesting Property in
the elements Tp to Ty The nesting feature is absent in

E Gd, which shows only ferromagnetism.
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The other interactions,between ions are aSsumed
’small. - The most important are the coulomb electro-
| static interaction and an interaction between the 4f
~ moment, and the crystal field. _The offect of the later
»-ﬁtiis to align the magnetic moments of the 4f electrons~
"‘n:ﬁin some preferred direction relative ‘to the crystal
axes.- It gives rise to magnetocrystalline anisotropy
'.iwhich is important in determining the Spln structures
hﬁ*;iin the ordered state. | -
l The definite form of the exchange interaction has
“5f}'been 1nvestigated by the 1nelastic neutron scattering
afftechnique. Koehler et al (1970) us1ng tis technique
i”;?observed the spin -wave relation 1n Gd ‘while Nicklow
Aivffyet al- (1971) have examined it for Dy. For the elements
‘dCTb and. Er it was worked out by - BJerrum Moller et al
‘k(l966) and,Woods et al (1967) respectively.
" The eXchange integral~betueenlthe 4f electron of an
. ion and a conduction electron is lknown as the S-f
iinteraction. . The conventional exchange energy for
ifithe rare earth metals always favours the parallel align-
‘ fcument of the 4f moment and the conductlon electrons |
/'{3J,moments.  'So that the conductionsielectron moment adds toj.
‘;}the ionic moment.  So the conduction electron polarization
l {..results in an additional value (/A%) to the observed

"3%3.magnet1zation, and this accounts for the excess moment

‘:”Vfﬁfvalues observed for the heavy rare earth metals-

'”7I;v4 1. 3 Magnetic behaviour in ordered states

The magnetic behaviour of the heavy rare earth



' imetals has been shown by neutron giffraction to result
?frOm a variety of different equilibrium magnetic
-configuration This variety is shown in figure {h.1).
:On cooling down the various heavy rare earth metals from

”Tt:the paramagnetic region the appearance of extra lines in

»iﬁthe neutron diffraction spectrum. can pe explained in

k:terms of a mOdel of the magnetic ordering (Koehler 1965)'
_The figure shows the various moment arrangements for

':N,success1ve planes g01ng down the c- _axis. The moments
'lying in a given (0001) plane order ferromagnetically,
j.e. parallel to each other. -~ There are two temperature'

o regions of magnetic order, except for Gd. There 18
Vobserved a. tran51tion to an 0501llatory :antiferromagnetic
: configuration of a helical or linear oscillatory type
- for each of the metals Tb, Dy, Ho, Er-and . The

ftemperature at which this tran51tion occurs is the Néel

temperature TN Lowering the temperature a  further

tran51tion 1s observed to ferromagnetic ordering at the’

' Curie temperature TC Between the two temperatures TN

and T a spiral structure has .been found for the elements
Ths Dy. and Ho [t is holds between 179 and %HK for the .

element Dy, while it is- present petween 230 and 221K for'

the element Tb. - .The spiral turn angle between the

moments of success1ve hexagonal layers varies w1th
4temperature.} This angle for Dy ‘changes from 4} at

the Neel temperature £o 26° at ‘the Curie temperature. -

' For Tb the angle is smaller and varies froméoo to 170.

AThe ferromagnetic alignment below T .is along an a—ax1s

-in the hexagonal plane for Dy, and 1t is along ‘a b- aXIS



P A Pboie|d

| B |

Db Pl Ole(d |
- [Pdledeled

gl

[T
(f)

(e)

Y R

~ HoEr . “Tb,Dy,Ho Tb,Dy

- AFTER KOEHLER ' -

Er

le)

Er,Tm-

(b)

al

o

T m



53.

-in the hexagonal.plane for Tb. For Ho, the basal plane
.componentsxretain the helical structure, but below To =
»2OK there existsla small ferromagnetic-component in the
c—axis directlon;" The conical or ferromagnetic spiral
configuration is 111ustrated»1h~figare‘(4'1d), in which
l”'the planar and axial components are shown separately.
‘ For each plane the total moments 11e on the surface of a -
cone. At low temperature Jordon and Lee (1967) found
~ that Dy also may ‘have a small ax1al component.
In figure (4.1b) is observed~a different type of
oscillatory maénetic structure. xThls'structure is
| found'for Er and Tm and is called sinusoidal spin arrange-
.l,ment llnear spln wave type or oscillatory z-component
v structure. - In thls structure the z components of the
| . moment ln any layer are parallel to~each other but the"
‘magnitude of . the component varies 51nus01dally when 301ng
'along the c axis.{ The sinus01dal spin arrangement is
_observed for Er and Tm in the temperature range between
.;85 - 53, 5 K and 56 - 40 K respectively
| The structure found for Tm at very low temperatures

, below 90 X contalns three layers w1th moments p01nted

;- down the c- -axis fol]owed by four layers w1th moments p01nted

up the c-axis as in figure (4. la) -Thls is a type of

antlphase domain structure. Flgure (4 lc) shows a type =~

. of structure where the components of moment perpendicular

"to the o- axis order in the hellcal arrangment whlle the
"'parallel components form a type of antlphase domain
structure.._ This structure is obseryed in Er at temper-

ature 53.5K and below.
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As stated earlier, the origin of the magnetization
~of the ordered state-arises from tﬁe indirect'exchange
mechanism in the heavy rare earth metals. . Relating to-
this theory it has-been found that the paramagnetie
Curie temperatures‘will be proportioﬁal to a factor
o kﬁown'as the de Gennes factor and given by the relation

¢ = (g - DI+ 1) .
In pfactice this is reasonably well obeyed. The’Néel1

points of the heavy metals are discovered also as a

- function of. the de Gennes factor, but are- given by the

feletion"TN<X3G2/3. This variation was given by
Weinstein et al (1963).

It was feund that it is not possible to obtain magnetic
-saturatlon in a magnetlc field of" the order 20 kOe in
' measurements of polycrystalllne samples of* the heavy rare
earths other than Gd.  This is due to the ex1stance of large
magnetocrystalline anisotrobies,'Whieh have beeh observed
‘in single crystal measurements. ' This is clear from_detef-
mlnatlon of the magnetization along the different crystalle
ographic axes. Saturation in the hard dlrectlon has not
.been obtained in fields up to 150 kOe (Schleber et al
| (1968). yet .for erbium thlS value has been observed to be
"~ the saturation fleld, but it has been difficult to determine
the anisotropy constant.

Neutron diffraction work has shown the configuration

in the antiferromagnetic phase to be a helical spin structure
Applylng a magnetic field in the basal plane to the hellcal
oonflguratlon dlstorts the helix until a large value of the

,magneticifield‘(the critical field HC) is enough to rotate
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the spins into the general direction of the field making

-a fan‘stfuéture, - Further increasing the field brings

= ~about the collapse of the fan structure_andAthe spins

are aligned in the direction of the field. This'Structure
gives séturation as in figure (4.2).

The magnétostriction strains have béen found by many

o workers to be large in the'heavy rare earth metals (Corner

et al (1960)) and (P. de V.Plessis et al (1965)). As stated

before an applied field in excess of the critical field

'3~ Lchanges'thé specimen from antiferromagnetic structures

" to ferrbmagnetic ordering at higher temperatures. It

'rﬁhas'ﬁeen suggested that_the'transitibn is driven by

“‘enormous magnetostriction associated.with the ferromagnetic

" structure. . Clark et al (1962) found all the magneto-

e ‘striction terms to be prbportional to H® above the Neel -

- -point.’ It has been found that the magnetostriction'is

" dependent on the temperature. Callen and Callen (1966)

:ihéve treated'the temperature dependenéé of the magneto-

- striction.

" 4.2 The Light Rare Earth Metals

.The iight rare earth metals have crystal structures
: that are morecomplicated than those of the second half

of the seriés. These inélude the double hexagonal

':i structﬁre in which the stacking layers are in the form

" ABACABAC rather than ABAB figure (4.3.b),  the f.c.c.
:Structuré with stacking Sequence ABCABC.figufe‘(4.3d) and

._'a complicated structure in which'theAsequence of layers |
1is ACACBCBABA:known as the Sm-type structure figure (4.%c).

 ] Lanthanum, praseodymium. and neodymium have the double hexagonal
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Hfstructﬁre at room temperature, figure (4.3b). Samarium has a
rhombehedral structure which is only fof'this element,figure
(4.3c). - Europium crystallizes in the body centred cubic
-Structure at. room tempeﬁature-while~ytterbium possesses

Athe face centred cubic structure. Ail the light rare

. earths have the axial ratios c¢/a in excess of 1.6 and are

closer to the ideal value for close packing than are the

~ heavy rare earths. Anomalies in the specific heat -and

o maximawin the suscebtibility have been‘dbserved in all'the
:'metals except Praseodymiun. _ |
The observed magnetization in the iiéht rare earths

t_ iS'strengly controlled by the crystal field. It has
'3energy splittings comparable to the energy of the exchange
finteraetion. | At low temperatures, below 300K, the |

‘susceptibilitiee ef most of the elements deviate from the

- Curie-Weiss behaviour. The light elements exhibit magnetic

. orderlng below some characterlstic temperature

The element Lanthanum is weakly paramagnetic; and
" ‘this is found to be due to the 5d and 6s conduction
.;electrons with the 4f shell empty. The antiferromagnetic:'

_ transition fbr polycrystalline cerium has been observed

“Lat 12.5K.  The magnetic ordering suggested is that the

: f;magnetic moment parallel to the c-axis and having the

value 0.62/UB~ The measurements of Cable et al (1964),
j{suggested that the metal Pr is antlferromagnetlc below
_ 25K. Rainford (1971) confirmed antiferromagnetism in
:'polycfystalline Pr and its absence in single crystals.
.Tﬁe'magnetic,structure of neodymium has been found te be

O antiferrpmaghetic in the temperature range 1.6 to 20.0K
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for single crystal by neutron dlffractlon (Moon et al
1964). There are two magnetic transition due to the
independent ordering of the hexagonal and cubic‘sites‘
in the double hexagonal structure of this metal.
.. Neutron diffractlon data from a single crystal of Sm
H(Koehler et al l972) show an antlferromagnetic ordering
" transition at the temperature 100 K and ferromagnetic
orderlng layers at temperature 14 K These inVolre
‘the orderlng of moments on the hexagonal and cubic. s1tes
respectlvely.

The magnetic properties at temperatureA4.2eK for.
single'crystal Europium are'oonsistent with antiferro—'
magnetio'order. The transformation at the N&el point
';at 90 K, has been’shown to. be a first-order-transitionn
(Cohen et al 1969). The interlayer'angle varied slightly

. with-temperature.

4 3 Magnetic Properties of Gadolinium

Gadolinium 1s a non—typlcal member of the heavy rare
earths; ‘It has the usual hexagonal close packed structure
with the ratio c/a equal to 1.591, snaller than the value
‘for perfect hop which equals 1.633. |

An ion in a pure s-state has a cloud of completely
spherical charge and all multlpoles of its moment are zero.
fAcoordlng to this case there is no crystal field effect and'

all the & The spin-orbit coupling will modify

1 = O-
this result, and then the state is simply one of J 7/?.

o It requires an extra order of spin orblt coupling to in—-

4crease the L value. Perturbation theory suggests that
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the efféctive o(2>o<4> 0(6' This is according to |
magnetic resonance measurements.

Gd exhibits an effective ﬁagnetic moment in'the o
paramagheticustate. The valancé electrons 5dl 6s°
“are_lost to conductibn bénds, then'fhere‘is left a
highly localized moment due to unpaired electrons in
‘the 4f shell. The moment is quité well given by
application of Hund's Rules.

As ﬁhe temperatﬁre is reduced below a certain
critical temperature it is found @hat a transition from
the paramagnetic state to é.ferromagnetic ordered‘state '
occufs,‘in which the moments adopt 6fderéd magnetic. .
configuratiOn; -

Gadolinium has no'antiferrémagnetic phase and tranS—
forms directly tp the ferromagnetig state. The Curie
temperature‘_Tc equal 292K-as determined»from resistivity-
measurements. The paramagnetic Curieltemperaturé 6&)is |
okitained ffom susceptibility dat-a as 6"—_— G_L = 317K_._,. The
séturation magnetization has been measured for gadolinium
parallel'to the easy axes, is found to be equal to 7,5;}%.
| This meaéured saturation moment exceeds slightly theipre—v»

~dicted value from the Hund's Rules .ground staté.gqﬁb)=7;o.'

. The excess is related to polarization of the conduction

electrons.-

The-thérmal'neutron ébsorption cross-section for Gd -
méasufgd b& neutfon diffraction eiperiments has been.found
 to be»Cr;apt(barn)= 46,000, The-drpSsAsection of”Gd is~
so large that the ordering-of‘the‘4f moments is extremely"

'_difficult to study except in certain specialized experi-

- ,ments.f:;afIsotopes Of'gadolinium...1.......;......,..,..'
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~exist 'with much more favourable absorption cross-
sections and these are being utilized.

Although Gadolinium has been reported to be a

e ferromagnetic with Curie temperature of 292K,- Belov

. and Pedko (1962) observed anomalies in very low field'

_fAmagnetization curves using polycrystalline gadolinium.

lj These anomalies were above the temperature 210K and they

,suggested that they were due to the eXistence of a spiral

”‘, spin structure. According to their report a very small

field of order oneoersted was sufficient to transform the

spiral into a ferromagnetic. Graham (1963) has repeated. . .

47?their measurements on a single crystal of gadolinium but

l he found no such anomalies.. After that a number of

B neutron diffraction studies ‘have been made to look for

any‘eVidence of the occurrence of this structureAin

‘.gadolinium. . Will, Nathans and~Alperin (1964)Astudied

y‘i} a single crystal of gadolinium, with. naturally occurring

:isotope content. They were able to conclude that there
g'were no observable satellites and gadolinium is a normali.f

ferromagnet. . Also Cable and wOllan (1968) used shorter

‘l]'Wavelength neutrons for which the cross—section is smallor,

ﬂjthey found no-evidence for any satéllite structure.

";ivThere was no field dependence of the intensities in the

" range 0.1 to 50 Oe. . The evidence is that gadolinium

"vzkis»spontaneously ferromagnetic throughout‘the ordered .

ifllfregion.

