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ABSTRACT

‘ The domains ‘structure‘ of cobalt, gadolinium and terbium have been
investigated; single crystals of gadolinium and terbium were obtained
in which the oxide content was considersbly reduced by a solid state
electrolysis technique.

. The Bitter technique has been used for most of the observations with
e modified colloid, but a dry colloid technique has been used at temperatures
-below.EﬁOoK or higher than room temperature. Two different pieces of
apparatus were designed for use at high or low temperatures. In the case
of cobalt single.crystals the results gbtained at room temperature are
_ similér fo those obtained. previously. The pattern at 770K was as
ex*_peActed. from the anisotropy data. The lengths of daggers of reverse
ma.gnetiza,tion and the widths of their bases were found to be in direct
proportion (for simple and complex daggers). The variation of the exchange
constant A with temperature was also determineds It was not possible to
observe a closure domain structure, however this-did not rule out the
possibility of a partial structure being present on the basal plane,
théugh- the vai'iation of domain width with temperature agrees best with
that :oi;‘.-'vAKi"ctel modele

. ”Thé domain.structuie of gadolinium was much easier to analyse than

thé.t of cobalt. At 271LOK patterns on planes containing the c-axis

showed, parallel 180O walls with the development of partial closure




it

structures at the surface near the basal plane and at the oxide
inélusions.- Basal plane patterns indicate that the 180° walls are
vnot plane and give more detailed information about the mixed nature
of the basal structure. The change in domain structure has been
studied as the temperature is reduced to 77OK and. under the influegce
of.magnetic fields up to 1400 Oe. Unexpected results were obtained

. wvhen fhe normal field produced by a permanent magnet was applied to
the basal plane. Such arrangements produced the well known honeycomb
structure. which was observed on,other»materials_after an applied field
. of few K.Oe. was applied parallel or perpendicular to the c-axis.

This was believed to .be the result of a closure. structure with magnet-
‘ization laid freely in basal plane. The non-uniformity of the lines
of force produced by such magnet will re-orient the direction of the
magnetic moment within the closure region.

. The domain structure in a cube shaped terbium single crystal was
observed at'2lOoK and different possibilitiesnfar the intermal con-
figuration were given. Agreement between experimental observation and
. the proposed model which consists of plate type domains magnetized
along the by and b, exis but not along the third axis by-axis, which

~is perpendicular to one surface. The equilibrium. width was measured
and coméared with the calculated one and they were in. good agreement.
‘The structure at lower temperatures was studied. - However as in gadolinium

it is still not clear whether the pattern observed at low temperature

represents a true domain structure.
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CHAPTER 1

INTRODUCTION

l.1 Ferromagnetism

Magnetic materials are in some respects the most intriguing and

i
.

exciting toéstudy. In spite of the fact that a fuli understanding of
theftyfes of magnetic behaviour is still difficult, the progress that
has‘been made is reﬁarkable. In addition there are many technical
applications which make them of obvious intereste The most known and
ﬁnportaﬁx of these materials are ferromagnetic. A great variety of
material s may be placed in this category being quite distinctly
‘Eharacterized.by their magnetic propertiés. For such materials there
exiéts a temperature called the Curie temperature, below which it is
found to be possible to attain magnetic satﬁration‘by the application
_of small magnetic fields. At the same time it i; possible for the
magnetization of the ‘specimen to be zero in a zero applied fieid. In
order to align the magnetic moments at room temperature for a para-
magnetic materiel it is found that a fiéld of the order of 107 oersted

is necessary while this field exists naturally with no applied field

“in a ferromagnetic body.

Weiss (1907) was the first to postulate the existence of a strong

molecular field which aligned the individusl magnetic moments parallel
to each others At the absolute zero of temperatureithis ordering will
be perfect, but as the temperature is raised the aligmment is gradually

reduced by thermal fluctuations and the effect of this is to completely




FIG.l.I Reduced moagnetization curve os o

function of temperature for

® Cobalt
o Gadolinium




destroy the ordering when the Curie temperature_is reached. . Figs(1.1)
shows the variation of spontaneous magnetization with temperature for
Cobalt and Gadolinium, similar sheped curves beipg'obtained for all
fgrromagneﬁic elements if the variation is plotted against temperature
in reduced unitse Abgve the Curie point the ordering breaks down and
the material becomes paramagnetic. By this thgory.weiss demonstrated
clearly the reason for the easy magnetization of ferromagnetic materials,
but it would not however give an explanation for.the fact that ferro-
magnetic substances may exist in a state of zero magnetization; thy
are usually found with a zero demagnetized state. Weiss therefore
advancedvé second hypothesis which %eadé to a possible explanation of
this point. He postulated that a feyromagnetic material divided,ﬁp
into small regions called damains, in each of which the atomic momenﬁ?
are alwaYS spontaneously aligned, but the direction of aligmment varies

 from. damain to damain to produce a zero resultant.

7 cersted) is

The origin of the molecular field (Weiss field ~ 10
not explained by this theorys It was not until (1928) that Heiserberg
-postulated the existence of the exchange fo;ce. This is.a,purely
gquantum-mechanical force and has no clagssical counterpart, so any
attempt to explain this force by non-mathematical representation will
be somewhat incorrect. This force provides a physical explanation for

the large magnitude of molecular field. Heisenberg-shoﬁed that the

force 1s due to an electrostatic term arising from the overlapping of




orbital wave functions of electrons associated with neighbouring atoms
Whj.ch leads to effective spin-spin couplings This electrostatic energy
~ term also depends on the relative oyienta,tion of the spins of the
adjacent particles and therefore gives rise to thé ferromagnetic effect.
This effect, 1'1113. .c‘rystal in which each ion has a non zero spin, is large
enough to.account for the magnitude of the Weiss field.
There are a variéty of ways in which the moments can align themselves.

These different types of magnetic order give rise to different categories
of materialse. F_errcmagnetic's include the transition metals ironm,

nickel and cobalt, th»e heav& rare earth metals, and a few oxide compounds
such as europium oxide. In these mg.terials the moments align para_,llel
to each oth,er' and thus produce a large moment per unit volume, so we
should expect to find these ferrbmagnetic materials w1_th high magnetiza-
tion. The mament arises as a fesu.lt of positive exchange interaction.
Another category of materials is'_that in whigh, owing to negative
"exchange mté'raction, the'srpins are arranged in an ainti-parallel
.pattern so that the atomic moments cancel and the resultant magnetic
manent will be zero. Such material is called anti-ferromagnetic and
exampies are found amongst the rare earth metals and in many transition
and rare earth compounds. A third class of alignment which arises
through.nsgative exchange interaction is that known as ferrrmagnetic

in which anti-parallel arrangellnent exists but there is a net noment

which arises fram & situation in which the moment pointing in one direction



is larger than that pointing in the other. This kind may occur when
two or more kinds of magnetic atom of different moments are mixed together,
or in complex crystals where there may be more elementary maments
.pointing in one direction than in the othéra \«Exa.mples of this type

of alignment are found in the ferrites I\/D-Feeo3 winerg M represents

a metallic ion. These are non-metallic and of high resistivity. Even
though the ferriMagneﬁs possess a net magnetization it is much lower
than that of the ferromagnetic materials. \

'The spontaneous alignment arises as a result of the exchange

interacfion which operates between uncompensated electron spins in

the partially filled electron .shells. The intrinsic magnetic moment

of a ferromagnet is almost entirely due to the spins of ';chese electrons.
Electron orbital motion does not contribute a large moment to the
intrinsic magnetization of solid magnetic materials based on transition
mefa,ls- Owing to an interaction between the orbital motion and
.crystalline fields the orbital mbments very nearly cancel out. This

is knéwn as quenching. The magnetic behaviour has been .shown by Van
Vleck (1952) to. b; mainly due to the gle‘ctron spin. Unfilled electron
ghells are responsible for ferromagﬁetism rather than velence electrons.
Since in.a filled .shell the electrons are paired off with as many

spins up as spins down, they will average to zero moments. Thus only

atoms with incomplete shells can have a net magnetic mament. The




arrangement of the spjns is such that :lt will prod_uce th.e highest
. possible net magnetic moment. For this to 'be gonsistent with the
.rnle for filled. shells means that once thg shell ‘%s half filled
‘additional electrons must point the other .may. - Thus in the case of |
transition‘metal the el’ectromiesgpnsible for the magnetization are
thbsé in the unfilled. 36. band while the. magnetic properties of the
rare earth me,t,als are cloéely related to‘t,he 'cha_ra.cter of the
_uni‘i.lled L}f shelle The. unfi_lled shell in the tna;nsition metals, 1s
the.'ouf'ermost in the metallic ion. Interé,c.tiOn of"'the electron orbits
' w1th the crystalline fleld as in the tra.nsitlon met—als quenches. the
orbltal angula.r momentum, while in the case cf the rare earths the
unfilled Lf shell is sc;eened, fran‘the qrysta.lline fielql.by the 5s
&nd 5p shells. This will be diséusééd. _in.C_hapte’r' 4 Thus the orbital

angular mamentum contributes to the total mé.gnet_ic moment.

L2 Thé Doma in Hypothesis

The question of_i«rhy the majority of ferronﬁgneticsare not actually
found in the spontaneously magnetized state, but are much more likely
-to Iiave approximately zero me.gnetization, was answened by We;.ss'.
‘hypothesis .of danainse Thié hypothesis proposes that the interior
of the matér_ial is divided into many magnetic d.ané'.i,ns y each of which
is .spontaneously magnetized. Since only the direction of domain
magnetization variesA from domain to damein the're'suil,i‘_cant mngnetization

can be changed fram .zero to the full 'valuc;of spontaneous magnetization.



This direction of spontaneous maghetization is not constant within the
material but varies between different domains. The domainsin most
éubstances are seen to be magnetiied in one or more of a small number
of directions called easy direction in which there is a strong tendency
for the inffinsic magnetization to lie. The region in which the transi-
tion.from one direction to the otth 6ccurs is éalied the domain wall.
. Domains vary in size but typical @imensioné lie between lO~-2 and lO-5 cm.
Application of a magnetic field to a ferromagnetic material, will
affect the domains as suggested by_Beckg? (1939)‘ In a weak applied
field the volume dfdémains which are favourably oriented with respect to
the fiéld will increase at the expense of unfayourably oriented domains.
This process takes place by means of domain boundary displacements, while
in a strong field tﬁe volume of the domains increases by means of the
rotation of the direction of magneﬁization towards thg direction of the
field. The first direct observation of domains was made by Bitter
(1931) and independently by Van Hamos and 'Ihi;essen_ (1932), using a
colloidal suspensioﬁ of small magnetic particles to make the bqundary
walls visible. This techniyue later became known as the Bitter
technique. However, Bitter was unable to provide a direct relationship
between the pattern observed on the surface and the internal structure
for two reasons, firstly mechaniceal polishing has produced too great a
strain on the surface of the specimen and secondly, because of their

large size, the magnetic particles used were not sufficiently responsive
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tg _the stray fieJ‘.._d,s' at th_e..su‘rface.- The fi;st ‘acceptable theoretical
ei;planation_ of .'d,pma.'in' structq;;g was pro_péséd by Landau.and Lifshitz
(1955). _Work;ng on fhe assumption that a ferramagnetic body with a
lange nu;nbe'r of domaing is a system of minimum emergy, they calculated
the differeﬁt energy terms vhich will (.;oritr»i-bute to ‘the total energy of
. ﬁlé System and fram vhich a minimum energy value may be cbtained.
F.olipwir’;g the theoretical studies of Landau and Lifshitz, Elmore (1938)
- conducted. the firs‘tlexpelrjmen_,ts to observe clear domein patterms. By
electropolishing a cobalt specimen he eliminated the strain previously
resulting. from: mechanical polishing and thus :obg_ervéd the true domain
s’tz;uctﬁre of _cobalt. This structure_éould be clearly distinguished

from the pat_i;ern observed on the mechanically polié.hed, surface.

L3 Magnetizstion cwrve |
An importaht characteristic, of anyv_maag.n.etic material is its magnet-

ization curve when an increasing .fie,ld'ig applied to an initially
. demagnetized specimen. The curve ocbtained is sho@ in figure l.2.

This behaviour of spontanequs mgnetization with_'t;he applied field may-
be ;Lnterpreted. in terms' of doindi.n wall movemente . In & narrow range of
magnetizatlon sta.rting from the danagneyizgd state (I=0, E= 0) the
_‘size of the domaln, which is oriented. nearest to the dlrectlon of the

applied. field, w:.]J. incregse by domain ml.l motion and the magnetization




owild ihcrease. - At this stage the change in wall position is reversible

 (initial permeability vange)s If the magnetic field is increased beyond
the initial permeability range the__intensity of magnetization will
ncrease rapidly until the damain growth is complete. This range is
achieved mainly by irreversible displacement of domain walls from one
stable position to another. When an externsl field of sufficient
ma;gn,,itude_‘ has been appl_ied, and the domain growth is campleted, thus
forming a-materiai 6f a single domain, a further magnetization. increase
takes plaq‘_e 'slowly by the rotation of the magpetic-moment. in the
direction of the applied field, . The feﬁqﬁagnetic méterials show
-‘hystei;*ésis, in that if the 'magxlepizing» field is reduced to zero, the
toté.l magnetization in the direction of the field still has a finite
values That is to say, the domain distributien has not retureed to
its original state. The ares enclosed by the hysteresis"loop is approx-

- _imétélv given by the produ'cf of the saturation induction Bjs times
'cqéré:ivge_f,or'g'e, t_h.at. ;s , the ager@ diésipated on going once around a
hystei'esis loopy T’l}is, is one ¢of the majJor losses in magnetic mgterials
and is belvieved. to be due to energy dissipated by. ixreversible domain
wall motionse This hys_‘.b,ere-sis loss is controlled.principally by
contrblling impurities since impuritieé tend to pin domain walls.
Reduciné the number' of impuripies reduc%es tl}e erergy nee,d‘.ed to move the

Walls.WhiCh in turn reduces the lossess In order to understand the real




l.,Chara_:gter of a magnetization curve, it is necessary to know the distri-
.bution of directions of domain magnetization at each point on fhe curve.
It should also be reléogr;ised that the distribution of domain magnetiiatio?
is quite different from the demagnetized state and‘ the point of zero
magnetization-at the coercive force, though both states have equally

I= O

1ok Contributionsto the Free Energy of a Magnetic System

The energy contributions to the system in a stress free state and
wifh no applied extei‘hal field a.l;e: exchange enexrgy, ;nagnetocrystalline
anisotropy energy, wéll energy, magnetostatic energy and magnetostrictive

energy-

l.4.1 Exchange Energy

In the case of a f?rromagnétic mater'ialh yvhere the fu.nd.amenltal
moments are due to electron spin alone it is reasonable to consider
only interactionv"between'the electron spin of a given atom and that of
its nearest neighbours. The force involved is of sufficiently sho;t
range to make this approximation‘adequ_ate. for the purpose of calculating
-the. g}gcha.nge energy. between two atams, i, J l

E = - EJ S2 2 QOS ¢.:_. onoooooo-(lol)
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vhere J is the exchange integral vhich may take either positive or
negative sign depending on the spin aligmment (parallpl or anti-

.parallel) s ¢.i ; is the angle between the direction of the spin

~

mamentum vector of atoms i and j, S is the total spin momentum.per
: -t . {

- atome Because the exchange energy has a minimum value whe,n ¢ij' is

zero 1t can be assumed that the exchange energy.in the domains is the
zéro level, theref_ore only the excess in the walls need be, considered.

If we asgume that ¢ i3 << 1 then the exchange erergy varies with the

angle between spins‘ reducing to

A B = J32¢2
ex

tooooooooqo@;oo,&olnuooooooooo(152)

In order to calculate the exchange energy. density it is necessém to
estimate the energy exchange constant

275°
.

ceerecccscossrasascacess(le3)

vhere a is the=lattice parameter. Estimating the value of A is very
useful since it enters into the theoretical expressions for both the
width and energy of a domain boundary.