It is possible that the anomalous behaViour of Belov and

. Pedko may arise from inhomogeneous or- strained samples o

tﬁﬁipf gadollniumf - It is also possible that these observations'<
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related tovthe anomalous behaviour of the easy magnet-
ization direction in this metal>below{24OK. In,a recent
-1nveStigation by Kuchin et-al-(¥§69)asingle crystal of
T;;Gd Was’studied at'temperatures ranging from TBK-to'room

b'termperature; :-Theyconcluded that Gd~is“a'normal ferroe

:c,magnet below T They observed that the directlon of

/the moment depends strongly on the temperatureL

The measurements of the magnetlzation on single

.-T:ifcrystal Gd made by LegVold (1963) at Iowa state unlver51ty |

i’xiremain the‘essentlalrbasic data.  Gadolinium has no

Vé'::*orbital‘momentum contribution to. the total moment

'i~n-Magnetizat10n curves are typically characterlstlc of

7;fa ferromagnet of low anisotropy. ’ Small anisotropy

.. effects are seen at low field w1th a temperature dependant

'_.varlatlon 1n the easy directlon of magnetization. The

““*-5pdependence of the magnetizatlon on’ the. temperature 1S shown

. in figure (4 4) and it is well deflned by the S = 7/2

'I~¢f function,; .The saturation magnetlzation is represented

by a T2 dependence from (o} to 150K " The variatlon of _

'1? magnetization w1th temperature for gadolinlum was 1nvestigated

| ..'.f';by ngh, Legvold and Speddlng (1963) They measured

,yz;the magnetic moment ‘of 51ngle crystal Gd in fleldS from -

0 to 18k Oe along the [0001] , [10To] and [1120]d1rectlon

| 'fat:temperatures ranging from 1.4 t°:900 K, figure (4. 5) §

w”7irand figure (4 6). . The c- axis isofield curves show a~ .

" . peak at 220K and a broad nthimum at 160 180 K at .low’

‘{_fields, whlle the b- axis curves show a peak at 120 K..

"JTIZFor hlgh fields the curve was shown to exhlbit nearly

;[;normal Weiss behaviour. , The magnetlzation of gadollnlum
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. in weak field was found to fall rapidly between.temp-

".‘erature 210 K and the Qurie point temperature.

The variation of magnetostriction coefficient %s
. for gaddUnium With the temperature is:shown in figure
(4.7). It shows the variation of the ‘magnetostriction

" constant forAa'single erystal and polycrystalline samples.

4.4 The anisotropy of;gadolinium

| ~The early magnetization measurements of the gadolinium
metal were found to show-evidence of certain amount of
magnetocrystalline anisotropy. Torque measurements
f~_of axial anisotropy of gadolinium showed that its
magnitude was several times that of the hexagonal
:trans1tion metal cobalt (Corner 1962)

| The variation of the anisotropy constant K, (n =

1, 2, 3, 4),with temperature for thisAmetal are shown

in figurek4 8). It was shoWn by'the measurements of

' Corner et al (1962) and Graham (1962), that at least
three parameters are required to represent the anisotropy
'of gadolinium. The anisotropy energy EK is giyen by
the following equation, S

_}E = Klsin 6+ K251n 6 + K3 sin e+ KL;. sin 6 COS6¢

K
where ©is the angle between I and the hexagonal axis-
:'inuiq)the prOJected angle with one of the a-axes 1n the
bas al plane. Below T the c-axis-: is the easy direction
.but at temperature 240 K there is a change from this

alignment of spins to one making a finite angle with ‘the

"'c axis resulting in a conical alignment of the moments

below thisvtemperature. The observed change in 51gn
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of,the‘principal axial term K, at about 240- K corresponds
to sudden change in the moment awaj from the c-axis. -
The magniﬁudeé of K2 end K3 are such as to prevent the
easy direction from reaéhing the basal plane. | The basal
-plane anisotropy measurements made by»torqué.méghetof
meter, Taylor and Darby (1964) énd Graham (1967), have
shown that the K, term is relatively small, becoming
appreciable only below about'lOO'K and indicating a
preferred aréxis. Combination of}these-copsténts with, -
| the magnetization results leads to the.polar energyA
‘diagram shown in figure (4.9). In,the'figufe‘it may
be seen that just below 240 K, the momehts are prevented
<from aligning pafallel to the basalAplane by-a small
enérgy maximum_in that direction. | | o
“As stated-before, at temperature above 240'K, the
easy direction 1s'parallel‘to the'c—aiis énd,at lower
temperature it lies on the surface of a cone whose axis
"is the c-axis. The Var;ation of the cone angle of the
" moment orientation'with_temperature is given in figure
(4.19. 1In theAfigure it is seen that the ahgle between
the c-axls and the easy direction has'a maximum'vaiue,
of 700 at temperature 220K, while at temperature 37.5K
it has a value of 30°.  The original results of Graham
(1962) indicated that for a small interval of temperature
from éjeK to 180K, the basal plane was the easy direction.
- Neutron diffraction studies by(Céble:ét_al 1964) and(Will;?'
'Nathansand Alperin = 1964) have established that there is |
' no such basal;piane easy directiop, énd their curve was

'fhe same -as the curve obtained,by’Cornéf et_al (1976)-
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Near thé'Curie point there is an appreciable
contribution to the anisotropy due to a difference in the
:f paramagnetic susceptibility parallel‘and-the perpendicular

"td the»c-aXis; "~ Graham has investigatéd the field depend-

ence of thé‘anisotropy for gadolinium in the vicinity of

vl,‘the‘Curie temperature.  The data on forced magnet04

'5?Striétion show that for Gd near the Curie temperature,'
the lattice constants change with the value of applied
1 field in an anisotropie way. Also Corner et al (1976)

1 have shown that the anisotropy constants were functions

- . of the applied field. - They related this effect to an’

" “increase in spontaneous magnetization due to the field.
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CHAPTER FIVE

EXPERIMENTAL

5.1 Origin & Identification of Specimens

| | A.number of single crystals of high puritw Gadolinium,..
“have been‘used in the present investigations. All but |

| one were obtained from the Center for MaterialsScience at

" the University of Birmingham.  They had been 'gqun by &

:~SOlid state electrolySis technique which had improved

the overall purity of - the material as- well as inducing

. erystal growth.  The material was generally of similar

spurity to that described by Jordan (1974) and had an

2 P.p.1 m. (atomic) As

'oxygen content of less than 10
.”a consequence the presence of oxide as a second phase was
"infrequent. It is convenient t0'1ist the specimens -

as below. | | |

if A. This was wedge-shaped with thejbasal plane as one

" of the larger'faces.' This was of length 6 mm and width

4 mm tapering from a thickness of 4 mm to one of-l'mmf
B. A dlSC of elliptical cross- section with maJor and
minor axes of 7 mm and 5 mm respectively and thlckness

6 mm. The surface of the dlSC was a b-plane, but small ﬂ-.

",~sections perpendicular to an a—ax1s-and to the ¢-axls

Vwere later cut on the sides of the dlSC.

C. A further disc-shaped crystal of thickness 3 mm and -
.jdiameter 6 mm, the plane surfaces being b-surfaces..
D.E. Two rectangular crystais, withfdimensions 1 x2 x-jimm;
» the 1arger”surfaces being h-planes; -'Specimen E however, 4

.-,‘was Of-99.9% purity_material‘fromiMetais,Research Ltd.,"

A"“L:pCahbridge,\and contained appreciable quantities of oxide_
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as a second‘phase. All specimens were cut from larger

crystals using the spark erosion technique.

i5{2-0rientation of the erystals
The crystals were oriented by X-ray technique

using a back reflection Laue technique.- The,specimen-
was placed on a goniometer facing one beam from the'
. X-ray set.. A Polaroid cassette was placed to stand
between the goniometer and the X- ray set, and carried
both the X-ray film and collimator. B

- Before mounting-the specimen on the goniometer it

was well etched to remove any strained layer. Etching-

- the surface continued until clear spots appeared-on the

'fiim; The etching sclution used was the same solution
as. used}for polishing and described later The spe01men -
was rinsed with -absolute alcohol and dried in a stream ;:
of warm’ air. Exposures were made us1ng an X-ray tube

- with:Molybdenum anode. AThis tube was operated at 30 mA: °
and'EO kV,hand the exposure time was about six minutes.

". Many expoSures were made with the X-ray beam incident at

” "‘v_different p01nts on the surface in order to make sure

" that the specimen was a single crystal |

The specimen was set at a fixed distance from the
film, 3 cm for convenience. This permitted the use
'of a Greninger chart constructed for this separatlon
"to measure angles of prominent zone intersections
One of these was then chosen and the crystal rotated

‘ throughjappropriate angles”to centraliZehit. .ThisA
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was done by changing the'goniometer to'the_required

~angle. The resulting pattern was compared with
patterns computed for reflection.from the three

principal axes of a hexagonal crystal. it was

' ueasy,hy.triai~andverror, to 1o¢até'6ne of these axes.
. This method is capable of determining the orientation

of the crystal to within + 1° with the apparatus used.

| 5 3 Cutting and shaping the crystals.-

Next it was necessary to cut certain surfaces
parallel to crystallographic planes on the oriented
‘rtcrystals. - It is essential that this cutting is as
“-strain free as possible since this will avoid the need -
for annealing. Also if the specimen is badly stralned
.then it could possibly show no.true domain structure but,
| onlyvmaze patterns, dueito=surface strain.

For the above reasons it was decided to carry out
the cutting operations using‘an electro—spark techniqueh
In this method an electric discharge passnu;between two.
"electrodes causes erosion of the contacting areas. With
the use of a suitable tool the spe01men, Whlch forms the

anode, wears away at a greater rate than the tool.

"The tool is a ‘continuously moving tinned copper wire.

o The cutting head is counterbalanced by an adJustable

_ weight and the cutting 1is controlled electromagnetically.rf'l
"~ by a small selon01d. When the machine is sparking o

there is a small current flow1ng through the selon01d.

':'This is cut of f when the distance between the electrodes

is_too'large for a spark to pass and‘so the tool moves .
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downwards-due“to the effectjof the-ﬁeight, until
sparking once more takes place.

The specimen is mounted on a twin arc goniometer.
, The goniometer can rotate about a vertical axis, and
tcan move in a horizontal plane on two slldes at right-

iangles. . Thus the.specimen-can be- set up-at any de81red,>'

" angle with respect to the cutting tool to a very high

“Taccuracy.~ The'crystal is fiXed,onathe goniometer by
:*ﬁDurofix cement mixed with graphite :powder to render it
" conducting. After cutting this. Durofix mixture can

" be removed by dissolving it in acetone.. The anode is

T mouhted”in'a.tank which contains theicoolant, transformer -

.0il, chosen for its low viscosity:and high dielectric
. constant. ‘This prevents theielectrodes from melting -

andefusing.‘i A range of charging potentials is available

',_ and the rate of cutting is directly proportional to the.

ffvoltage. The machine used was a. commercial model by
j'Metals Research Lta..

. The surface produced was examined under the microscope.
and found to be pitted to a depth of lO - 20 microns.
-?The surface sopprepared showed very 1ittle contamination
from the decomposition of oil and cathode material.

| In someAcases the surface was found to be a-degree -

‘or so from that desired This was detected by makingi.

".an X- ray Laue photograph after cutting and before

'dissolving the Durofix.

5.4 Specimen preparation

Observation of domain structure requires a plane
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strain-free and highly polished surface. Methods

. . 'of specimen surface preparation are clearly of primary

. importancein practical investigations. = In certaln cases ‘

".'no problems arise, for instance,.the surface of evaporated

films and of crystals which have been grown from the melt .

- w1thout subsequent cutting- or grinding.

In the general case a crystal:will.have been cut :
to a special shape, or to expose akparticular crystal.
'plane.“ The resulting surface willnbe strained or.
7deformedﬂby the preliminary cutting‘and_any subsequent -

- ‘grinding; ~ These effects may be minimized by careful

'iltreatment, such as choosing the_correct rate of cutting

- 'when using the spark erosion machine.., .

U 5.4.1 Mounting the specimen

First the specimen was mounted the material being
A-carefully chosen since some mounting materials could
-;_produce a high compression during solidification mhich_.A
'.in turn'produces'a'strain inlthe sample especially for
'the'rare,earth metals whichuare comparatively soft. |
. Obviously it is‘necessary to take.care to avoid any
~ plastic deformation of possibly fragile specimens.
| A cold-mount resin ﬁTrylon‘C£i303";mixed with a
Cfew drops of accelerator and hardener, gave excellent :
results, but one disadvantage of this mount is that it

'_needs -about 24 hours to set at a temperature of 290 K.

o It is very easy to remove the specimen by cutting and -

:ﬂ<break1ng the edges of the mounting material. Also it

':‘is easy to dissolve this mount 1n acetone.
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5.4.2 Mechanical polishing

;)After.the specimen had been set,ta mechanical

' polLshing was carried out by using successively finer
".grades of emery paper (G, 0/0, 2/6, 3/0 and 4/0). This
;_ Was fcllowed by the use of diamond compound paste on a |

‘rotating disc. There are three disCs,‘one for each

Agrade'ofithe compound, 6/}, 3/2 and l/%/;m respectively.
 The.discs were covered by a cloth to carry the abrasive.
a” Thrcughcut thexprocess aAspray cf dry Kerosene was used
”7Las a ldbricant. Between‘every.dage}the‘specinen was
:,carefully-washed with absolute alcohol to prevent the
carrying of particles of abrasive from the previous stage.

A suitable -pressure should be applied to the spe01men';

to ensure the maximum possible polishing rate. - It

" must be noted that high pressures may result in a 81gn1f-

| icant deterioration in the quality of pOllSh. In the
-case of»Gadolinium high-pressureS»may give-rise to heavy
scratches. B - | |

| | ClothS>suchbas "Metron" (Metallurgical Services Ltd.) .
consisting of synthetic rayon fibres bonded to a neavy
'_cotton backing and manufactured'asAsynthetic suedes'have ,e
‘fproved to be the most satisfactory for this work.

Low rotational speeds are des1rable for a polishing-
'disc, about 300 r. p m. maximum, to enable better control
f*and reduce throw- off losses of abrasive. o

For. cleaning the specimen, a stream of alcohol was

’rb directed on to the surface from a squeeze bottle. The

-method of drying the washed surface is important 31nce

;.'it must be. carried out without caus1ng strain. A
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~4Standardvteéhnique is to warh the»specimen under a
stream of hot dry air. A hand hair-dryer which conven-
~ lently supplies a Stream:of either hot or cold dTy.aif was
‘used. |

When a speéi@en-surface is mechanically poﬁshed,
an amofphous, glass-like surface layer is formed. The
damaged layer'present on the surface is alWays»shalloW._
This léyer hés associated with it a high strain-induced,'
anisotroby‘and'for most metallic materiéls,'this Strain-
induced anisofropy oﬁerrides the norhai magnetqcrystalline
anisofropyiof the specimen. It is essential tb‘rémove
‘this damaged lajer by a very brief chemical or electro-

chemical -polishing treatment.