L2
Magnetocrystalline Anisotropy

In treating the exchange energy the crystal is considered to be

isotropic, that is the exchange energy does not depend on the



1

coordinates of the _sys_tan. - However the experimental magnetization
curves in a single crysﬁéi show that in certain directions, (ea.sy
directions) only a very smll field is reouired to induce a given mag-
‘netization wnereas a rﬁuch la.x‘ger field i's' needéd to indyce the same
valﬁe of megnetization along the hard.q,ifectio‘n, Thus the magnetization
‘tends to lie along certain cryétallographic'axe;s. It therefare becqmes
clear that the magne‘,t;ic pi-operties of the crystal are anisotropic and
that the magnetic energy of the system will be dependen£ upon the
direction of ithe magnetizatdion véctor're;]_ative to the crystal axes.
‘This @ffect is known as magnetocrystalline anisotropy. When magnetization
within the domains. lies pa.:pvallel to the easy direction the magneto-
crystalline energy will be minimum.

- The anisotropy energy density »Ek ‘in hexagonal crystals may be

expressed by a power series expansion of the form:-

E = E Kn S;inene o-ooo-.-..-ol-o-po.oo('loll')

where Kn is an anisotropy constant independent of €, the:ahgle between .
Vt‘he magnétizatidﬁ {rector and the C-axise. - Us_ua,]ly the first three terms
of the expansion are- sufficient to represent the actual aqis9tmpy

. energy; higher fowers are pegligible in ‘the case of cobalt, 50

Ek(e) = KO + Kl S:I..I].2 0 +' K2 s.:i‘nll- 9 . goloooo.‘o.(lQS)
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The anisotropy constant‘s; _of ferromagnetic materials are strongly

. temperature ‘dependents The angle @ does-not.specify completely the

* direction of the magnetizat_ion in the ;cfyStal, this is-,alslo dependent
on the azimuthal angle ¢ about the c-axis. therm in ¢. appears

~ in the energy expression in (1.%) but .symnmetry shows that the lowest
term in vhich ¢ will be involved will be 8’ term of sixth order so
that, ' A , | N | |
B (0,0) = K +K sin® + Ko sinue + K sine +

K)+ Sin69 cos 6@ + oo,o'oo.oo.opoooooo-.o-a(lg6)

If the last term is smell compared with the preceedmg' term it will
mer;ely intzfoduce a slight six fold undulation in the aﬁisotmpy

- energy surface in the region of the basal plane. A knowledge of the .
values of the anisotropy constants.and their temperature variation

is very important for the quantative ang qualitative treatment of

damain structureQ

1.4.3 The Wall Energy

‘Bloch (1932) was the first to investigate the nature of ‘the
transition layer which separates adjacent damains magnetized in
different directions. The change in the direction .of magnetization
from one domain to the next does not occur abruptly over one lattice

spacing since this would involve an extremely high value of the exchange
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~enefgr. Instead the change will take place in & gradual ‘way over many
- atomic planes. The exchange energy for a gradual change is less than
that for an abrupt one by a factor ~% » where N is the:number of equal
steps over which_fhe‘ghange occurs, alsq:ﬁhis may readily be shown by
the application of equation (1.2)s . Therefore it can be said that the
' coﬁpl_ing energy of the boundary separating 'the two domains is
inversely proportional to its thickness. This does not however mean
_that the case N - o would normally-be reached'whehfthe domain wall
could occupy the Wholefcrystal. On the othgr hand, the rotation of
'the~spins in the w&ll'causes‘many tO'}ie in direcpions.different féan
.'uthe éaéy direction thus producing an igcrease'in magnetocrystalline
anisotropy energy and this will 1imit the width of the wall. An |
equilibrium spin-arrangement will be reached. when the sum of the exchange
and .anisotropy energy is & minimum and this may be.shown,to occur
‘when, the exchange engrgy.is'equal t0 the anisotropy erergy.. Therefore
the domain wall must'have a finite width. The rotation of the spin
across the wall. is inrsuch-avway that the magnetization always lies
. parallel fo the plgne of the wall, thus there is no divergence of the
magpetizaticn across thé wall'and-no associéted*magnetostatic ENETrZYe
The condition that there shou;d be~nq-magnetostétic energj.associated
with the wall in a crystal with one easy direction implies that . the

only wdlls. which will form are 180" walls. If the wall makes an angle
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with the initial position there will be a resulting magnetostatic
energy. - So the energy contribution to the domain wall energy of

ferromegnetic crystals are anisotropy and exchange energy

7 = Ek+Eex

A detailed calculation of wall énerg;y'. and wall width. héw:re been given |
by Lilley (1950) Stoner (1950) and Chikezumi ( 1964 ). The above

discussion is for bulk material while in a-thin fllm the case is

different. - Below.a certain critical thickness the Bloch wall is
unfavoursble and a Néel wall forms,Néel (1955). This type of wall has

the ‘rotation of the spin normal to the plene of the wall, that -.is the
‘_magnetizaﬁion in the wall rotates from one domain to the next without
leaving the plane of the film,. but for thi,cker-:film_s the -interaction
between the strips of free poles formed at intersections-of the wall

with the specimen surface will contribute ‘;o the wall energyA..

lobol
Magnetostatic Energy

Free poles on. the surface of the ferromagnetic crystal make it
necessary to considgr the magnetostatic enei‘gy‘ in the calculati_on of
the siz.e of magnetic dcxﬁains,. This energy is due to the coulomb
interaction between magnetic free poles. That is, the magnetostatic .
energy is the energy of a magnetic vector i-n. its own field when there
is no external applied field. ‘]his. energy- 1s given by

Em = - % f-i -—ﬁ dv ~._,.~.__9-Q.,.‘.o.o.o.oo..(1.07)
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where I is the magnetization and H is the field.acting on the damain,
| the integration being over the total volume of the specimen. The
energy is always proportional to the width of the damains.

Kittel (1949) produced an important evaluation of the megneto-
static energy of a crystal being divided into'many-domain cheets
each magnetized in opposite directions. For a system of strips of
alterné.te polarity and each of width D,

Em = 0.852 IED
| i)er unit area of the .éurface. If 'bot-h ‘s-id.es af‘ ‘SPecimen. are coﬁsidered

2 :
Em= 1'7 I D ........A.‘.”.v°.'.."..-........‘..(1.8)

Williems Bozorth and Shockley (1949) and Ki;ctel (1949) showed that the
ma_.gnetization of the domains is not fixed on the surface along the

ea.sy‘ directioﬁ af the crystal but mey ‘pe rotated away from it giving an
effective- permeability u*. The free poles on the surface produce

‘this effect and. cénsequently,,- the magnetostatic energy of the system will
be changéd. From thé rbtation of the magnetization will result two
camponents, one parallel to the easy direction which will be assumed .
unchangeds The other camponent perpendicular totheeasy direction

. *
is proportional to the demagnetizing fields The p value has been

calcu.late‘d to be

* *
33 = 1+K -OI.C..<’QQ"II_..--..'QO~.0.-..-..(109)
* 2J[I§

- vhere parameter kK =
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where Is is the saturation magnetization and K an anisotropy constant.
Fox and Tebble (1958, 1959) have shown ‘tgat thelenergy associated with
freé poleé at the surface of the sPecimeniis reduced in é uniaxial
crystal by a factor

2 {1 +;(1 + K*)%}—l = 2 {1 + \/;* }—l

80 the value of magnetostatic energy will be

R = 107 I2 D """""2'“'-_'*"— ooco.ooooooo‘oo-'ooooo(lolO)
m S
1 +Jp :

In material with high K and low IS, u: = 1 and the magnetization at the

surface would nbt be deviated.

145 Magnetostriction and Magnetoelastic Energy

Becker et al (1939) developed the theory of magnetostrictive
energy by minimising the total energy of the crystal and it was found
to be proportional to 7\80. Where )\s is magnetostriction coefficient,
0 stress either applied or intermal. Thus applying a stress o to a
crystal will produce a preferential direction of magnetization. | The
magnetoelastic an,iéotrOPy energy introduced may bring about a .re-
orientation of domsins, for an isotr-OPic specimen the energy could be

represented by

>

2 .
EU = e "2‘ }\SO cos O oooo?ooeoooeooo'oeooooeooo(loll)

»' vhere @ is the angle between the stress direction and the magnetization,
for small @&, the total anisotropy energy will be
3 _
K + 2 xso — K + Ko_ o.ao-oo..o.ooo‘..‘.oo‘ontoooo(1012)
That is the extra energy produced by an external factor may be added
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to the ‘Iﬁagnetocrystalline anisotropy. The value of As for cobalt is
| As = = 50x 10'6.

The magnetostrictive energy is dependent upon the orier_ltation_ of the

specimen, the temperature and also the applied fields It is found that

gererally the magnetostrictive energy decreases with increasing

temperature.

1.5 Domain Structure

The domain structure in a ferromagnetic body is not a constant
attribute of bulk material but is a function of dimensions, and the
orientation of the boundary surface of the crystals as well as of the
stafe of strain and of the magnetic field intensity. The most important
factor is probably the demagnetizing field arising é’o the boundary of
the specimen. The formation of domains reduces the magnetostatic energy
associated with this field. Domain boundaries form.and they lie in
planes which correstnd to minima in the boundary energy. In order to
_reduce the magz}etostatic energy associated with a boundary there is
generally continuity of the camponent of magnetization normal to the
plane of the boundary. In a uniaxial crystal where the c-axis 1is
the easy direction of magnetization boundary walls generally

_contain the c-axis. Possible domain configurations have been suggested

by many workers. For uniaxial crystals these include the following.
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FIG.1.3 Domaln structure of uniaxial single crystal
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-le5.1 Landau and Lifshitz Model

A structure which is found when a large demagnetizing field arises
és a consequence of the free pole an the basal plane. Landau and
Lifshitz proposed the growth of closure structures in which the
magnetization is directed along a hard direction and which will have
é. magnetdcxystalline anisotropy energy which is proportional tov their
volume Fig. (1. 3a) , the extra magnetocrystalline energy per unit
volume of specimen in the closure domains can be reduced by reducing

_the damain spacing and thus reducing the volume occupied by the closure
- domains, by this means the total area of the walls will increase and

. this means 'that it 1is not possible fgo- reduce the free energy of the
specimen indefinitely-by this means. This structure gives a total
aergy per unit area

cssceceaccessscsssecss (lal3)

+

ol

XD
2

the minimum. energy condition is

D = \/'E‘LIL( ceeensassoncosesesassannnn(Lloll)

which gives the minimum energy per unit area

E = \[Em oooo--ooo_o.oo»oo.-oofooo‘o-oo«.u(laﬁ)
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la5.2 Xittel Model

In material where the magnetocrystalline energy is very large
compared to the magnetic energy. Closure damains do not exist since
these secondary structures will have associated with them a large
magnetocrystalline anisotropy energy and the structure will be of
simple parallel 180° walls with no superficial domains fig. (1e3b).

. This has becane known as the Kittel Models The total emergy is

- E= ‘7]3];’ + 1-7 Ig D goo‘o,oooo-naoooooo-(1016)

Minimising this leads to

D = \/:_7__]_:'___.___ oo-oooo»eaooo-oo--oooo-u(1017)
| 1.7 fz
and . ‘ B = QIS\[l.T 7L oooooo,ooaooo-......,.(1‘18)

while in the case of a chequer board Fig. (l.3c) Kittel (1949) gave

| 2L
D = J ) ouco..-ooooooooo-aooocooon(1019)

53 1
E = QIS\[ 055 7L 0005,0.0000....00-0'(l‘éo)

_for the circular pattern Fig. (1.3d)

D .= J“&—z ) ooo.-aoooo-.ooonoooooco(1021)
3Th I

E e EIS\/ '37)4- 7L ooo-eoooooaco»o-ooooo(1022)

From. this it is clear that the magnetostatic energy is proportional to

the domain width.
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1.5+3 Goodenough Model
EIlﬁe structures in Fige (1. %b) will have a large demagnetizing field,

so Goodenough (1956) proposed the structure shown in Fig. (l.3e) in
which the magnetostatic energy decreases without the creation of closure
structures and without increasing the wall energy appreciably. Lifshitz
“(1944) has also proposed a structure of a more complicated mature for

a uniaxial crystal as shown in Fig. (Le3f)e He also showed that under
ce’r'tain conditions this arrangement has lower energy than that of the
simple closure structure. . The calculationof magnetostatic energy for
such a structure is very complicated, but Takata (1962), assuming that
the region of reverse magnetization has a square base, calculated the
magnetostatic energy for such a pattern and found that the minimum
magnetostatic energy is 0.186 Is D in the case of twé reverse domains
~one within the other magnetized in opposite directions (double reverse

- domains) and 0.285 Ig D for single reverse damains.

le5.4 XKaczer Model for Infinite uniaxial cylinder

Models for possible domain structures of a uniaxial infinite
cylinder having an easy direction laid in the basal plane and no
hexagonal anisotropy have been proposed by Kaczer (1962). Two possible
structures were given; partially closed flux Fige (1.ka), or the
sub-division of the cylinder into disc-shaped damains (1.4b), parallel

to the basal plane. The magnetization in each disc differs fram the
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FIG1 4 _
a8&b Possible domaln configurations for non-vanishing

hexogonal anisotropy, (Kaczir)
c&d Theoretical possibilities for domain structures

in the limit of zero anisotropy energy (Kittel)



neighbouring one by an angle -2-1£ vhere i = 2, 3, 6. That is, the
magnetization in each of these discs lies along one of the six-fold
axes in the basal plane. The ehergy of the walls depends on the

angle ¢i between the direction of magnetization in neighbouring domains.
Tt was found that the cylinder radius is the factor which decides which
of these two types of structure will exist. For large radii the disc
structure is formed vhile below a certain critical radius the partially

closed flux configuration is more stable.

1.5¢5 -Domain Model for Vanishing E . and Ec..

In a special case where the aniéotroPy and the magnetostriction
are both zero, Kittel proposed two possible domain structures Fig. (Lekoc,d),
each domain occupies a large part of the volume ofthe crystal, This

_case will be found when the Bloch wall thickness becames camparable
with crystal dimensionse.

It may be concluded that the minimizing of the demagnetizing field
of the specimen as a whole is sati-sfied. by the division of the specimen
into domainse The reduction of free energy brought about by this
division is very large and of the order of % N Ii Wheré N here is the
demégnetizing coefficient which depends upon the shape of the specimen.
The value of N for different shaped specimens has been tabulated by

Osborn (1945) and Brown (1962).



1.6 :Domain Observation

The two most Widely used techniques in observing and studying the

mgnetic domain structure in :f'ei'romagnefic bulk material are the Bitter
t;echni_que and the Kerr magneto-optical effecte The Bitter technique
simply involves placing a drop of magnetic colloid on a highly
polished strain free surface. The small magnetic particles are then
atfracted. to the regions where the stray field is stroné. The stray
fields are mosily present at the intersection of the Bloch wall with
the surface so that observations of the surface through a microscope
show up. the domain boundaries m the surface as dark lines. The
direction of magnetization in a given damain may be Qetemined by

. means of a very fine scratch produced on: the surface ;)f the specimen.
If the scratch is normal to the magnetization direction it gives rise
to a stray local field and this will collect the magnetic particles «
$hould the particles be polarised by an applied or stray magnetic field
they will be collected by some parts of the scratch and repelled by

_ others. If, however, it is parallel to the magnetization the scratch
will not attract the small particles in the colloid. The colloid
technique gives a picture of domains in two dimensions. By choos;ing,a
'proper surface with the smallest number of easy directions of magnetiza-
tion it is. ﬁossible to build up a model in three dimensions from the
airface patterns.s The powder technique has sane ‘limitations. The

colloid may stain the surface if left on it for some time and this makes
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. it difficult to re-examine the pattern on this surface without further
plishing. This limitation may be overcome by using a colloid suspension
with celacol (sodium carboxy=methylr cellulose). . Craik (1956) used
:this technique, allowing the film to dry on the surface and removing
it from the specimen surface, the film could be examined either on. an
optical microscope or an electron microscope for high magnification.
This method has a limitation of its own. If it is desired to study

- the wall - movements it is impossible to use the strippable colloid
.technigue. . Anoﬁher limitation of the colloid technique is that when
materials WithAlowAanisbtropy (which have a wide domain wall and hence

gradiant :

. low stray fields) are to be examined, the stray fields,are too low

. to attract the colloid particleses The boiling and freezing points of
the suspending medium impose yet another limitation.