'5.4.3 Chemical polishing

To remove strain and scratches‘and also any secondary.‘
effects which appeared on the surface of the gadolihium
i_crystals, a technique of chemicél polishing was used. This

‘was considered preferable to the alternmative of vacuum |
~annealing both from the point of view of convenience and
. also the avoidanée of any further contamination. A
'technique of chemical polishingvsuggesped by Roman (1965)_
li‘was adopted in this work using a solution containing the

- following -

20 ml lactic acid
5 ml  phosphoric acid
10 ml acetic acid:
15 ml nitric acid
1 ml . sulphuric a¢id

Water'should,not enter this solution during the preparatioh
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or in subsequent use and acids should oe highly pure.
Polishing was done by using a cotton\swab; urapped
around an end of a glass rod, soaked in the\above solution
and moved gently over the surface of the specimen. This'
‘was carried out for a few seconds after which the specimen -
was rinsed carefully with a stream of alcohol on to the
surface from a squeeze bottle. The specimen was then
: dried in'a stream of warm air.
It was then examined under a microscope and the
process repeated until a satisfactory surface was |
obtained. This solution could be stored for.a long

time. It should be kept in an open container such as

- a small glass beaker. If the constituent aclds are

. "~ impure the solution may damage’ the surface SO that 1t

needs repolishing mechanically. If the. damage is not
deep it. may require mechanical polishing for only ‘the

finer grade (1/%) and not for a long time.

5 5 Apparatus
5. 5 1 For wet colloid technique

" The conventional colloid method of studying domain:
»structures on the surface of bulk specimens of ferro-
magnetic metals relies on the field inhomogeneity at
the domain boundaries. . These boundaries attract the '
very small single domain ferromagnetic particles. ‘ They.
are decorated by these small particles which can be |
observed by an optical microscope.__ It is obvious
‘that the domain walls will be observed rather than

- domains. However, if a small field is applied
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perpendicular to the surface under examination the

small particles will be‘polarized and in turn attracted

“and deposit preferentially on domains magnetized in

o directiOns‘such that the free surface has a suitable

"lpolarity. ThisTtechnique is known as the Bitter:

o techniquetafter_its originator. It has been applied

t0'the study of domains at room temperature and for many
magnetic materials. The wet colloid Bitter technique
cannot be applied at very high or very low temperatures.

The. colloid particlesproduced by the Elmore method . (1934)

- are of Fe3 04 which is ferrimagnetic : They have a

diameter of nearly 100 & and are suitable for the

‘observation of domain walls in Gadolinium‘ A suitable

suspension liquid is- secondary butyl alcohol. This

'iliquid does not freeze until 1t reaches 184 K which is

- below the Curie temperature. of gadolinium. In this

work it has been used for temperatures down to 220 K.

The arrangement for observing domains in this range -

of temperature is shown in figure (5 l) A chamber of

brass with two side tubes was used., In a depression
on the top side of thls brass chamber the specimen was

placed. Through a small hole in one side near the

top a thermo couple was JOlned to measure the temp- .

'erature of the specimen. The brass block was of

cylindrical shape with a ‘diameter of 1.5 cm and the

vlength of 1its axis was 3 cm. It maintained a fairly
constant temperature and was cooled by nitrogen gas

'passing first through a copper spiral.tube immersed
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in liquid nitrogen. Alternatively it could be cooled
by air passing first through a spiral tube 1mmersed in
lce or dry ice. A specific temperature was obtained
by controlling the rate of flow of the cooled nitrogen
- gas or air. . The magnetic field used in this case was
provided by a permanent magnet for a flxed value and &n
electro magnet for variable values of the magnetic fields.
The. sample on its mounting and the magnet were' all-
-mounted on the stage of the microscope. This method
can be used for observing the changes in structure or
movement of the domain walls accordlng to the variation
of the temperature or the value and the direction of
the applied field.

'The staining of the surface by the c01101d was
not a serious problem as this took about half an hour.
~0ften the complete experiment could be carried out in
-'thisAperiod. - If this was not possible, the surface could.
"be cleaned by-soaking thedcrystal in absolute alcohol.

- The‘domains were observed‘using a Cook reflected

’ light microscope at magnifications varying from 50X to
- 400X, although the most useful magnification was found
to be 120X. |

Photographs were taken with a P»raktica LTL 35 mm
»camera which was coupled to the microscope by means of
‘,an adaptor with a focusing eye plece. ,The camera has
’through-the-lens metering so that exposure times could
'easily bevdetermined. The films used'were Ilford FP4
andVHP4 ‘chosen for their high contrastvand small grain

“~Size.: The FP4 was. developed using a fine grain Pater-

"son Acutol" developer for seven and a half minutes
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~while HP4 needs about eleven minutes in the same
developer. This solution was diluted one to ten parts
~of‘water and the developing temperature was 20°C. The
£ilm wss then washed and fixed in Kodak "ynifix" fixer,

1diluted one to three parts of water for ten minutes.

_In'order-to calibrate the system, photographs were taken
at various magniflcations of a small scale with h/irn
divisions. The photographs were printed on hlgh
oontnast Kodak paper of grade 4.

A suitable magnetic colloid had to be developed for
the,wet7colloid studies. The colloid was prepared .
folloWing the recipe of Elmore'(l938),-'.HoWever, after
:'preparation the magnetite was separated'by filtration
. and-washed carefully using secondary butyl alcohol.

This has the advantage that it does not react with rare
eafth'metals and‘has a freezing point of 184 K. - It
was therefore used as the suspending fluid. The'colioid

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

‘..stabilized by sodium Oleate as. a suspending liqu1d for

observing domain in gadolinium was_useful, but it eas1ly
‘evaporated and on this account it was found diff;

icult to use. The colloid prepared in this study

was agitated in a bath by an ultrasonic tranduoer_fOr

about one hour and a suitable verj finely dispersed colloid
Wés‘pfoduced This colloid did not stain the‘surféce N
_very quickly since 1ts rate of evaporation was very low.

_ The colloid was put on the specimen surface by a
°<sma11 pipette. Then the colloid on the specimen

'usurface>Was covered by a microscope cover slide to

- retéin a uniform'amount of the'colioid on the speoimen
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surface. | This served to spread the COllOld into a
th1n film.of suitable thickness to show clear contrast
f"under the microscope. A drop of secondary butyl
--»alcohol was placed on- the top of the slide to prevent
‘the formation of fog and frost when the temperature was
<reduced.l The colloid used moved freely 1n-the 11quidA
Vuunder the cover slide. . A small magnetic field, applied
eitherAperpendicular or parallel'to the'specimen-surface
~and of the order of 100 Oe was used to increase the
contrast of the patterns, It was found that the lowest
- temperature at which‘this colloid'could.be'used was:22OK.
- On reducing the temperature below this value the'colloid
'particles became very restricted in their movement and
'they adhered to the surface regardless of the effect of
| "the stray fields on the surface before ‘the liquid froze

at 184K,

. 5.5;2:Apparatus for dry colloid technique

The Bitter technique cannot be applied at very low |
Atemperatures. The technique used for producing magnetic
'domain patterns at low temperatures was based on that '
developed by Hutchinson, Lavin and Moon (1965) and this -

. has been applied in_the present‘work.4 The technique

g developedAconsistS'basically of evaporating iron or
:jnickel'on_tomthe specimenpsurface in a ' chamber containing
- a small pressure of helium. It'was.found that when the
evaporation is carried out in an inert gas of lowmpressure
the deposit consists of very‘fine magnetic particles.

‘“Consequently these‘particles will deposit preferentially
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on the surface of a ferromagnétic crystél at those regions
where the local magnetic field strength is a maximum.
The pattgrns obtained in thevdeposit will‘therefore
.glive 1nf6rmatibn about the magnetic flux distfibution at
.'the-surfacé of the speCimen»due té'the domain structure.
Subéidiary'experiments showed that once thé4péttérn‘was-
:'obtained,;éubseqpent field or temperature changes did
.not.modify the pattern. “ .

A s¢hematic diagrém of the appafatus which was used
‘for productioh of the small'fefroﬁagnetic particles'is shown
in figure (5.2), the apparatus consisted merely of a vacuum
chémber cohtaining'an evaporationisource. ~ The qhambér~
',-was evacuated by a pumping systém cépablé'of producing
| '10*3 ﬁorf in the chamber. This éyétem:coﬁsisted of.a
two stage Edward's (model ED 50,. no.A4403 - 614) rotary
' pump and small oil diffusionzpumpv(mbdel iO2A; n041653)-fﬁf
Thé pfessUré was measuféd'by'Pirani guage. Itlis important
thét thé specimen and its-surrbundings be very nearly'at ~
the same temperature. The chambéffdonsistéd of a 80 cm
lohg stainless stéel tube of diameter 7 cm .and wall thick-
ness 0.1 em. The tube was reinfofced by rings'of‘brasé of
_0.25 om thickness and 1 cm width, soldered around the tube -

,ét_diStances of 10 cm between any’twb'rings. The StainJ 

"'_ less steel tube was brazed,. at itsitqp end, to a brass

plate to which was sealed é‘perspex disc of thickness 1.5

‘em by means of an 'Of'ring.  Through the perspex were |

two vacuum-tight electrodes joinedAté'two brass leads.of k

-~ diameter 0.5405 andAwhose lengths could be varied. - The
éurrent was supplied.throggh-thesefélectrodes to the filament.

A copper tube was joinedlto]the~pérspéx disc using an '0" -

ﬂring's¢a1, ‘
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The copper tube was in turn joined to a.vacuum system
and a helium gas cylinder. The disc made of perspex -

: mas very useful since it is a transparent material

which enabled the operator to see'through and to control
the amount of evaporation taking place. The evaporation

fheating source used consisted of a tungsten wire fllament

: f‘of diameter 0.1 cm bent 1nto the form of a "V" shape. ’

On this a very fine wire of iron of diameter 0.027 cm

o was.wound' Iron was used. throughout the experiment

: _rather than nickel since the latter ea31ly alloys with

the‘tungsten filament. The "V" shaped filament was
*r used to‘reduce the ironetungsten contact area, thereby
:reducing}alloying of the two metals. On heating‘the

i,filament‘the iron melted and formed a bead. - A large

bead, corresponding to 7 cm length’ of iron wire, was

' used so that pure iron was evaporated from its surface.
:The quantity of iron evaporated was. controlled by using’
standard evaporation times. . For obtaining the best
results the amount of iron evaporated must be optimized -
separately for each observation. - | '

The-high_current supply consisted of a Variac connected

dﬁto a large transformer with an input of 240 volts and an -

- output of up to 130 amperes and 2 volts. It was found .

in this case that a current of 50amperes at 1 volt used
:,at liquid nitrogen temperature gave the best results
For.temperatures in the region of 25K the optimum
'current was larger and in the rangenof 70 amperes at
‘1.5 volts. The current was applied slowly to the heating
source to ensure that the iron w1re completely melted and

- formed a bead which slowly evaporated. , The process was



78.

terminated while the bead was still quite large to

reduce the possibility of evaperating any alloy formed.

it was also found that the optimum'pressure of héelium

gas depended on the temperature. It is useful to

flush the system with high purity hellum before startlng
the evaporation of iron. If thé helium was not of_hlgh
purity iron oxide formed. In this work 1t was found that
‘three stages of flushing hellum gas were very satlsfactorY-
-3The helium gas was inlet to the stalnless steel tube
through a needle valve, so it was easy to-adjust the pressure
- of the helium gas to the desired ua;ue. It took between

r',fiVe and ten minutes for the iron particles'to deposit-

rﬂ-on the surface of the specimen.

The spe01men was placed on a brass rod whlch was

'i'fscrewed 1nto-the end of the stainless steel tube. This

,brass rod had a very large and heavy'top to ensure temp-

. erature uniformity. ' A washer of PTFE of thickness 0.1 -
~.ocm was used te ensure a tight vacuum seal. In a redesign .
of the apparatus to'allow lower temperatures to be achieved .
it was decided to seal the bottom of the. tube and put
. the specimen on another holder inserted through the top
of the tube. This specimen holder consisted of a brass

‘disc,mof,diameter 5 em and thickness 0.5 cm, and three
.ﬂ;brass strips soldered to its circumference 4nd joining'
it to a brass ringvof»the same diameter.

For low temperature observation»of domains, the
v stainless steel tube was immersed 1n llquld nitrogen
or dry ice. : ~This ensured an equillbrium temperature

between all the objects inside the;stainless steel-tube,v
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Tt is useful to leave the liquid surrounding the tube-
long enough to maintain steady state temperature and in
the same time to allow the domain structure to stabilize.
It was found that about twenty minutes are enough to
obtain this condition. N

After decoration, the specimen was warmed up to -
'room temperature by directing stream of hot air. onto
the end of the tube. It took about-half an hour to
warm the tube. Then the crystal was removed from the
apparatus and-the domain patterns examined by the optical
microscope. - Photographs were taken as before and:it'was_‘
'noticed that the patterns were clearer‘in this case'than”

with wet colloid.

'5.5.3 Temperature measurement

Throughout the major part‘of_this study, temperatures'
"are measured using a copper/constantan thermo—coupier
. Both thermo-couple wires are insulated with PTFE sleeVing,
and the junctions are soldered. For the wet colloid work
temperatures were measured using a Noronix direct reading |
temperatUre meter. For the dry 001101d observations the
t:thermo ~couple e.m.f. was measured either by means of Pye
porthble potentiometer or by a Solartron digital voltmeter,_.
“and temperature then obtained from a calibration chart"
-The direct reading meter will measure down to 77K, but the
other methods give results down to 4K.

The reference Jjunction was placed in a dewar
containing a mixture of water and ice or liquid nitrogen,
. dependent on the measuring range of.temperature. The

other.sensing”junction is held as close to the .specimen -
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as possible in order to prevent’temperatureflag; This
is achieved by threading both thermo couple“wires down
inside the stainless steel tube and attaching the Junction
4to the base of the specimen holder._ The thermo couple
u'wires were passed through home made: VacuUm»Seals.in the-A
:fperspex disc, These permitted the use oT»continuous¥

7-'runsfof wire and avoided spurious:e.me.'s duextoejoints.’ '

5. 5 4 System for observing domains below: 77K

_ The apparatus was modified so that it could be~used
‘:‘at lower temperatures than that of 1iqu1d nitrogen. Thisf
was done, as in figure (5.3), by surrounding the tube by .
'itwo double-walled~Pyrex glass dewars.' The inner dewar

~ vessel contained the liquid helium,:around this was a
dewar vessel full of liquid nitrogen.. Both the two
‘dewars were Silvered and ‘clear slits ran vertically.