Another method. which i%hused widely is the Kerr magneto-optical
effect technique. This makes use of the rotation of the plane of
polarization of a plane polarized beam of light upon reflection from a

- ferramagnetic surface. This rotation is dependent upon the direction

of magnetization on the surféce, so that two domains magnetized in
different directions produce rotatiomns.which diffef in direction and
mgnitude, thus producing a contrast if the surface is viewed through
gsuitably oriented anaLyser; We therefore see domains rather than domain
boundaries'as.in the case of Bitter technique. There are again

. difficulties involved in using this technigue, the differences in rotation
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- between two domains magnetized in-different directions are very small.
For a surface with an easy direction parallel to it the rotation is of
e order of 5'» All the bulk specimens to be studied must be treated
:fby e]ectro-poliéﬂiflg, hbwévér small ifregularities and. the presen;:e of
q'.nclusiqns will produce a large amount of surface noise. Fowler and
Fryer (1954) used a photographic technique to eliminate this noise.
They supérjmposed, the positive of a photograph of the saturated specimen
(vhere there is no domain structure present) upon a negative which
includes ﬁhe domain structure and a print w:a;s then made from. the
cambined pair. Since crystals of the rare earth metals usually include
a.large amount of oxide and other impurities, this technique is
difficult to apply to these materials at _’;he present time. The bloming
process first suggested by Kranz. (1956) showed that when the speeimen
surface is coated with, layers of transparent dieléctric the Kérr
rotation will increase and this will improve the contrast. This method
of studying-the domain structure is very useful in observing the domain
wall movements and also there is no fundamental limitation to the
temperature at which it may be employeds Material with low magneto-
aystalline anisotropy may be studied by this technique.
Other technigques of investigating domain structures are available.
The Faraday effect may be used with a very thin specimen, thin enough
_to allow the transmission of light through ite The specimen thickness

should be about ."1.0"5 cn for metal films, lO-hcm for ferrites and lO-5 cm
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for garnets. Hall et al. (1959) and Tebble (1965) have used Lorentz
electron microscopye This technique has the advantage of producing a
“high contraste The specimen should be very thin to be studied by
-this methods Mayer (1967) used é mirror electron microscope. The
electron beam is deflected at the surface of the ferromagnetic sample
‘and interaction with the magnetic fields assoclated. with the surface
pole distribution causes a change in the trajectories of the electrons.
As a result the pattern could be observed on a screen, the specimen
surface acting as an electron optical mirror. ' Comprehensive surveys
of methods of studying domasin patterns are to be found in Carey and

Isaac- (1966), Craik and Tebble (1965), Suhl (1968) and Chikazumi (1964 ).
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CHAPTER 2

EXPERTMENTAT, TECHNIQUES

2.1 . Specimens
2+1.1 Cobalt single crystal

A large piece of ingot was suppl.ied by Professor L. F. Bates and
was stated to have a high coercivity. A single crystal was cut from this
ingot-using a fine thread-like saw blade, the final shape of 1";he crystal
being, récta_.ngular with, dimensions of O.44 x 1.05 x 0.29 cm. The high
coercivity might be due to incluions present in the specimen. -The

large surface was a basal plané.v

2.1s2 - Gadolinium single crystals

A single crystal of Gadolinium of 99.9% purity and meaAsuring
Q.;fjx 3 x. 2 mm with a large <1120> surface was obtained from Metals
'».Resea'rch Limited, .Th:is percentage of puz;'ity;'is related to the pr-esence
of other rare earth metals and not the oxide content, in fact a large
amount of the oxide .‘impurity was present in the sPe"cimen. It was found
.to be digtributed all over in a random manner. In an attempt to prodlice
a spec:’me‘n. of lower oxide content a technique of solid state electrolysis
aé described by Spedding and Deane (1961) was used on a rod of
Gaciolinium metale In the work of Spedding and Daane an electric ctirrent
- was passed thro'ugh.'a rod of yttrium maintained at a temperature-just

below its . melting point in vacuum. - A large proportion of the foreign
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~ions within a metal lattice migr‘a;ced toward the anode which was water
cooled. In the present work the technique was applied to Gadolinium
by Metals Research Limiteds This resulted in three samples of Gadolinium
metal one of which was in excellent condition. Even in this however,
_ the oxide and non metallic impurity had not completely moved toward
the anode, but had aggregated within the metal as star shaped platelets
~ with the c-axis normal to the plane. . Although ideally a campletely
oxide-free ,s'pecimen‘would have been preferable the presence of these
platelets was found to be useful for cbserving the growth of daggers
of reverse magnetization along inclusions as in the case of other
ferromagnetic materialse Figure 2.]la and b show ‘basal plane surfaces
of two specimens before and after electrolysis treatment. The .effect
of the random spacing of these platelets, as will be seen later, is to
separate the Gadolinium metal in to a set of films of different
thicknesses. The specimen supplied was a single crystal disc of 4,91 mm
. diameter and .2.23 mm t@ickness. . The surface of the disc was a basal
plane and two more suz'faces were cut at right angles to each other.
This was done by mounting the speci;nen first and, after determining the
direction of the main axes by means of an X-ray back reflection technique,

grinding the specimen to the required orientation.

Pele? Terbium single crystal

A small specimen was cut from a large piece of ingot 9_9.9% purity
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relative to the presence of other rare earth metals. After examination
it was found that a large amount of inclusion was present, it was not
possible to obtain any results on such a specimen. A further single
crystal of Terbium was supplied by Metals Research Limited. . This had
been cut from a rod which had been upurified by the method of solid state
electrolysis ,‘.but here the impurities aggregated in a large mass and

‘ . d1d not farm platelets as in the case of Gadoliniume The specimen was
in the form of & cube with dimensions of «257 X ¢302 x «242 cme The

+ large surface was a.basal plane.

2.2 " Preparation of the Specimens

Observation of domain structures requires a surface with a high
polish and n§ strain. . First the specimen was m‘ou‘,nted, the material
being carefully chosen since some mounting material could produce a high
~.canpression. guring solidification which in turn produces ‘a strain in the
sample especially for the rare earth _meté.ls vhich are camparatively soft.
| Mounting plastic powder N.H.P, 2031/ 19 mixed with. ];iquid N.H. P, 1844
and added to it a few d.rofs of hardening additive N.H.P. 123 was tried
. .(lthis was supplied by North Hill Plastic Limited, London N.16). This
mounting;material produced a high temperature of about 5550K resulting
from the chemical interaction of the liquid with the powder. . The mount
will set in a few minutes forming a very solid block which is hard to

break and thus permi‘".cx?removal of the specimen for the purpose of studying



the domain structure at low or high temperature. It was also found that
this mount produces a strain in the specimen. This was very inconvenient
in this work, so choosing another mounting was therefore necessary
before further work takes place. A cold mount Ceemar Resin FR 262
m ixed w1th a Tew drops of accelerator FR 252 and hardener FR 228,
. supplied by Ciba (AsReL.) ijited; Duxford, Cambridge, .gave excellent
. results, but one disadvantage of this mount is that it needs about
2l hours to .set at a temperafure of 2900K. It is vei‘y easy to remove
the spec:‘.mén by cutting and breaking the edges of the mounting material.
- . After the specimen has been set, a conventional me'thod of .mechapical
polis,hin>g‘ was carried out by using successively finer grades of emery
. paper (0/0, 2/0, 3/0, and 4/0) followed by dismond paste on a rotating
vheel with. grades 6, 3 and % pme . Throughout the process dry kerosene
was used as a lubricant. Between every stage the specimen was carefully
-washed with absolute alecchol to prevent the carrying on of particles
of abrasive from the previous stage. In the case of Gadolinium and
Terbium care must be taken during this process, a high pressure should
not be used -otherwise heavy scratches and surface structure like those
shown in Figure -2.1lc will be produced. At this stage the specimen
isuxfacé was mirror like but had associated with it a high sltrz_a.in_
induced as a result of mechenical polishing. To remove thé strain and
the scratches and also the gecondary effects which appeared on the

surface of Gad.oii_nium,, and Terbium and- to get a work-free .surface & .
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technique of electropolishing was used for Cobalt and a chemical
polisl‘;ing for Gadolinium and Terb 1um.

(;obalt was electrolytically polished in a solution consisting of

25% - perchloric acid and 77% gl.cial acetic acide A voltage of 24

volts D.C. “was used between the ‘specimen anode and stainless steel
cathode. Care must be taken when using this cell, the solution must be
surrounded by ice to keep the temperature of the solution under BOOOK.

.- The electrolyte was placed in a beaker equipped with a magnetic stirrer,
this process resulted in a highly smooth an_d strain-free surface. In
polishing Gadolinium and Terbium the technique of chemical polishing

“was. adopteds In order to cbtain a strain-free surface the specimen
may either be annealed at temperatures of about 68OOK' in a very high
~vacuum, better than 10—6 torr, or using a continuous flow of pure argon.
The latter technique was not preferred since it was a very long process
and since Gadolinium and Terbium are verj active at high temperature.

In the case of vacuum failure these metals will easily oxidize, therefore
the technigue of chemical polishing suggested by Roman (1965) was |

. adopted, using a solution containing the following:-

- 20 ml. . lactic acid

5 mle phospheric acid
10 ml. acetic acid

15 m_'L. . nitric acid

1 ml. sulphuric acide
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Water should not enter this sqlution during the preparation or in
subsequent,- uses - Polishing was. done by using a cotton swab soaked in
the solution and moved gently over the surface of the &pecimen. This
was carried out for a. few seconds after which the specimen was rinsed
carefully with ethyl alcohol and dried in a stream of warm air. It
was then examined under a microscope and the process repeated until a
'satisfacto:y.surﬂace.was obtaineds This solution could be stored for
s long time. For safety it should be kepb_ in an open container in a
dust free atﬁosphere and at a temperature of about 29OOK. A very low
 temperature will crystalize the lactic acid and at a higher temperature
reaction will take place and nitric acid will.decompose from which
 nitric oxide will be libérated, At this stage the solution should not

e used since it will damage the surface which will then need repolishing

using emery paper to remove the defects on the surface.

2.3 . Apparatus

‘The‘conventional.method of studying @omain structure on the surface
of bulk specimens relies on the field inhomogeneity at the domain
-boundaries attracting small ferromagnetic particles, the boundaries
are decorated by the small particles which may be observed by an optical
microscope. In this case the domain walls rather than domains themselves.
will be observed, but by applying a smell field perpendicular to the

surface under examination the small particles will.be polarized and these
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in turn will deposit preferentially, on. domains magnetized in directions
such that the free surface has a suitable polarity. . This -technique
originally due to F. Bitter, has been applied to the -study of domains in
a wide range of magnetic .mater:"ials.

The Bitter technique cannot be applied at very high or very low
temperatures. A dry colloid technique has been described by Hutchinson
;t al. (1965) and this has been applied in the present work. Smell
- ferramagnetic- pa\rticles are deposited on the surface in tht-; presence of
an inert -gas at low pressure. The apparatus used for production of the
‘smell ferrcmagnetic particles is .shown in Figure 2.2 and. consists of a
vacuum, punp capable of prdducing lO'_5 torr in a bell jar. . Two vacuum-
tight elgctrodes are attached to 'Ehe top of the jar and these supply
the power to the heating source for the purpose of evaporating iron
or cobalt. The heating source is of tungsten wirecof diameter 0.5 mm
in the form of a. "V" in order to minimize the area of contéct between
this and an iron wire of .02 mm diameter, and so reduce the alloying
. of the two metalse Iron was used throughout the experiment rather than
cobalt wire since the latter easily alloys with the »fcungst;,en. The high
current supply consists of a variable transformer connected to a large
transformer of an input up to 240 volts and output of 130 amperes at
2 volts. . It was found in this case that a current of 80 amperes and 1.5
volts gave the best results. The -current was applied slowly to the
: heat/_ing source to ensure the complete melting of the iron wire forming

a small bead which then slowl:,; evaporated. The evaporation takes place
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in He;ium.at a pressure of 0.2 torr; it is useful to flush tpe system
with high purity helgum before starting the evaporation of iron.

Witl}in the bell jar the specimen was placed on a large brass block
which has g cavity for cooling purposes, the block ‘was of cylindrical
shape with a diameter 5.cm.and main axis of 605 cme It was made large
to maintain fairly constant temperature and cooled. by nitrogen gas
passing first through a copper spiral tube immersed 'in.liguid nitrogen
or ice« In order to insulate the cboling block from the rest of the
apparatus it wa.s placed on a formica disce To maintain the vacuun;
within the system the formica disc has an "o rihg_adjacent to each
surface the one nearest to the brasé block is smaller than that on the
other .side of the formica, this was necessary to prevent leakage to the
vacuum system through the screw vwhich attaches the formica to the
brass blocke The temperature was measured using a constantan copper
thermo couple. A specific temperature was obtained by controlling the
rate of flow 'of the cooled nitrogen gas. The iron particles produced .
]_T’J_ this way are about 2008" diameter, this being dependent upon the

. pressure of the helium gas at which the evaporation takes place, in this
case the distance. of the evaporation source to the specimen was 14 cme
Tt takes between two and five minutes for the iron particles to deposit

on the surface of the specimen. A small shield was placed under the

evaporation filament as this is necessary to prevent a direct deposit



-2unyo12dw2] ybi4 puo mon .0}

m:«o..oaq( u011DJ40doAl 2Yy] €£°C ‘Ol

“JUBW3D DUKMN) Y

| MYy swd ‘as1p Jaddo)
. A::c._uo_a.c_:_oo;d 3dnNod -owuayy
Uawi2adg

J232UDIp SWI60-O'2IM |DYIUDH
~ J2j32uDip swoI200-O'24m UOJ|
J232WwDIp swoSO-O'aJm uajsbuny

"320UWIN4
uoI3IDINSU |1IJOAW
"agny DIIjIg

‘PDI ssDIQG

WIIYI SWIS0-O
§J272UDIp SWOIE-9'2QN] 2275 SIS
.EL.O-
J8Ip xadsuag

"2U)) WNNDDA




3h

of particles. In addition-large particles of iron were sometimes emitted
from the heater and the shield ensures that these camnot strike the
specimens The shield also serves to absorb the heat radiated from the,

' filamént-and_stoPS it from reacping the specimen.

At/ a very low or high température such as that used in the investiga-
tion on Cobalt, evaporation in a bell jar was not adequate since the
temperature of the brass block will be I;uch different from the surround-
ings inside the. jare This wj.ll set up convecpion:currents which will
exert a force on the iron particlese TheLforce is proportional to the
temperature gradient in the T,éystem. To overcome this difficulty the
cooling block and the surroundings must be at ver& nearly the same
temperature. Therefore another apparatus was designed. Details of
this are shown in Figure 2.3, This consists of a 78 cm long stainless
steel tube of diameter 6«3 cm and wall thickness 0.05 cm., sealed to a
brass plate on which rests a pers;pAe'x disc of thickness l.3 cm and which,
in turn, rests on an "0" ring. Through the pers;:)ex are two vacuum-

. tight elgctrod.es joined to which are two brass leads of diameter 45 cm.
The current was supplied through these to the filament. . A copper tube

was joined to the perspex disc and this was in turn joined to a vacuum

. system. The disc made of perspex was very useful since. it is a transparent
material which ena’ga'les- us to see through and to control the amount of
evaporation taking place. The Aarrangement of the power supply and the

heating filament is as described before. The specimen was placed on a




brass rod which was screwed into the end of the stainless steel tube.
A thin copper washer of thickness 0.05 cm was used to ensure a tight
yacuum seal. The distance between the filament and tlilie specimen was
~12 cme For low temperatures the stainless steel tube was immersed in
-1iquid nitrogen. . For the study of the damain pattern at higher
temperatures the sfginless steel tube was placed vertically inside a
_furnace. This ensured an equilibrium temperature between all the
objects inside the stainless steel tube. High temperafures were
measured using a Rhodium-platimum themo couple which was coupled to
a Honeywell temperature control unit.