The evaporation tube was joined at its top end to a
'brassﬂdiscf*l This disc lay on another-large disc which
formed the top of a ‘housing for ‘the 'top of“the dewar ‘of @\

)

‘between the two discs. : The' liquid”hellum dewar was "nC’

~sealed to the housing by a rubber tiibe’ slidevey 1t ”f?af;

diameter being slightly less: gthameghe: dewar diameter"l in
The dewar ‘was also sealed by beingiheld-against -a flat
surface ring inside the housing. | |

The housing was usually supported rigidly on. a
framework and the helium dewar hung from the housing.
The supports on which the dewar hung were made of cotton

cloth strips which do not conduct too much heat into the

,cryostat. The evaporation tube was. mounted eccentrieally

A}
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.inside the dewar vessel with a clearance of about 0.5 cm
on one side-and 3 cm in the other. The tube could
easlily be removed by undoing.the '0' ring seal, between
 the disc and the housing, and withdrawing it. -

| AThe}amount of 1iquid helium used depends on the
dimension of the stainless steel tube. vFor the initial
cOoling of this from 77K it was estimated that two'litres~'i
Cof liquid helium would be required. An additionalctw0':l
TA;would be required to fill the inner dewar to a reasonable

--level. The cryostat was made fairly long, <1e] that the
top, which is at room temperature, is well separated

from the level of the liquid helium. ‘ This reduced the

”frate at which the liquid helium evaporated.

" The' tube could be put back if necessary, while the
‘cryostat contained liquid. helium, though some gas would
ibe lost during this process. Before 1nserting the tube,dﬁ
jit should be pre cooled by immersion in liquid- nitrogen
for some time. .

The procedure for cooling down the tube was as following.
| :The tube was first pumped out when the sample was ins1de, |
. by Joining the tube to the vacuum system. With the whole:
system at room temperature, space inside the helium dewar
was then pumped out through an exhaust tube (not shown in- T'

'figure 5.3) with a rotary pump. The inner dewar was:

“  then. filled with helium gas from a gas cylinder. It was

" then re evacuated and helium again admitted. This
flushing out process could be repeated several times to .
be sure -that no air remained in the ‘dewar. The space

| rbetween the walls of the helium vessel was evacuated w1th

a rotary pump and then helium was admitted to this also.
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Before syphoning in liquid helium, the system must
be pre-cooled, and this was accomplished by filling the
outer dewar with liquid nitrogen. The amount of helium
left between the walls of the inner dewar conduoted-the

‘heat away from the inside of the dewar, so that'the'contents~

-_cooled to the temperature of the liquid nitrogen. This -

fcooling normally took two to three hours at least. After
the 1n51de of the inner dewar had cooled it was:m}evacuated

,_and fresh helium‘gas was admitted from the gas cylinder.

- The space between the walls of the inner dewar was then -

. evacuated to ensure that no helium gas remained betWeen

o the walls. " A small pressure of helium would be enough to},'

A--spoil the heat insulating properties of the inner dewar.
Liquid helium could then be transferred through a |
gsyphon which entered the dewar by way of a gland in the
dewar housing (Figure 5. 3) The syphon was a demountable
_'one of stainless steel Wthh was in place throughout the
jevacuation process with its outer end sealed by a_rubber
hung.' In order to transfer liquid'helium‘the pung was
removed and the other half of the syphon, already in the
helium transport dewar, was joined to the;Brt attached to
';the cryostat.  The section in the helium dewar passed
_through a tube with a football bladder and a release
:_‘valve connected to the gas space in the transfer ‘dewar.
Transfer could be initiated by closing the valve and
: squee21ng the bladder and stopped by relea51ng the valve.‘
When enough helium had been transferred the syphon could
" be uncoupled and the rubber bung again used to close the .

. part attached to the cryostat.

‘When . the temperature reached the de51red value evaporation _
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of the iron took place in the manner-previously des-
~cribed. Then the tube was taken from the cryostat
and warmed to room temperature while the sample was
in it. Then the sample was removed and the surface

- of the crystal observed under the optical microscope.

"5.6 Particle formation |
To prepare fine particles, a metal must be evaporated
not in vacuum but in an inactive. gas at'low pressure.
AThe metal vapour thus produced is cooled in the gas and-
fine metal.particles are formedblike,a,smoke. |
Investigation of the production of fine metal

‘ particles by this technique have been made by, amongst

 others, Tasaki and Wada (1965). However, it was necess-

:ary to carry out some preliminary experiments to dlscover
‘the optimum conditions for the production of particles

for the present purpose. . ‘The particle size in the exper- _
iments of Tasakil and Wada was controlled by changing the
pre>sure of the helium gas. 'Particle diameter varied from -
: about one hundred Angstroms at 1 torr to a few tenths of |

microns at 30 torr. Particles of ferromagnetic metals

- showed remarkable necklace like arrangements at higher

' ,pressures of the inert gas. For decoration of domains
: s1ng1e particles are required and 1nvest1gation into'
appropriate conditions were carried out using electron

'-1'microscopy to. study the ‘particles produced.

5. 6 1 Experimental

Evaporation was carried out in the stainless tube’
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described before. After the air was evacuated from

the work-chamber until a pressure of 10™7 torr was :
"achieved, helium gas was introduced into it.  The

gas ‘had a purity better than 99.9 per cent. . The
pressure. of the gas in the chamber was varied betwecn
'o.o73tbrr and 3 torr.: The metal evaporated was'iron
"‘of.99.99% purity. The iron wire was of diameter O. 27

‘mm and of 1ength 6 cm wound around the tungsten filament.
The iron metal wire evaporated in about ‘three seconds..
As soon as the filament was heated, metal smoke was
produced asushown in figurer(5;4) provided that’the

gas pressure was higher than 0.05 torr. Some of the =
smoke went upwards due to the convection of the gas,'
while some moved downwards. Particles moved through
';'only a limited distance below the filament and under
the conditions of the present experiment this distance.

. Was mainly determined by the gas pressure and the temp-‘d
,erature of the gas and ofuthe surrounding. It was
Afound that at any fixed temperature~this limited
distance decreased as the pressure of the helium gas
vincreased. At the same time it was observed that at a

- fixed value of the gas pressure this limited distance
1ncreased on decreasing the temperature of the helium
'Agas and the surroundings. These effects are shown in figure
(5. 5) and figure (5.6). These were constructed by
plaCing specimen grids carrying evaporated carbon films g:5“
under the tungsten filament at different distances._“
.The particles deposited on the grids were studled in

an. electron microscope. Most of the micrographs«werep

staken at a magnification of X 20, 000. ~ TFor the,grids.;A
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' outside the smoke, it was found that no particles’

.deposited‘oh them and only thin films were observed.

;A typical micrograph of a thin film is shown in.figure
(5.7), while:figure (5.8) shows a depesit of iron
particles.. The results shown in figureS(5.5) and (5.6)

‘can be used to predict the most suitable ‘location of the C-

. sample relatlve to the filament for a range Of pressures

and temperatures. The distance must not.be ‘much less e
than the limiting distance or a satisfactory deposit is not
obtained. | |

Tasaki and Wada investlgated the varlatlon of partlcle
‘size. w1th pressure of the inert gas, thelr results are . |

'shown in table (5.1).

TABLE (5.1)
Hellum Pressure Particle diameter .
' torr o R.‘
0.5 - 8o
3 | 300
25 -] - 2000

} In a helium atmosphere the iron atoms coalesce to
L glve small particles which have a resultant magnetic
4moment and experlence a force in a fleld gradient.;.“The
smaller the‘particle the less domains it will contaln'and'il
o sufficiently'Small.partlcles will be single domains, each '
.behav1ng as a small permanent magnet. . N
» Bergmann (1956) has p01nted out that 51ngle domaln
- particles in colloidal suspen51on are affected by two .

- fields which 1nfluence their distrlbution on the surface



Figure (5.7) Micrograph of thin film

8) Deposit of iron particles

Figure (5
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I
oﬂ/a polished férromagnetic spe01men. These are the
self field Hp of each particle and the stray fields ‘
:H due to .1nhomogen1t1es in the magnetization at the

spe01men surface.

- For dry c01101d the particle are not in suspen51on

""‘and they have.a‘distribution of velocities._ We suppose

_that the particles are in thermal equilihrium.. Wé .
"‘might use the same treatment as Bergmann when con51der1ng |
o,the interaction of magnetic particles as. they fall onto
the surface of a magnetic material.. Thus to get patterns, ;
.'jit is-required that the appropriate»magnetic energy‘must |

' _be larger or smaller than the thermal’energy..i.e.

://AH% '>>‘ 3 kT for interaction between |
E - , , specimen'and particles.
/U H;; <: 3 kT - for interaction between

particlesL

The- particle fields- encourage the particles to
laggregate,.and thus reduce the magnetic moment. ~ So that
the,aggregate plays no part in pattern formation.t The
magnetic moment of a spherical‘single'domain particlo~'
'of diameter'd and magnetization I; is .given by B
M. = ’\TdIsA ¥ 1-  The field |
- H_ due- to a spherical particle which acts on an adJacent

;.particle is given approx1mately by

Hp: 2&

' The condition for particle aggregation'is satisfied when ..
/ﬁlHi);>'3 KT. This means that particles with diameter .
| greater7than d. given by ‘ -

a, =3 (

e

‘.) "'/3 ‘
TT2152 L

."”w1ll form self 01031ng aggregates and particles with

(5:1) |
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diameter less than d, will be effectlve in formation -
of patterns. | |
There is a lower limit on the diameter of useful
particles below which patterns cannot be formed for
.certain specimens. Tnis is obtained from the condition
MEH, D 3K | |
Kittel (1949) estimated the magnitude of the stray N

field H at distance r above a 180 domain wall as
- 21w Qu . ’
By = T7 1 *//‘w
where /U = 1+ 2W Iy~ - . where Iy is the
, K ' _
spontaneous magnetizatioﬁ of the specimen, 4) the wall

~thickness and-Kw the magneto crystalline anisotropy of
'the specimen.'._ Bergmann deduced the lower 1imit of.the

particle diameter for pattern formation to be

4y = B(k_T(1 +/‘J) '. '.(.;5,.;2)
: 21 Is Iwlw ‘ -

Thus clear patterns will be formed when de> d

,and the particle size should lie between d and d . It is

o noticeable that the diameters (d, or dy ) vary with the

'~_.temperature. - In Equations (5.1) and (5 2), for evap-

-'_'oration, inserting suitable values for the constants of

iron particles on a gadolinium 51ngle crystal gives the

b Lo follow1_ng; .condltion.

‘TABLE (5.2)

— ‘ 0 .
Temperature K Range of particle diameter A"l Helium

S T . pressure
SR : . torr -
T 26° <d < 27 | 0.7
2100 - | 30.6 { d o 0.3

270 | k0 a oM 0.2
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-This narrow range of diameters was surprising,
but it must be realised that the -expressions used
were only 'crude' approximations:and refer .

- strictly only to. the decoration of 180 walls.

The particle diameter at low temperatures was
dependent on gas pressure It appears that the' o
diameter at a given pressure decreases on decreasing
the temperature. t Th1s was found by Varying.the

pressure to. get the right diameter of particle for

. domain observations The experimentally observed

j-pressures are shown in the final column of Table (5 2)-
:'Sarma and Moon (1967) found that the mode of partlcle h

diameter was:4Q‘A',_at pressure of” helium of 1 Torr,“'

- 3at_temperature 4.2 K.
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CHAPTER SIX

 EXPERIMENTAL RESULTS

" The domain structure of gadolinium was first observed J

on a sample in which a large amount of oxide inclu51on

. was present. Then successive samples were used off

r~,'considerably higher purity and.containing little Dr;

.. no oXidé." Clear domain patterns have been observed

on all prepared surfaces.. As explained before gadol-
‘inium is. essentially different from the other rare earths

in that it exhibits normal ferromagnetism over its entire '

o ordering range. The easy direction is the c- ax1s between.‘

the Curie temperature 292 K and, 240 K. . Below.240 K the .-

f:-:leasy direction liés on a cone about the c-axls. - Also

'Af thc basal plane magneto crystalline anisotropy constantf

K, has been determined by Darby et al (1964) and Graham o
(1967). It 1s found to be small and of order’ lO3 g/?

cm3 ~at 90 K and does not contribute appreciably to the

3
Aanisotropy energy above 160 K.
The present work w1ll provide indirect ev1dence of
'the internal magnetic domain structure as well as the

nature of the superficial domain at the surface. It

‘: includes studies of domain patterns in both the region

of temperature in which the c- axis is the easy direction

'and that in which an easy cone applies. Also the

‘lresults of a study of the effects of magnetic fields as .

C o well as-variations_of temperature are presented. - The

; variation Of-the structure with the‘thicknesS of the.
hspecimen has also been investigated.

The sample was first mounted in the plastic as
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mentioned in the previous chapter; after polishing the
_001101d was put on the surface at different temperatures.
A typical domain pattern obtained at 273 K with a'field»f
~of 300 oe applied parallel to the surface is showniin,
',figure (6.1), This shows the influence of inclusions -
on the domain structure. At very low temperature-the
:difference between the elastic constants of gadolinium
" and offthe oxide inclusions is thought to prevent the
'pobservation of domain structure..‘ Work was therefore
‘started on other samples which had been previouslytxeated
}by solid state electrolysis and were nearly free from

oxideiincluSion.

6.1 Domain structure on surface containing the c-axis at

23K
Observationson this surface' were made at a temperf“
“ature where the anisotropy constant X; has nearly its
”'maximum value. The magnetization at this temperature
has a value of about 950 e.m.u. cm 31 Clear domain
patterns were observed at this temperature and there
was no difference between the patterns observed on (1120)
" and (lOlO) surfaces, which are respectively a and b ‘
surfaces.; This is not surprising 51nce the material
,ais nearly isotropic in the basal plane at this temperature:
| The structure is shown in figure (6.2) on b surface,.
here the pattern consists of 180 parallel walls and the
i spacing was different at different regions on the surface.
~In figure (6 3) the pattern shown - consists of 180°
" parallel walls, and in part of the figure domain contrast. .

is seen.: Due to applying a magnetic fleld Wthh was



c-ax

Figure (6.1) Wet colloid at 273 K (XI. with oxid inclusion)
on b-surface specimen E.

Fio,é‘_mﬁt H c-axis

Figure (6.2) Wet colloid at 273 K on b-surface
H = 300 Oe specimen D



Figure (6.3) Wet colloid at 273 K on b-surface

"H = 300 Oe specimen D

C-axis

lOff m

Figure (6.4) Dry colloid at 273K on a-surface

specimen A



91,

not parallel to'the-surface but had a.small normal component,
" the colloid'was pOlarized and domainsirather than-Wallshcould bé_'
- seen. The magnetic field was in the‘c-axis direction of -
Value.EOOJOe. '.The spacing was greatly.different_at |
";different parts on- the surface, dependent on ‘the presence. . - g
of 1nclus1ons, and ‘the 1nclination of the magnetic field N
A to the surface.;_ Figure (6 3) is near the edge of the |
e_surface, the" formation of closure structure not clearly
seen There does not appear to be complete flux. closure,
ibut there are. areas of free pole 'on the basal plane surface.
. From this figure there is no ev1dence for the formation of
reverse dagger or closure domains. ‘ |
Figure (6 4) shows some closure structure on a
: surface not containing inclu51on, by u51ng Dry c01101d
7»near the edge of - a’- surface. Us1ng another crystal
~'the domain structure shown in figure (6 5), shows wall
";multiplication in the b-surface u51ng wet 001101d.. The'"
‘spacing of. domain walls is seen to be: much less near the .
'Ifree (OOOl) surface than in the interior of the crystal.
Figure (6 6) shows the effect of redu01ng the temperature
. on the patterns, us1ng the wet colloid and a magnetlc -
pfleld of 300 Oe in the c-axis direction. Thls shows
disappearance of domain walls as T-9 240 K : Below
*rthis temperature a new type of structure would be expected,
'1'but this is not clear at temperature 220 K " This was

i:the lowest temperature at Wthh the wet COllOld could be used.: f

As may be expected of any uniaxial ferromagnetlc
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"pmaterial the pattern observed on this surface is complex,
~ .and there is no preferred direction of wall alignment,
~7yconf1rm1ng the isotropy of magnetic properties in the

::ibaSal plane at this temperature. Figure (6 Ta) shows o

ffiha nattern on the basal plane surface with magnetic field
‘B:Vf;normal to the surface and of ‘value 200 oe, using dry ’
-”i5:colloid.ﬁr The pattern is of honey comb type w1th a
:ﬁjgeneral but not complete,51x—fold symmetry ThlS jv
di:;structure changesin a conSistent fashion with the sample

.Lythickness as shown in figure (6. 7b) ThlS is cons1stent o

:”*!ffwith other evidence that ‘the size of" domains depends on
f‘ff7the crystal size. For thin crystals the domain configur-
Q;ation 1s small in -size and as the thickness lS 1ncreased

*tf,the size of the pattern increases.iai-‘

The surface structure observed is such -as would '

':"fresult from a distributlon of free poles and with llttle

A'tf? magnetization parallel to ‘the surface It is suggeSted
°5T¥Kthat it is due to reverse domains on the ends Gf .long thin

if:domains of hexagonal eross- section. The effect of the

."*éf_change in crystal thickness on domain W1dth will be

A“3thiscussed in detail later

4»4?;6;3‘Domain’structures'on.inclined*planesgto a b-surface -~

Coat 272 |

The domain structure on a surface inclined to a s1mp1e

fi?crystallographic plane is expected to be somewhat complicated
~Aéand to depend on the inclinatlon of the surface. Figure ‘
(6.8 a —-d) shows different types of domain at. different
‘J“iplaces of a surface inclined at lO to the b- surface w1th

Ja magnetic field of 300 cp applied in the direction of



F 9" Crystal thickness
‘ = 2 mm
Loum H (:)
.E &
“ %o
5 4
éﬁ?f, { (b)
e “ Crystal thickness
= lmm

Figure (6.7) Dry colloid at 273 K on basal plane

H = 200 Oe specimen A



c-axis (c) c-axis (d)

Figure (6.8) Dry colloid at 273 K on plane inclined to b-plane
specimen B



"93.

- the projection of the c-axis on the surface.  These

'show clearly the existence of different sizes of dagger ,

- domain.  Figure (6.8d) shows a’structure near to a

: basal plane surface The appearance of domain rather

'"_than wall contrast shows that there is a component of

'.fmagnetization normal to the surface.

‘Figure (6.9) shows more complicated domain structures-

'.at different points on another crystal surface 1nclined

- with a larger angle %0° to the b- surface. The applled

magnetic field of order 300 Oe was parallel to the
B prOJection of the c-axis on the surface. It shows

.:. different types and sizes of_domain,includingflbops

"-‘and daggers.

' 6.4 Domain structure on planes inclined to basal'plane

at 273 K'.

The'domain on a surface inclined to the basal plane

' gave rise to a fulrly regular but very complicatedfpattern.

;'Figure (6. 10a) shows domain on a surface inclinediat 15
. to the basal plane ‘A magnetic field of order 200 Oe

- was applied normal to the surface. ThlS shows a ba51c .

.+ large scale structure of roughly hexagonal symmetry

containing a complicated smaller scale structure. :1lt‘ o

) appears that this is derived from the honeycomb structure

”sf'seen on the basal ‘plane, but including more compllcated

. arrangements for the reduction of magnetostatic energy.' f

Figure (6 lOb) shows domains on the same surface of

ufi'thls wedge shaped sample at a thicker part of the wedge-

0 The effect of changing of the crystal thickneSS on

HTf‘domain structure is clearly seen, the domain structure "Ibl



Figure (6.9) Dry colloid technique at 273 K on inclined
plane to b-surface H = 300 Oe
specimen C



(a)

crystal
thickness =
.1 mm

(b)

~S'mp crystal
> . thickness =
o "'!. bmm

" pigure (6.10) Dry colloid at 273 K on surface inclined to

basal plane H = 200 Oe
spécimen A
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o remaining the same type but growing larger in size as
. the thicknesS'of'the crystal increases. Figure (6.11)

shows another type of complex domain structure on a

if_surface inclined by 50 to basal plane, and it is clear_

- .. 6.5 Domain structure on b-plane at 77 K

"'that it is different from that observed on the surface ‘

"inclined at 15°.

PatternS'Were observed on both a-planes ( 1120)

‘f:and b-planes (:lOlO) -but no differences were evident.

T_Therefore only the detailed results on the b- plane w1ll'

”’ifbe presented here. At 77K as explalned before. the easy

f.,-";_'_f_directlon is on a cone with angle 9 around the c-axis

( L'equal to 37 s according to Corner and Tanner (1976/

flgure (4 lO) Because of this- the domain structure

.'l-was expected to be different from that for the case of the;_

v'5fc—ax1s being-the easy direction. Figure (6. 12) shows -

?fthe domain structure observed on the surface containing
5;the c- axis, with a magnetlc field applled parallel to the -

g surface and in the c-axis directlon ~ These patterns

'?kﬂfshow domain contrast rather than wall contrast with

- reverse or closure domains near fhe edge of the surface

'.f.Experiments w1th stronger fields showed a narrow1ng of -

'*1;ialternate domains, but above 600 Oe contrast became S0

- low that the patterns were no longer visible. The domainv

5”1}"structure shown in flgure (6.13) was observed on ‘the same =

%.surface,, "in th1s case . the magnetic field was applled o

“normal to the c- ax1s direction but parallel to the plane

A'L;r;of:the surface. The domain structure is the same but




H C) | 10 Mm

"Figure (6.11) Dry colloid at 273 K on inclined plane to
' basal plane
H = 300 Oe specimen A



Figure (6.12) Domain structure at 77 K on b-plane
H = 200 Oe specimen B



Figure (6.13) Domain structure

at 77 K on b-plane
H = 200 Oe

'specimen'B
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\. . .
Tthe domains~are clearer:and the reverse domains become

lvmuch longer than in the previous case. ~ The domains~

~ in these two cases look like a loopsalong the c-axis

't”f:gdirection, running over the crystal Surface and’ few of

- them reach the other edge of the samplew © The magnetlc

;ﬂ{;field was: applied in these two cases by using a permanent

: ghorseshoe magnet giv1ng a field of 200 Oe. The prlncipal

1f:dcmain structure in the previous two cases was. parallel

'u°to tkq c- axis,‘but there are traces of regions of domains '
| or wall\\running normal to the c-axis. .These lie 1ns1de -

‘!Tthe princhpal domains and show oppos1te polarity. ‘

| Flgure (6 14a) shows the domain structure w1th an

Tapplied magmetic field: of 75 Qe normal to the surface

‘:of this plaxp Here the domain structure is very clear‘7'

and runs ovei\the whole surface to the other edge Of the

“‘:3sample as showi in figure (6 l4b) There is still the

{°fjsame type of slructure of.reverse-domains near . the edge'l

\,;~The principal dnmains running in the c- ax1s direction B

" and the transverse structures both ‘become clearer than in

A

A'}. the previous figures. On'increasing the magnetic field Tf

applied normal to the surface to a. value of 100 Oe, the

E domain structures observed are as shown in figure (6. 15)
' The transverse structures have developed into a cell '
'structure and the principal domains are nowxepn&ented by

“Awavy walls, the reverse domains near the edge have nearly -

'".disappeared. In figure (6 16)- obtained on 1ncrea51ng

the field normal to the surface to. the value of 300 Oe,'~“”

Tjthe cell structure has developed faster and the boundaries

'3f7,of the principal domains ‘are now no longer ‘exactly parallel
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’jtc the c-axis. It should be noted. that the field.for o
_pﬁfgrthis figure iscin-the:reverse sense_to that in'figures.
7 (6.14) and (6.15). o R
. ”(ha‘.' With no magnetic field applied to this surface,
"ﬁﬁufwalls rather than- domains shouhibe seen. Figure (6 l7a)

1?¥’hows the domain pattern on the b plane without applylng

_fmagnetic fields, the walls appeared clear and some reverse
Afor closure structures are observed near the edge of the.

m~surface as in figure (6 l7b) ' There are In this domain

yhff;pattern some weak walls running normal to the main walls
“;fi;!fwhich take‘? the c axis direction.f _ ‘ _ '.~ _ :
| ‘ Figure (6 l8 a, b, e and a) show the domain structure
'°{:;j1n the middle parts of the crystal surfaces, with higher |
. i"imagnification corresponding to each of the photographs
) ““?jfin Figures (6.12), (6.13), (6.14) and (6.15) respe°tively';

Figure (6 19) shows the effect of increasing the .
T i value of the helium gas pressure at the time of evaporation,
v'7fr;fthe particles joined together in chains before depositins
B on the domain structure.: This had a detrimnntal effect f‘

’-‘_on the clarity of the patterns.

6.6 Domain structure on basal plane at 77 K

*ﬁ}j,6 6. 1 Thin Crystal

L The domain structure observed at 77K on this plane
t}flis very complicated as in figure (6. 20), when deposition
1-; took place in the absence of a magnetic field. The_kv'

¥f”fdomain pattern showed a wall structure of very complic-

. ated pattern Looking 1tke small stars of different sizes.
'*‘7}‘.Applying a magnetic field normal to the surface of order

‘”;fl5 0,, begins to simplify the pattern which becomes more ?1'




-'Figure (6.17 Domain structur
H = zero
specimen B
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Figure (6.19) Domain structure on b-plane at 77 K
Helium gas pressure = 2 Torr
H = 300 Oe

specimen B
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ff}~_regular as in figure (6.21). In this case it shows
. ?};fdomainS‘of different poiarity on the surface as expected.

‘fE?Figure,(6.22) shows a regular domain structure on this

snrfaoe~abtained by inofeasing the normal applied field
to a value of 30 Oe. The magnetic field used in all
;ythesé'cases was’from-a small'cylindrical shape permanent.
naénet g1v1ng a homogeneous magnetlo field.

Flgure (6 23) shows the pattern observed on the
basal surface by applylng a field of 70 Oe normal to

‘the surface.~ " The patterns are not very different from

: that in figure (6. 22) but- the black area, which has a
magnetlzatlon in ‘the same sense as the magnetlc fleld
,1ncreases. | _ |

Figure (6 24) shows a further change in the domain
;}stfucture on 1ncrea51ng the fleld to a value of 120 Oe.
”It has not changed completelm but the white area with
Lmagnetlzatlon in oppos1te sense to that of the magnetic
fffleld has 1ncreased. The cells are separated by sections
fof nearly stralght boundarles w1th small circular domains
?1ns1de both cells and boundarles.

' on 1ncreas1ng the field normal to the surface in the
E;saﬁe sense, the domalns become more circular in section
.;as in. flgure (6.25) and the black boundarles between these .
:;become very clear.. The boundarles contain clear regions
;of opp051te polarlty and there are remnants of the
:Jstructures seen inside the cells at lower magnetlc fleld
strengths.{' |

: At th1s p01nt the questlon could be asked as to why

an”electromagnet was not used in observ1ng the domaln
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Figure (6.20) Domain structure on basal plane at 77 K
' H = 7ero specimen C
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Figure (6.21) Domain structure on basal plane at 77 K
' H = 15 Oe specimen C



Figure (6.22) Domain structure on basal plane at 77 K
2. Oe normal to the surface specimen C
RS .

H{e), 10 Am"

et 7 =5 | o
. Figure (6.23) Domain structure on basal plane at 77 K
H = 70 Ce normal to the surface specimen C
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Figure (6.24) Domain structure on basal plane at 77 K
H = 120 Oe specimen C
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Figure (6.25) Domaln structure on basal plane at 77 K
= 300 Oe specimen C
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5'structure. It might be possible that the observed struct-
'-.ure:shows the remains of a structure at higher temperature
.as‘the field is being applied throughout the cooling of

*ﬂthe crystal ‘The experiment was repeated therefore at

3?77 X by applylng the magnetic field after the crystal

?has been cooled Flgure (6 26) shows the domain structure
;observed on applylng a field of 30 Qe from an electromagnet.
*It-is clear that the . same type of pattern has been found,
5but here finer detail 1s vis1ble |

| Figures(6 27a) and (6 27b) show the effect of reversing
lthe field a permanent magnet being employed in each case

'o:glve a. fleld of 30 Oe B It is clear that the patterns

}are complementary, the black areas 1n one becoming white
-ories in the. other | The fine detail in the two photo-
égraphs 1s also reversed. Flgure (6. 28) shows the domain
ftructure near the. edges of the crystal There is no
.change 1n the general pattern due to the: proximlty to the
2¥6§;edge except for very m1nor variatlons probably due to
%Aplight 1rregular1t1es

a Flgures (6. 29a - i) and (6 30a - f) show how the
%;:domaln spa01ng is affected by changing the crystal thickness.
:“bThese photographs taken at different points on the surface
'i??}of & wedge shaped spe01men . Figures (6.29) and (6. 30)
;tl;were taken w1th normal magnetlc fields of 200 (B, from a

fpermanentAmagnet but in oppos1te,senses,

*6;6 2 Thlck Crystal
For a crystal of thlckness omm the domain structure

observed is the same as in.a thin crystal at low field.
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Figure (6.26) Domain structure on basal plane at 77 K
= 30 Oe From electro magnet

specimen C
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Figure (6.27) Domain structure on basal plane at 77 K

= 30 Oe
specimen C

- ghe direction of the field reversed



28) Domain structure on basal plane at 77 K

L]

Figure (6

15 Oe
70 Oe

H (b)
H (d)

Zero

H (c) = 30 Oe

H (a)
specimen C



Figure (6.29) Domain structure at 77 K on basal
thickness T as following

T(a) =1 mm T(b)
T(d) = 3 mm T(e)

specimen A

1.5mm T(c)
3.5 mm T(f)

plane

Il

2 mm
4 mm



thickness T

30) Domain structure on basal plane at 77 K
~T(a)

Figure (6

5 mm
4 mm

= B

=2mm T(c)
3.5 mm T(f)

1 mm T(b)

T(d)

> mm T(e)

specimen A
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By increasing the field in this case the domain structure
was not changed in type but the pattern became more
complicated.