The furnace comsists of two silica tubes the inner one of diameter
T-5 cm while the outer one was of diameter 12 cm. . Kaﬁthal wire of
0:09 cm diameter was wound around the silica tube to serve as a heating
_element. . The gap between the two tubes was -filled with alumina cement
to form an ‘ipsu,lati‘ng medium and to hold the heating wire fimly in
its places The outer tube is isolated from the surroundings by using
. Micafil insulatiore |

This technigue is less limited in the range of temperature for which
it is suitable, than thqhsual colloid techl.;ique and also gives satis-
factory results even with an irregular sﬁrface (results could be obtained
_on five surfaces of a cube specimen at the same;time )« It has however
the disadvantage that the specimen must be removed from the evaporation

system and examined under the microscope. It is not possible to use the
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techniq_ue for theostu'dy, of detailed changes in domain structure with

. . either magnetic fi'éld.. or temperature. Once the iron particles have
settled on fhe specimen surface they are not subjected to any. change
either by rotation or displ:acemen_t of the domain wall caused by

. temperature.or gxternal field variation. The small iron particles

- @posited on the specimen surface are easily removable by washing with
ethyl -alcohol. For most of the work donalere domains were made visible
by the use of a modified cc?lloid unless it is specified that the résults
were obtained by the dry colloid method.

_ 24k Colloid Preparation

Since it was difficult to follow the domain wall movément by using
the technique described abdve it was decided that a .suitable colloid
sho{zld be developed. The magnetite should be suspended in a liquid which
does not react with the rare eax*th metals and which does not freeze at
reagonably low temperature. The colloid.prepared by Bates and Spivey
(1964) was useful, ‘but, it was very easiiy evaporated and it was found
g d_.iffi‘culf to camplete any set of expérii;ents,‘ before the‘f"colloid had

. e
. drieds The magnetic colloid used in tJ_tjlis case was prepared by the
‘ usuai method of -Elmore ,(1958) exc‘ept that the magnetite was suspended
in a secondary butyl alcochol and agitated in a bath by an ultraéonic

tranducer for about 30 minutes. . A stable finely dispersed colloid was

produceds This:did not evaporate so tapidly and did not stain the surface
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very quickly. To use this colloid the specimen was mounted on a large
bbrass ‘block which coui[.d be cooled below room teﬁperamre by nitrogen
gas that has been previously cooled by .passing through a copper spiral
immersed in ice or liquid nitrogen. The magnetic field was. applied by
means of ‘small electromagnets either perpendicular or parallel to the
s..J_urface under observation. The two electromagnets and the cooling
-block were: designed to fit under the microscope. A Cook MLOOO microscope
was used to observe the patterns. The colloid was applied to the spepimen
surface and this was then covered by a microscope cover slide to retain_
the colloid on the specimen sﬁ‘rfa,ce- uniformly. - A drop of secondary

butyl alcohol was placed on top of the slide to prevent the: formation

cﬁ‘ frost when the temperature was reduceds A small magnetic field of
order of 150 Oe was needed to increase the contrast of the-patterns with
the specimen surface. It was found that thg lowest temperature at

which this colloid, could be used was EBOOK;‘ below this temperature the
cplloid.' does not freeze but;the magnetic parti'cles become very restricted
in thg;r .mov-gnent and they will stipk to the_surface regardless of the
effect of the stray field on the surface. It appears imposAsible j:o use

the wet colloid technique at temperatures-below EBOOK,

2.5 The Crystal Orientation
The X-ray laue hack reflection method was used to determine the
crystal orientation. Before mounting the specimen on the goniometer

it was well etched to remove the strained layere The process used in
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‘producing a well etched cobalf surface was that of Jacquet (1935, 1936),
this consists of electropolishing using an electrolyte of orthophosphoric
acid (specific grayity 1.35)s A vqltagg—:_- of 1.5 volts was maintained
befween the épecimen as anode and a.large cobal’g,c;athode. In the case
‘of Gadolinium and Terbium & chemical etch_ing solution was uqed whlch
consisted of:-

10 ml. phosphoric acid

10 mle lactic acid

30 Iﬁl. “nitric acid

-20 ml. acetic acids
After the solution had been applied by using a piece of cotton wool for
a few minutes the specimen was rinsed with ethyl alcohol and d.rie'd in
a stream of wa.Im aire The speg:imen was then mo;mted on the goniometer
and exposures were made using»én X-ray tube with a cobalt anode. - A

large number of exposures were made and the orientation of the surface

(o]

was determined to within * 3 . Many exposures were made with the X-ray
beam incident at different points in the surface in. order to make sure
that the specimen was a single crystal. 'All the exposures showed clear
spots arranged according to the surface orientation. . It was found
that covering the photographic 'plate by a thin sheet of aluminium of
thicknéss . 020 mn produced much bef:ter results especially for gadolinium
-and terbium. The bgckground radiation is absorbed by the aluminium

sheet leaving the spots which represent the parallel sets of planes in
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the crystal. . The spots on the photographic plates were transformed to

a -stereographic projectien and then compared with the standard one

- given by Salkovitz -(1951) for Cobalte Although he gave inter-planer

~ angles for magnesium which has the ratio of c/a = 1.6235. compared to
that of :Coba.'l.t with c/a = 1.6320, the ratios are so close that the

4 table could be used withou‘c any difficuity. The results for Gadolinium
,~.and. Ter'bium were compared with those published by Koepke and Scott (1966 ).
The results showed that the specimens each possessed three perpendicular

eurfaces with the following orientation:

Co' [oo0o] , < 2Iio> , <10I0>
Gd looo1] , <1120> , <10I0>
T [o001] , < 1120> , <10i0>

2.6 - Techniques Used ‘in Present Work

Domain structures were observed using the dzy and wet colloid
.techniqués. - A caubinatien_of these two methods was very satisfactory
in giving a cqnplete,picture of the domain structure of .the three
metals. In.addition the Kerr megneto-optical effect was used. In the
case of rare.earth metals, vhere the oxide inclusiens are large iﬁ
number,. they render the surface irregular and the scattering of the
incident lighi"» destroys the contrast .befween adjacent.-domains. In
these circumstances the colloid technique will often still give

resultse The Kerr effect on Gadolinium was "‘tried and it appeared
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impossible to obtai.ﬁ any results in this instance because of the presence
of the oxide inclusion and the difficulty in obtaining a very flat surface
which is essential in using this method of investigation. For cobalt

it was possible to observe the damin pattern as light and dark areas,

the direction of rotation depending on the direction of magnetization

in the reflecting surface. It was found that the light intensity for
photog_raphy was very poor. A long exposure was required and special
modifications were needed for to use at high and low temperatures. For
these reasons the Kerr effect was not employed for any of the

observation reported in this thesis.

2T Photographic technigge

It was found that the domain struéture of gadolinium and terbium

. crys{;als is on a very small scale compared to that of cobalt. To obtain
a _sé.tisfactoryrpicturev with enough detail a high mégnification was
neededs The domain pattern was‘photogra;phe'd. using a small grain film

. of I]_ford.Paﬁ F. 35 mm., ASA 50, in a Pentax cémera..mounted on top. of
the microscope. The microscope had 16X eye piece and LOX objective, the
magnification through the microscope was le5Xe . The camera was used
:With its lens removed and fixed to the microscope with a Pentax
fadépter. The specimen was placed on the cooling block when a. wet .
colloid was used.or put directly on the microscopic moving stage for

examination when the dry colloid had been applied. . The pattern was
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observeci using the.e&e piece extension or reflex viewer of the camera.
It was found that low llght intensity and longer exposure reduce the error
in the exposure. time. The domain patterns photographed were then developed
using a fine. grain developer, Paterson.Acutal FX-14 . This solution was
diluted one to ten parts of water and the developing time was nine
minutes at tauperature~292°K. . Best results were obtained by mixing one
” part. to.'twenty parts of water and doubling the developing time. The
film was then washed and then fixed in Kodak unifix, diluted one to

three pa.rts of water for six minutes. . The prints were made in the usual

Wa,y. Any measurements were made d1rect1y on the microscope moving

. stage which is attached to a micrometer.
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CHAPTER 3

_DOMAIN STRUCTURE OF COBALT SINGLE CRYSTAL

3.1 Previous work

_Cobalt was one of the first metals upon which single crysta.i
investigations on domains were carried out and has subsequently provided
sub,ject matter for many authors. The ease with which it was possible
to study it was largely due to the metal having a high magnetocrystalline
anisotropy and being easily availaeble in single crystal form. . The domain

. structure has been investigated at different plane orientations, under

v*a,fious conditions and usihg various techniques. Althoﬁgh the domain
structure on the surface. including the c-axis is one of the easiest to
observe the complexity of the domain. structure on the basal plane has
a roused interest and]stimulat_ed further detailed study.