\ Figure (6.31) shows the domain structure on a basal
. plane with a field applied by the electromagnet of. value
380 Oe normal to the surface. The domain pattern is
isimilar to that of a thin crystal, but consists of stars
of black and white joining together in lines in some
places on the surface.

Figure (6.32a - f) shows the effect of increasing
£he value of the normal magnetic field on the crystal
surface domain structure by using the electromagnet,
the value increasing from(a)to ¢)till value of 400 Oe.
_Figure (6.33a - r) shows the effect of increasing the
value of the normal magnetic field on basal plane domain
using the permanent magnet on this crystal. The value
of the magnetic field applied increases to value of 1000
' Oe. After this value, it is not possible to observe
domain structure on this surface. Here the pattern is
more regular than using the electromagnet, and the stars
are not joilned together in lines on most of the surface.

In the above two cases, it is clear that the domains
retain the same type of struqture on increasing the
field, but there is a change in the size of the domain
& stars and the pattern becomes more complicated. Figure
(6.34) shows the effect of reversing the field on this
crystal, using the electromagnet. The patterns are

nearly complementary.
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Figure (6. 31) Domain structure on basal plane at 77 K
= 380 Oe Using electromagnet.

spe'cimen B i



'Figure (6.32 a, b, c) Domain structure on basal plane at
77 K Using electromagnet

specimen B




(f) H = 400 Oe

(6.32 d, e, f) Domain structure on basal plane
' at 77 K Using electromagnet
specimen B




Figure (6.33 a, b, c) Domain structure on pasal plane
' at 77 K using permanent magnet

specimen B



(f) H = 1000 Oe

o Figure (6.33% d, e, f) Domain structure on basal plane
_ at 77 K using permanent magnet
specimen B '



= 100 Qe

on basal plane domain structure at 77 K

.34) Effect of reversing the magnetic field
‘using electromagnet H

Figure (6

specimen B
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‘6 7 Domaln structure on surface inclined to b- plane at
216 and 77 K

I On cutting the crystal with planes inclined by
'.“'3£“small angles, of order 10° and 15°, to the b-plane the
‘ ?Hdomaln pattern was found to consist of complex shaped
\xf;fdaggers. -The domaln:structure depended-on the angle

1*of 1ncllnation.

| Figure (6 35a) shows the domaln structure at 216 K

*ﬁff;for a plane incllned at 10° to b plane, the applied magnetic

lufleld was in the plane parallel to~the surface. Figure
(6 35b) shows ‘the domain structure at ‘another p01nt on-
{fthe surface._ o _

. Flgures (6. 56a - e) shows the domain pattern at
"jidlfferent p01nts on the same surface 1ncl1ned by 10° to

‘»5fithe b- plane at 77 K and it is clear that it consisted of

ia{comblnatlon of dlfferent types of loops and daggers

' F1gures (6.37a - c)lshow the domain structure at

f“;b plane at 77 K using a different crystal It is

,f?ff-qulte dlfferent from that on the 10° inclined surface,

.but 1t contalns the same type of structures. This is
fbecause the two crystals dlffer in size as well as in’

“the angle of" 1nclinat10n of the surface

j€f6 8 Domain structure on surfaces 1nclumd.to the basal

plane at 77 K

A The domaln structure on a surface 1nclined to the
Zi.basal plane would be expected to differ from that alreadY
iﬁﬂdescrlbed,for a.temperature of 273K. ’

?@ Flgurel(6,38a)yshoWSqthefdomain,structure'on a
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Figure (6.35) Domain structure on surface inclined &av 10°

to b-plane at 216 K
specimen B

(a)

(b)
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Figure (6.36) Domain structure on surface inclined at 10O

O

-plane at 77 K
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specimen B
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c-axis

Figure (6.37) Domain structure on inclined surface to
b-plane by 15° at 77 K H = 300 Oe

specimen C
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‘surface inclined by 150 to basal plane, magnetic field
_was applied normal to the surface. Figure (6.38b) shows
’3ifthe,domain structure at another part of the surface,

hiiwith the -same conditions. '~ As expected the domain

;structure at thlS temperature is different; the honeycomb
fpatterns do not join- in cells of hexagonal symmetry and
are lessAcomplicated, than the_patterns observed before

%atﬁ273'K{ " Also here the domain structure pattern is not

so,clearﬂas,at.273nK, and the contrast is observed to be’

veak. -

6 9 Domain structure at 25 K

In trying to observe domain pattern.at temperatures
?lower than 77 K we face the difficulties of retalning
ta constant temperature for the time of evaporation and
jfor the time during which the particles deposit on the

“surface. However, domaln structure waS observed on the-

}two surfaces, the plane containlng the c-axis and the
?basal plane, at temperature of 25K.'

' - Figure (6 39a) shows the domain structure on the
[wiill;basal plane at this temperature, the applied field was
:‘rfrom the permanent magnet, “applied normal to ‘the surface
:tand 1ts value was 70 Oe.’ It.shows domains of wavy
ftypes JOlned in patterns like trees or fingers. Figure
;(6,}9b):shows a similar domain pattern.near the central
'”;part of the surface, while Figure (6. 39a) shows the
.h;pattern near the edge. It is noticed that the domain

”l;size lS smaller than the size at 77 K, and the pattern
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“Figure (6.38) Domain structure on surface incline at 15

the basal plane at 77 K

H = 200 Oe
specimen A
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Flgure (6.39) Domain structure on basal plane at 25 K
- H =70 Oe Specimen B ,
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higher temperature.
On a b-surface the observed domain‘structure is
. shown in- Figure (6 40a) | DeSpite the low contrast
7&;_evidence of domaln structure may be clearly seer, but

“£r31t is dlfflcult to decide wheﬂmr wall contrast or

‘“doma;nncontrast is responsible. Figure (6.40b) shows

the'domainfstructure at a~different part on the surface.

f1_6 lO Effect of crystal thlckness on size of domaln
'structure at - 273 K

The complex1ty and the w1dth of the domain structure

"“:iffsln gadollnlum is a functlon of the spe01men thlckness,.

.gfas 1n the case of other un1ax1al ferromagnetlc materlals.
tAMeasurement of the thlckness dependence of domain structure
'”fngone of the ways of verifying the existing theories on
1.;donain structure.z KacZer»and_Gehberle (1959) measured
“Vfuthe'dependence of'the<donain width D on the‘thickness T
‘;fjfifof a crystal of cobalt. They obtained a power law
‘agirelationshlp of the form D = const. Tg/j.; As explained

tf[ln Chapter III a theory of the domain structure of a

“{;ferromagnetlc with the easy axis normal to the surface
fwas first proposed by Kittel (1949) who showed that the
igifrelatlon.between_domaln width and crystal-thlckness was
**Lféiven;by E .A' | S
R D‘* = }{T‘/ 1.7 1 )% | ) (6.1)
ﬁéfwhere'x'ls the wall energy and I is the saturation
ii;magnetlzatlon. ThlS was derlved for the ideal case
ﬂiﬁ’of an 1nfinite sheet. = Kaczer et al.(1959) showed that a.

Hﬂ_dependence of the surface domaln w1dth on the. thlckness



(a)

(b)

Figure (6.40) Domain structure on b-surface at 25 K
H = 200 Oe Specimen B
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.-4tof the form.DoC T‘:‘)/3 would be expected above a certain

A 5'!*ficriticalvthickness. Their treatment took into account
f,the exiStence'of a surface domain structure.

The present work 1nvolves a study of the variation

':Lff:of domaln structure w1th thickness of the gadolinium

L crystal on. the basal plane for a wedge-shaped crystal.

”i;fMeasurements of the domain width have been carrled out

"fi;cn.the.same type of domain structure over as wide a
'*.;cryStal thickness'range as possible.' The regular.surface
domaln structures in gadollnlum are ‘simple and complex

“Thhoneycomb structures.

The-accuracy in.measuring the'domain width was + 0.1
H‘/um.- The'dcmain structures were obtalned by using a
vfhomogeneous magnetlc field of 200 Oe in the c-axis.
?lfdirectlon. _ Under these conditions the domailn structures
iifappearfto'be regular. | Domaln structures were produced
><iandAthensizes of individualjunits of the honeyconb were
iheasUred. N This was repeated many-times to ensure a
“4'fbétter average..< The observation were extended over
Jiﬁithe basal surface of the sample. - The sample thickness
vt'was measured at several points of the crystal surface

.: us1ng a. metallurglcal travelllng mlcroscope. The

;'3 average doma1n'w1dth,was,measured from the mlcrographs

D e 1000 x Amagnification.

Flgure (6 41) shows examples of the patterns on the
?ﬂﬂdbasal crystal surface that represent the domaln structure
-thalned_at places of different thlckness on the surface.

. ;Ineall:of:them the magnetic field is. perpendicular to

:'E¥the;plane and of Value‘EQQ Ce. Figures (6.41a) and
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Figure (6.41) Domain structure on basal plane at 273 ¥
Effect of crystal thickness on domain width
H = 200 Oe Specimen A
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"_(6.4lf) correspond respectively to crystal thickness _
"',:AOOo/u m and 1oo/um. Figure (6.41f) shows pattern at the
sharp end of the wedge-shaped sample.  The domain patterns

- for thickness from lOQ/xm to 400d/Am were similar, the size

'"v“;Vﬁof the. domains gradually 1ncrea51ng with thickness.

- For crystal thickness larger than lOO/Um the surface
;f{,domain structure for H parallel w1th c- ax1s is basically
'VGﬁigof 51mple honeycomb type. Accordingly as discussed in

Zf_Chapter III we expect that the critical thickness for

’w“‘fjfgadolinium must be less than 1oo/4m, but this has not .

v?been prev1ously determlned
; Experimental curves ‘of the domain width as a function
.‘diilfi?of the. crystal thickness 1n the magnetically preferred
:*if%fdlrection [o001j at 273 K 1s plotted in figure (6.42).
'*ﬁIt shows the: slope of the line was determined to be 0.64 +

.;f}O 05 : These results are in good agreement with Kaczer's

';Jtheory. From the thickness dependence of the domain
3 Qi:Width results,.the domain wall energy has been determined
Vh;fbytusing;Kaczer*s formula, as follows,

Z?U %{3 /> S (6.2)

D .= (

.. s '.” ’ ) N

g where Z’is the wall energy and /41- 1+ 277 (T /K ). The
‘nfﬁiddomain wall energy may thus be -calculated from the experimental
'pﬁgdata and correlated with the wall energy calculated from
f;aﬂtheoretical model. |
‘On the basis of the above relation (6.2), it is
.,{T?posSible to determine‘the energy densityvof the Bloch wall

Aﬂrﬂﬁlfor separate points on the wedge shaped specimen, by -

“iknow1ng the value of Is ‘the saturation magnetization and

-le;the anisotropy constant; . Then the wall energy is




10 L 00 | 1000 - . 10000
R O tum |

DEPENDENCE OF DOMAIN WIDTH D ON SPECIMEN
o THICKNESS T

FIG. (6-42)




105.

given_by the followlng value.
¥ - 1. 96 i 0.02 erg cm ° (6.3)
‘Thls Value of the- wall energy may be compared with the
| ﬂiifvalue calculated 1n Chapter I1T also for a temperature
,,-_-'of 273K, o
¥ - 1.94 o Cerg om™2 O (6.4)

“‘The. values of (6.3) and (6.4) correlated well.

ff6 ll Domain structure at non-magnetic inclusion

When a °rystal possesses ‘an imperfectlon such as
.la cav1ty or 1nclu51on w1th1n'the.domain,_surface poles
':;-fifulll'be-present The magnetostatlc energy a35001ated
tfﬁ?with these poles is reduced by a secondary domain
'“?ifstructure, for the poles to dlstribute over a 1arger
ﬂﬁhi{area..:‘Neel (1944) has shown that the total energy is
‘;reduced 'even though the wall energy of these domains is
thadded to the total energy. ‘Such structures have been
,iopserved,'and,there is experimental eVidence_of domain
vﬁf;.nucleation:at inCluslons.in'cubic crystals with many

"_directions of easy'magnetization;h

Goodenough (1954) con51dered the conditlons which
:‘.brlng about a reverse domaln at a non- magnetlc inclusion.
73;3Carev and ‘Tsaac (1964) examlned ‘the conditions undér which

' “fg-the reverse spikes w1ll form around a non magnetlc 1nclusion

~"?“jln a. un1ax1al material Their oalculatlon was based oOn

'uf'the assumptlon that the total energy associated w1th the

- fﬂinclus1on was reduced by the formation of reverse domains.
t':-:':':The two prev1ous papers suggested that the formatlon of

“;domalns of reverse magnetlzatlon depends on both the
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" size of the inclusion and thé applied magnetic field.
For gadolinium, a uniaxial material there has
:‘been previously no experimental eVidence :for the
J;feXistence of" reverse spikes based on incluSions
tf USing the dry colloid technique it has been pos51ble
?5.to observe daggers at ‘& non- magnetic incluSion
“"’-. Figure (6 43) was. obtained at e K on the b- surface
42??{Wlth an external applied field of 200 Oe in the c- aXlS..
-lwkfvgmdirection parallel to the surface As can be seen from

’ccthe photograph these domains of reverse magnetization

.ﬁ;‘iaiappear on both surfaces of the incluSion This would
fifb"obViously be expected since different polarltleS appear
Auizi}fi;at oppOSite Sides of the incluSion :' In figureS (6 hha,
D), observed at 216 K on a plane Inelined by 10° to a
41?;;b plane, one Slde of the incluSion has no reverse spikes-

”4fAIn figure (6 44a) the spikes are dark while in figure

(6. 44p). they.are light. AThis is due‘to the formatisn
'flgbof free poles of oppOSite polarity ' In all ‘the cases -
“ﬁl'the reverse daggersare parallel to the - aXlS

Figure (6 45) shows a series of different types of

» f“fireverse dagger at different condition of temperature and ..
"w~fapplied magnetic field and also on different planes of
@fg different inclination; The condition are given adJacent'

tafto the photograph in. each case

A series of measurements are made-of the length 1
;?and base d of daggers observed in’ the curve of the
{ﬂ::investigation at’ various temperatures., Figure (6.46)
1l_shows:the relationship~betweenlthese.tWOAquantities for

%tsamples at%twoftemperatures,v-;ltjmavfbe'concluded that -
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Figure (6.43) Reverse domain on b-surface at 77 K
H = 200 Oe Specimen B
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(b) c-axis
H = 200 Oe
Figure (6.44) Domain of reverse magnetization on inclined

surface to b-plane at 216K
Specimen B



Inclined plane at 10° to b Inclined plane at

T = 273 K Specimen B 10° to b. = 77 K

H = 300 Oe ‘lO 4£n1’ H = 200 Oe

1l

H c-axis
, 1 ]
=77 K H = 77 K
Incllned plane to b by 15 Incllned plane to b by 10°
Specimen C H = 200 Oe Specimen B = 300 Oe

Figure (6.45) Domain structure of reverse magnetization
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at each temperature 1 and d are in a direct proportion.
By ‘using a method of least squares the best straight

line fitsto the points for each temperature have been

'"ﬂfrjobtainedvand are shown in.Figure(6.46). Both lines

”’u“intersect'the d-axis at a positive value. For the

x ‘lower temperature it appears that for values of d. less

| "f~¢fthan 0. lé/lm ‘the formation of a dagger is unfavourable.

V'tfff'The oorresponding value for 216 K is O OB/Jm but this

”'»1s not s1gn1ficantly dlfferent from Zero w1th1n the

"f%accuracy of the measurements.

'-uDomain structures are affected by irregularities,

2f’*such ‘as. internal stresses and crystal grain boundaries.

"}Q:The s1ze of the domain structure is influenced by the

'Sf:presence of 1nhomogeneit1es in the materials. Flgure

r{ir(6 47) shows reverse spikes grown ‘around a grain boundary,

ntobserved at 77 K on a b surface, whlle Figure (6 48) shows

'i’fthe effect of the 1nternal stress on the domain at 77 K

'6 12 Effect of the magnetio fleld on the easy dlrection

Since many of the domain patterns were obtanied w1th

d‘:'”a magnetio field applied to the sample it is 1mportant

"tf'to know what effect this might have on the easy directions.

”ﬂfo calculating the total energy at different values of

'1ffthe‘effective-magnetic field it 1s possible to investi-.

{!jgate how the anisotropy energy surface is distorted

~near to»the liquid nitrogen-temperature The total

R energy cons1sts of the sum of- the magnetic energy and

= the anisotropy energy. .-The:anlsotropy energy EA is

A;;;glyentby‘;he-follow1ng equation:
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E, = K, + K, sing+ K, sin'g+ K, sin®g . - (6.5)

where the'K’s are anisotropy constants. When the field
-H is normal- to the c- ax1s the magnetlc .energy EM is
yﬁfﬂ;fgiven by,‘
A'ffwhere G is the angle between the magnetlzatlon and the

Hsing . (6.6)

s
4:flfceexls. ‘ In case of a magnetlc field parallel to the

EE o-éxis; the magnetlc_energy is given by
H'cosev . - (6.7)

Then:&pm the graphs of the anlsotropy constants

iﬂfigure (4 8) 1t is pos51ble to determine the.values-of'

Kl K2 and K§ at the temperature 80 K. "Their- values
'L"are as follows: | |

6 -,

‘.K~1»A~‘: - 0.76 x 10 erg e
LKy = 085 %100 erg end
- _K§ 'e- _6.25px 106 erg em™>.
‘diifhe_saturétion magnetization df:sadolinium'is given by
o rdls - '2010"idauss

By taking different values of the magnetlc field, and

‘}ii‘then calculatlng the total energy at different values of
:ithe angle 69, It 1s p0551ble to find how the. total energy
;p depends on angle e; - Values of the magnetlc field were

‘eetaken from zero .to 1000 Oe, for'both direcoions of'ohe

f_fleld,, .e one parallel to the c-axis and the other

‘5_.3C!Lperpendioular«to the c-axis. |
Figure (6'49)'shows.the Variation of tne'totel

1-5fieenergy with" angle o, for different values of the

: ‘ff-fleld H parallel to the c- axis. : The easy directions of

Aimagnetlzation correspond to the p051t10ns of the mlnlma in'
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 this curve. It is noticeable that the effect on the
forward directed cone is_different from that on the
reverse cone. A field-of 800 Oe is required before the
-forward‘minimum moves to the oeaxis (6= OO), while a
"liffield of about 500 Ce is- enough to destroy the reverse

“cone minimum

Figure (6 50) shows the variation of the total energy
h-w1th angle 6, for different values of.H.normal to the
;:grc-ax1s N Here'the minima are again moved in position as
B | yfffig?the field is increased but they move symmetrlcally
fgfijwf;fiﬁﬂfif,towards the basal plane K 6-90°). A field of 1000 Oc.

' ‘5jis however not strong enough to destroy the easy cone.

"ngigure (6 51): and figure (6 52) show the change of the

ﬂﬂffuﬁeasy.cone angle ‘with field for the direction of the
5f7field-parallel'and perpendicular to the c-axis respectivelyf

l For most of tne patterns described the applied field

:ififwdld not exceed 300 Oa' | From the graphs it can be seen
'“5':.that at this field in the direction of the c- -axis the
4 "7<cone will not be destroyed but the easy direction will

””.lie closer to the c-axis than in zero field. With H =

:ﬁ{; 30 Oe the easy direction lles on a cone w1th angle only
“‘»slightly different from the angle with zero field. |

. If the field is perpendicular to the c-axis and of

"*fbetrength jdb 0e, from figure (6.52), it is clear that a
:'”uislight increase of cone angle from 39 to 46° takes place.

The above measurements all relate to the applied

- '{fafield on the surface of the crystal and without calcul-

”fﬁating the value of the demagnetizing field. Because of-

idlfficulty in calculating realistic values of demagnetizing
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fector the effective field cannot easily be estimated.
"However,_it must. always be sbmewhat less than the applied

field and the,éffects on the cone angle diséussed above

A”ﬁﬂ:jmuSt_be if'ahything; exaggerations. | It is clear that

gWiﬁhlthe fields empioyed the'basic.magnetic.structure is

ghbt“profoundiy changed.
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CHAPTER. SEVEN

~ INTERPRETATION AND DISCUSSION

7.1 Model of domain structure at 273 k

The easy dlrectlon is the c-axis at this temperature
.bgfand ‘in consequence the pattern cons1sts mainly of 180°
if;parallel walls. - It was observed that when two surfaces
ihﬁof a 81ng1e crystal each cohtaining'the ¢c-axis, were
Eeut perpehdleular to,each other, both surfaces exhibited
'”sihiiar’Structhres of walls running along the c-axis
:\”ﬂQirection and_the internal-structure'musththerefore

- . consist of domains separated by arrays of 180° walls.

,:fe_These domalns may be in the form of hexagonal prisms

;}w1th some- reverse magnetization domains near the

'fﬁffsurfaces..~'The domain structure on the basal plane was
?5ﬂffpredominantly one‘of alternating free pole, the ends of the

'ﬁ’ﬂprlsmatlc domains being sub- d1v1ded 1nto smaller- reglons

<€:hof dlfferent polarity. These represent the ends of
Ef?splkes of reverse. magnetlzatlon which form in order to
.'f?reduce the magneto static energy.
| The model glven by Privorotskii (1972) is algood
.:fhexample of this dohain structure, and he calls it'
-‘hﬁ"hréhching'Structure.for uniaxial ferromagnets as in
:}]figf?i!;figureb(7tl). He shewslthat at sufficiently large
. h}éfvaiues<cfrl (the crystal thicknese); the domain struc--
rhf.ture begins to branch. in the limit 1/%—> 00 an
ézlLlnflnltely branched structure is formed ¢6 is the wall
-:.;tf'-}";:'_W1dth Comparing this model with figure (6.5), observed
.fh;for the domaln structure in gadollnlum, they are seen

;Fto Be clearly similar. Privorotskii has shown that the
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following relations wnuld be expected to apply, irre-
spective of the properties of the material.

Shoo= 017 1 - (7.1)

I

(1 - 1/;qf’ etc. - (7.2)

i 0. 807

‘$|

where h 1s the length of the maximum reverse dagger domalns
and hi is as shown in flgure (7.1). " Figure (6.5) shows
e:}g;threeAregions,_the'apparent spacing of lines on the

“ {pattern»changing as the surface of ‘the sample is approached.

‘:;fﬁThe changes took place at reasonably well defined distances

ijffrom the . surface which were taken as representlng the
btjpos1t10ns from whlch h and hl should be measured Measure-
V'Vﬁments gave average values of h = 25 + .02 and-hlA= W17 i',og

N

tﬁ‘ﬁm. for a sample of thlckness 1 =2.0 +»505mm. This leads

Tiﬁto;'i{ﬂfiﬂ - n (0.116 + 0.0Ql) 1

i”fftf?ﬁd' o
ol
h

(0.76 + 0.2)

“?iuhich is-in good agreemént of the. above equations (7.1)
"ff"and (7. 2) | So an appropriate model for interpreting

Ef:the domaln pattern observed on.b and a-surfaces fOP a’
',H;thick crystal is that of flgure (7. l), the branching

“”jﬂstructure. ThlS, of course, carries implications for

}ifthe structure on the basal plane of thlck crystals, but
tithese'were,not studled in the present work.
:h.Eor'thin,crystalsaof gadoliniumithe surface structure
ifon the basal plane consists of honey-comb patterns at
irf;275 K The honey - comb structure is observed by the

bxappllcatlon of a normal fleld produced by a permanent
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magnet to the basal plane.

Kandaurova et al (1973) presented a discussion
- - of'the behaviour of a complex honey-comb domain structure

Mdf:jﬁ;in Mn Al Ge crystals They suggested a model for this

”f§FStructure and for the changes they observed in it on

. ”vﬁf{applying a magnetic field parallel to the easy direction.

ffThisrmodel-is shown in-figure (7.2). The crystal'repfA

) lu’}d}resented a‘matrix which was magnetized,in one direction

*;jjiig(light baekground-in figure 7.2) and which surrounded
jh£¢'Oppositely'directed domains (dark regions in figure 7.2).
Ldi?{These domains were in the shape of regular cylinders with

“u7f'reverse domains in the form of additional mainly dagger .

; fshaped regions with magnetization directed in the same

zgdwéyias the m?trix. A section of this structure is shown

""""" %%schematically in figure (7.2). The magnetic field em- -

jh?{fyiﬁfﬁployed in the present 1nvest1gations was also parallel
::iﬁto the easy direction and did not exceed 300 Oe. Foll-

if}ﬁowlng Kandaurova 1t is possible to calculate'the reduced

"..field h - _H_ and this yeilds a value of Q025 at
.. 273 K. From figure (7.2a) it can be seen that this

‘Hfield could not be expected to cause any krge,
‘.change from the zero-field ‘pattern.

. The’domain structurelobserved may be interpreted
m-tusinéva:combination of the above models. These do not
.J:differ greatiy for smalloeffective fields, h. - An attempt
A;fwas made on, the b surface to observe any closure structure

A':;T(as distinctfrom the reverse dagger structure) ex1st1ng

i ion the edge of the spe01men near the basal plane. The -

ipatternsin figure (6 3) and (6 2) : show clearly -the
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absence of any secondary strﬁcture of. true closure
| domains near the surface. -The wallé are sfraight
“.and meet the basal plane at QOOf All structures

"ﬁ-éoﬁld be iﬁterpréted'in terms of domainsiof.revérse

;L_hagnétiZaiion'ag explained beforé,

‘The vdriation of domain width bn the basal plane’

'u;iSUPface of a wedge-shaped crystal with thickness has

~ been discussed in Chapter Six. Good agreement was

u?:found wheh éomparisbn wés made with the work of Kazcer

H{77;ff(1959)Lf-“'

7.2 Ihterpretation of domain structure at 77 K

7.2 Magnetization direction
| _:The_intehsity‘of mégnetization in.a ferromagnetic is
feyerywheré équéi to the saturation iﬁtéhsity Ig, but the
;:»directiOn of‘the magnetization varies from place to place
..'in such a way as to makebthe free-energy of the sample a
::minimum. i'A domaih is a'région in which the magnetization
;§is constant in magnifudé-and direction and knowing the
.poééible directions of the magnétiéation in a sample,
“fﬂthe possibié mégnetization directions in each domain
-may be inférred. The free energy is the sum of two termsf
V;the'magnetogfysﬁalline aniéotropy energy and thg magneto-_
’u{%tatiq énefgy. |
| - For gadolinium atn77 K theiexpected direction of
.'thé.ﬁagﬁetizétion,-without.applying a_field, should iie

on the_th‘¢ones which represent the~easj directions.

" The small magnitude of the six-fold contribution to the

7:Zahisdtropy}enefgy4(K4-=vO.002 X‘lO6 erg cm_j-at 77 K)
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gives an infinite numbér of phases on the cone around
the c-direction. The cone make an angle equal to

“379 with the c—axis. in zero-field the two cones are

”~‘;d1rect10ns of mlnlmum energy of magnetlzatlon.

As soon as a small field is applied, the angle of

' i”ithe=coneschangesas discussed in Chapter SlX, and the

'+ domain magnetizations wili‘take up corresponding .

directions. .'When the field is increased, the magnetiz-
L atibn will turn from the cone direction towards the field
'so as to keep the free energy a minimum. This turning

'lffw1ll increase the compmmmt of magnetization in ‘the field

”"f[gdlrectlon. The dlfflcultles'arlse when the res.l.lltant

 direction bfzmagnetization is not the same as that of

the applied field. In_thisAcase the demagnetizing field
?-1may-modify tne magnitude and the direction of the field
-i‘lactlng in the interior of. the crystal.

Blrss and Martin (1975) gave a number of modes for

. the poss1ble dlrectlonsof the domaln magnetizatlons at

- varlous stages of the magnetlzatlon process for a hex-

e agonal ‘crystal. They presented equatlons the solution

l‘“]Of which yeilds the intensity and orientation of the

| mean sample magnetization. They discussed the various
orientations of the'saturation magnetization in the
domains for a variety of magnitudesland orientations of
*v'the magnetic field. ‘They applied this theory of phases

Ato*magnetic'materials which have the full 6/mmm hexagonal

' symmetry. They observed that the directionsof magnetiz-

ation in the domains depend on the direction of the

internal magnetic field.
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Situations relevant to the current work are shown
in‘figure (7.3). These correspond to phases in which
'the easy.direetiens nearest to that of the effective
”:*;:field are‘bfefefred Figure (7.3a) ehows easy direc-
.“Q“?tlons lylng on a cone when the effectlve fleld is parallel
"itto the c- dlrectlon. . Flgure (7. Bb) shows a similar mode
Agfor an effectlve fleld in the b- dlrection. For small
| fivalues of K4 all.direction on the cone would have closely
whkff;s1mllar energleslwhen the effective field lay in the c-direction
A'ﬁ~atThe arranéement shown in figure (7. jb)'would~be modified
‘ ihiln such a case to glve only two dlrectlons of magnetlzatlon
" l_"i-_j'.'t.symmetrically placed w1th<¢> 0° or, 6= 90 or 180 - 90.
: In the calculatlons of Chapter Six it was found that
b the -cone angle changed with the values of the fleld in
4h‘“¢ﬁwthe above two direct 1ons in a 81m11ar way to that in
'the model of ‘Birss and Martln except that for Gd at 77 K
.?2K4 is negliglble. Taklng the equatlons given by Birss
and Martin for the modes IIC and IIB, it is possible to
. :5ealcu1ate'the compenentslof the magnetization at 77 K,Ip
. -{'par_'allel to the applied field H_ and I perpendicular to
tlgit. If the direction of H_ is specified by polar and

'a21muthal angles @e andq; then: for Mode TIC

cose cos @ .+ sing@eA (7.3)
cos (}e.sin C% - (7.4)

=
I

.‘ =
Il

He
h N
1 c'oes.'e sin @ - Hg
'S ~ e

. A

ft“fhwhefe N is thegdemagnetiéing_eonstant of the crystal.
"'-"_for Mode IIB

Ip= Is sin d) sin 6 sin- @e + Eé . co.s2 @e (7.5)

=




(a)
Mode IIC

(h)

Mode IIB

_FIGURE. (7. 31 _ |
after Blrss and Marfln (1975)



»In’ = -I, sin 43, sin @ cos @e + H, cos @e sin d}e (7.6)
- - .

- By knowing the values of I He’ N and the different angles

‘:r:Ip and I, can be found - from these equatlons For H
'm°ﬁ€fparallel to Lhe c-axis the equatlons 51mp11fy to
”E;;;irfll_Ib’” = “s cosé) ©and I =-zero this becomes
'tﬂr;C)e =-~zéfo” In case of H parallel to the b -axis -

".and K4 small also both of g? and<¢>equal to 9O the
ﬂ"equatlonsthen 51mpllfy to Ip<= Is snleand I .Zero.
":Hff'The applled fleld H and the effectlve fleld Hy have ‘same

\‘3537d1rectlon because of symmetry.

””i:7 2 2 Possible types of domaln bmnxhry wall

In most or all of the .domain structures observed
u';gfor gadolinlum at 77 K the main domain walls run parallel
:ff‘to the c- ax1s w1th traces of other less well deflned walls
h#g;normal to the c-axis. - |

o Condltlon of zero or non-zero’ fleld determine possible
-lbmagnetlzatlon dlrections Walls must form to satlsfy |
wl'fa“the condltlon that the‘normal component‘of the magnetiz-
jation is oontinuous aoross the wall. - The various possible
'f walls-satisfying thls requirement. are-summarised in figure
(7. 4) ThlS applies for the zero-field case 1.e. mode I
AQ_of Blrss and Martln 8 When a fleld sufflolent to proceed to
.‘hModes IIC or IIB is applled fewer walls are possible and
4L’1nthls is. 1nd10ated in the table. - B
| In the flrst row of the table in figure. (7 )it can

Ai”i;be ‘seen’ that 1f the magnetlzatlon rotates from direction

¢7”f§EOA on the forward cone to OB on the reverse cone, the
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" normal component of the magnetization will be equal to
IS sin é)o and the corresponding anisotropy term Fk .072)

('E?) - The plane of the wall may be elther PQRS
;h’or ABCD and 1ts angle equal to TT—-2 E) 'Such a wall
fﬂ%lS poss1ble in Modes I and IIB -

'J: In cons1der1ng a model for the domaln structure in

’foy'Gd at 77 K we must select from these poss1ble walls’

':'ij,;ones Whlchvflt ‘the observat10ns;» For the pr1n01pal walls

we may choose from those that lie in planes ABCD, PQRS

ﬂi}br TUVW;.F.The;transverse'walls must:be either of the
::tWO“which‘lie in the basal plané;: |

| A further con51deratlon is the wall energy. . For a

%Bloch wall the total energy 1s made up of equal parts of

‘rie}exchange and anlsotropy energy. The column headed .

As‘"Anlsotropy term" in the table in figure‘(7 4) therefore

| VZ,glves some 1dea of the- relatlve energles of the dlfferent

b f_walls.' Four types of wall have cons1derably lower

'§r3fnenergy (determlned by Ky alone) and may be found.in

';f}Modes I and IIC : However, in Mode IIB only two types

::of wall are poss1ble and these are of con51derably
greatertenergy,. It: must also be remembered that wall

~;gthickneSS is . inversely related,toﬂwal; energy and that

"ff}thinAwalls giVe,better.wall~contraSt:in‘colloid observa-

~tions. "

| %w3;ﬂ37;2‘5.Model-for.thevdomain.pattern'at 7 XK

W1th the decreas1ng of the. temperature from 273 K,
:"w;the anlsotropy constant decreases rapldly and Kl changes'

¢251gn at about 245 K. 1 The easy dlrectlon moves off the
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c-axis and lies on a cone. | As a-result of-this a
,Are—orientation of domain. structures takes place.
.As'the temperature-falls the walls become less well'

?k17def1ned and disappear completely at 240 XK. A new.

lﬁwall may be found at lower temperature bes1des the

f,l8O walls. When the temperature falls to a value
'?5‘77 K a new type of structure would be expected ow1ng

"ffito the rotation of the easy dLPeCtlon-

It is clear that the observed patterns represent
“Qﬁitrue magnetic domains. - The. usual difficulty of in-
f*;gterpretation of such patterns 1s present i.e. the

ftdevelopment of a three d1mens1onal model from only

3fisurface 1nformat10n, but some progress may be made.

"fﬁfA model as 1n figures (7 5) and- (7 6) is suggested as’

""an 1nterpretation of the pattern observed at 77 K.

“ Most of the structures on the c plane and that on
\'f“the b- plane are v1ewed under different conditions of .
‘Japplied -and effective, field The domalns on the
féf;b plane cons1st of "daggers but the daggers become

'ﬂﬂnarrow towards the surface and smaller ones appear

The model in figure (7 5) 1s suggested for the pattern
*ﬁﬁobserved on basal plane. . The magnetization in each
ﬁdomain may be considered as con51sting of two components,
?one normal to the surface and” the other in the basal plane{
iSince the basal plane anisotropy 1s small the basal plane
f;;magnetization component w1ll not. be strongly bound to a
fparticular direction and may vary in direction from p01nt ‘

ﬁito point even in a’ s1ngle domain <The arrows in the .-
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figure represent possible magnetization directions
on the basal plane in eachAdomain.' The -shaded areas
are domains with the normal‘component of the magnetiz-

ff,atlon out of the plane._ The whlte areas are domalns

}giw1th thls component of magnetlzatlon oppos1tely
‘.??;dlrected | ' | |
In any one domaln the magnetlaatlon is cons1dered
‘f}to vary 1n dlrectlon but to. 11e on a conlcal surface. -

"ﬂfln an. adJacent domaln a 51m11ar varlatlon takes place on

“'ffilthe reverse cone. In flgure (7 4) the change of direc-

'5f27tion across the boundary walls could ‘be of the type (OA -

o OB) (oa = oc) or the general case (OA - OF) ALl these
-i'condltlons are required for the model shown 1n flgures
% .’(7 5) and (7 6) Thus we requlre walls as in flgure
-':;;h(7 4) of types la, 1b, -2 or 5. | |

Figures (7. 6a, b) are sectlons through ‘the domain

.vgafﬁ'structure of flgures (7 5), (7. 63) represents the SeCtlon |
Tﬁffxy whlle (7 6b) represents sectlon UV ~These sections
‘Tifufflt with the general observatlon of the domalns observed -

i fiuf:on the b-plane. ) The condltlon of continulty of the

'7Z?normal component through the wall 1is satlsfled . in this

"”57}maiel The fact that the pattern shown in flgure (7 6) for
li;;'ai section cut. through the crystal agrees w1th the

“.E}observatlons on . the b-plane 1s not f conclus1ve ev1dencel;

TTEfor its valldlty The cuttlng of a. surface must necess-
j‘;rarlly affect the patterns because of the magneto static

‘?1energy 1nvolved However, there 1s ev1dence from Figure

:};(6 28) that the patterns contlnue w1th llttle change Plght.:

‘Qto the edge of a basal plane
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Basal plane patterns must be stlll in Mode I
: because oppos1te polarlty is seen up to fields of the
A order of lOOO Oe, but. it may change to Mode IIC above

."tifth1s~f1eld' - Patterns on the b- plane ‘with H normal

"“Tf-to the surface are also 1n Mode I as 1s ev1denced by
.areas of alternatlng polarity, but the structure may
zychange to Mode IIB at about 6OO Oe.a ThlS means that
'Jttthe walls have comparitively h1gh energy 51nce rotatlon
;fmust take place over the basal plane energy hump. b |
o The model-in flgures (7 5) and (7 6) is.an 1deal
‘“ftrepresentatlon, but 1s clearly not exactly correct over
;ythe whole of the crystal surface '1 Patterns contaln |

iﬂthe bas1c elements of the model but vary somewhat

%’ifrom p01nt to point presumably due to-localylnfluences
”:~1lsu0h as surface irregularlty and residual straln. The .f
twalls in. flgure (7 5) shown as broken llnes would not
hbe expected to be v151ble in a colloid pattern produced

":n;rw1th a normalsblas field 51nce=the»component of the,'.;
E?f7magnetlzatlon normal to the spe01men surface 1s the same »b
vlfbﬂ_on both 51des of the wall. yf |
| Various other models have been cons1dered as- g1v1ng
57jr1se to the patterns observed None of these proved to .
'N5ili:be satlsfactory for a materlal w1th conlcal easy dlrectlons

'f’7?fﬁzoW1ng t6 the dlfflCUIty of satlsfylng the condltlon of

“Eb,contlnulty of the normal component through the wall in
e h?f;‘all walls.,: A complete and unamblguous 1nterpretatlon :

"*;_of the patterns is not poss1ble on the evidence so far

5§ﬂavallable and some suggestlons are- made 1n the follow1n8

U:i;psectlon for the types of experlments which could help to
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- resolve the remaining problems.

: 7.3 Suggestions for further work

The COllOld technique has various limitations,

'particularly the fact that only the surface domain
';structure is observed -_ Also it is not. poss1ble to-
‘fypstudy the. dynamic changes of the domain structure by -
""'?*ﬂffthe effect of applying a variable magnetic field or by
1Th?_changing the temperature<of the sample in the low temper—
ﬁmfiiature range Where the dry COllOld method is used.
L - The apparatus used in this work could operate only -

Jéfiat a fixed values of" the temperature,fand a range of

"7fffsmall values of the applied field, . The modification

fjof the apparatus for use at liquid helium temperature
f“was not completely successful ow1ng to the need to use
5the same sample tube _and-an~existing dewar for 1iquid

A‘ffhelium..r A complete redesign Of thefsyStem would be

bﬂﬁigideSirable if helium temperatures are to be reliably

ém;achieved This is particularly important since in’
f'bfifurther work on “the domain structure of gadolinium, 1t
"*ifﬁwili.be of interest to study between 77K and 4K where the
rx'ﬁ'ﬁfbasaltplane anisotropy constant Ky has a much higher
'”?;;gyalue; Further information on the domain structure
' *ffwhen the'basal plane anisotropy is'not negligible would '’

Mﬂfgbe of great aSSistance in interpreting the patterns at

:i77 K.as there is not a large change in ‘the magnetization
fover this temperature range and the anisotropy change
| ?could be expected to be a controlling factor

It would be valuable. too to incorporate a small



heater in the cryostat to permit the observation of
: domaln structures at various values of temperatures S0
:;that the progre551ve effect of increase in K4 could be

‘ij;observed

The appllcatlon of a large normai’ field to the
"?Umfsbasal plane;*capable of being increased untiivsaturation

! ?fpwas approached would enable studies‘to be carried out to

*.determlne whether in fact the magnetlzatlon changes from
H;Mode I to Mode IIC. ' ThlS mlght glve more detalled |
A?informatlon about the nature of the pattern observed.
Further attentlon could usefully ~ be given-to the’
_de51gn of a low temperature Kerr effect apparatus. |
:ThlS would require lmprovements 1n surface preparatlon
{;technlques and the poss1ble 1nclu51on of the obJectlve
fﬁjﬁln51de a redes1gned cryostat ' Attentlon could also be
%iff;jglven to the enhancement of the affect by applying a

: 7fﬂ_su1table dlelectrlc layer to the surface of the crystal.

iiThis mlght also be used to. protect ‘the sample from con-
{::tamlnation; - The equlpment could then be used to study
“f?the behaviour of the domaln structure with both temper—
.:ature and magnetlc fleld w1thout remov1ng the specimen

gufrom the apparatus

The domaln structure of gadollnlum mlght be studied

_fby u51ng the scannlng electron mlcrOSCOpe if the surface
*r;of the crystal was prepared carefully and not allowed to
lcontamlnate. Alternatlvely, the use of high voltage
;aelectronsVofﬂgreater penetratlon might Treduce the effzet
.tof surface contaminatlon and permit the observatlon of

‘;domalns," The technique 1s.also capable of giving more
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detailed ‘information about magnetization directions in

jjthe-domains,_
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