: Bitter (1931) was the first to a@tempt to study"ﬂle.magnetic domains
of cobalt on a specimen with a smooth surfaces The specimen used on
_this occasion was 1u.:crzpoll.ished and the results obtained therefore showed

~ the well known maze pattern due to the strain involved on the surfaces
Elmore (1938) obtained a very successful pattern on an electro polished

- cobalt specimen, showing thatthe domain structure on prism planes
consists mainly of domains parallel to the hexagonal axis, magnetized
.alternately in opposite directions. The pattern obtained on the basal
fane . showed a more canplicated structure of a star shaped nature. This

was shown to be due to a reversed magnétization, a large star representing
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a regioni of reverse magnetization extending-deep into the crystal while
a smal.l one represents a region Qf reverse Amagnetizatidh‘eictending only
a short distance with.in the specimen. When observed on a prism surface
these regions produce a V-shaped line deposits This model becomes known
later as a Kittel type structure.

Lendau and Lifshitz (19%5 ) suggested that the star shaped region

did n.ot have magnetization perpendicular to the surface but possessed

_only that which was parallel to it, that is perpendicular to the c-axis
(easy direction) thus leaving' no free poles on the surface. This model
is known as a Landa.u. and Lifshitz type of structure. _

The structure observed by Elmore (1938) has been confirmed in:later
~ wark by Mee (1950), who applied a magnetic fiéldjin the prism plane
surface dt . right angles to the-v direction of magnetization, and

-explained the disappearance of altemate; domain. boundaries which had

_been discussed by (Néel, .1911-)4?." ) Andrd (1954), observed the pattern

" near a grain boundary dividing prism and pbasal plane, and Hall (1956)

: shéwed. that the pattern formed on crystal planes, other than the basal
and p_rism faces, had a basal structure with angles ranging .f‘rc::m=0"o (the
basal plane) to about 54° avay from the c-axis, while: between 54" and
62° the pattern changes until it takes the usual 180° form. The erergy

. for both the Kittel and the Landau and Lifshitz model has been calculated
and. compared;,, Fig. ,(5"1) shows these results at room. temperature. It is

clear that at all angles El < E2, vhere El is the energy of the Kittel



model, E_ is the energy of the system for Landau and Lifshitz model, @

2
ié the angle betwe‘é.n the c—vaxis aﬁd.the normal to the plane of the
observation. . This. shows that the structure on the basal plane should be
essentially. due to free poles. . Fox and Tebble (1958) concluded from
.the work on a single c;‘ystal cobalt disc that the structure is one of
Kittel type. Reverse daggers are formed when 8 < 57 , vwhen © < 330
the reductioﬁ_iﬁ ’deﬂmagnetﬁihg‘?ehe‘rgy céh ohly'bé brought about by A

.rotation of the magnetization vector, but in both ca;‘ses there is no
formation_of a closure structure. - _Genn’er (1942) by electron diffraction
observed the stray field near a basal plane, which is of the order of ..
th Oeo, this field is detectable to about 0L mm:above thé surface.
This could only be explained by thé presence of a.large free pole on
tile su:r:f‘a.ce. . Tekata (1962) studied the domain pattern on the planes of
wedge shaped cobalt crystals.‘ He too considered the surface structure
to be due to the free poles on. the su:_;‘face. The magnetastatic energy
was calculated for co-planar parallei strips with alternate signs of
free poies. For simplicity of calculé,tion the author considered the
base of the dagger as a square. It was deﬁlonstrated' that the width of
te domain strip-decreases with a decrease in the thickness of the crystal.
Wyslocki (1963) supported the theory of free poles on the surface and
showed a clear colloid picture at the edge of the specimen where the
reverse: d.agger-was observed without the presence of a closure structure.

Bates and Craik (1962) investigated the domain.structure of cobalt using
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an electron microscope, observing the pattern obtained by using a colloid
whlch driels to form a thin film. They approached the matter differently
- from: previous workers and supposed that tﬁe basal plane structure forms

a continuous network which can not be divided into discrete rings. The
structure remained unchanged when the field increased and then changed
to one. of reverse daggers at high fields. These results are believed

to indicate that in the basal plane structure _there are no domains with
magnetization having a component normal to the plane. . However, a field
of some several thousand cersted will transform this into a free pole
structure, thus the structure on a cobalt single crystal is thouglf to
be of the _Land.au and Lifshitz type. Bates and Craik showed the pattern
formation of a fine colloid structure around strained areas due to
scratches, slip planes and twinse In spite of the fact that these were
studied under high magnification the photograph.showed poor contrast.

An investigation of the dependence of doma in. width on specimen thickness
was cé;rried out on several crystals embedded in the parent one and showed
the results De L—Zl— vhere D is the domain width and L.specimen thickness,
Kaczéf et al (1958) investigé,ted the doméin structure on, coﬁalt whiskers.
On the basal arid. prism plane of the whisker it was found that the structure
is similar to that on bulk material. The pattern on the edge of the
whisker showed dagger-like damains of reverse magnetization. . The

dependence of the domain width on the thickness of the specimen is closely
’ 2 1

. represented by a two thirds power law, i.e. Do L> rathertian L2 as shown
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by previous authors, this-difference was explained as being due to
different surface structure taken in consideration. However in a ciystal
of around several g to tens of p thick the surface structure is one of a
miied. stéte, that. is é, region of free poles and closure structure. A
model domain structure was suggesteds Variation of domain width with
crystal thickness showed thatlthe experimental results. deviated. from
the theory because of the influence of surface structures. . These
structures had an effect up to thicknesses of around 0.2 pm. Figs _(3;2)
Hého‘ws .the variatioﬁ of domaln ﬁidth with the thickness of the specimens
- Gemperle et ale. ,(]_.965) investigated the honeycomb structure and
found that it is meta stable and has higher energy than the usual pZ_Late
structure. Wyslocki et al. (1965) studied the remanentdomain structures
of a large single crystal. Two different types of regular stable domains
were observed depending: upan whether the creating field was parallél
@ perpendicular to the hexagonal crystel axise In first case the |
structure was of a.Kittel type, the basic damain appeared to have a rod-
liiie shape wifh cross. section showing regular hexagons. In the second
case the domain. structure consisted of a regular super-position of
both the Kittel and the Landau and Lifshitz. type. These results show
“ . differences fram. those obtained by Kaczer et al. (1961) (carried out on
magneto-plumlite) in two respects. In the first paper the creating
field being necessary parallel to the hexagonal crystal axis while in

the second paper it had to be perpendicular. The second: difference is
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that the honeycamb structure bears no relation to the hexagonal symmetry

- of the crystal lattice while the first author supposed it to be directly
-related to the crystal symmetry.

. The recent interest. in the~doméin.structure of cobalt at elevated
. temperature 1is due to the fact that Ki is strongly temperature  dependent
-and induces uniaxial anisotropy at low temperatures and conical and
-planar at high temperatures.

. Fowier and. Fryer (1955) studied thg pattern at high temperature by
-means of the longitudinallKerr effect, results suggest a gradual widening
of fhé-dqmain wall as the transition temperature is approacheds. As
the temperature raiséd above the transition region new domains formed.

. Andrd (1956) observed the pattern on the basal plane using a colloid
suspension of magnetite in paraffin oile. At 6530K\the domains on basal
plané showéd a preferred.direction. Kaczer (1958) using a magnetic
probe téchnique studied the structure variation in the temperature range
from room, temperature to 6930K. He observed that the. domain width-does
‘not change up to 475K but at 550°K a sudden change in the domain
gecmétﬁy»takes place. He assumed the domain. structure to be of Landau
ad Lifshitz type, but noticed that the domain width does not change with
_temperature as much as . that shown in the formula given by Landau and |
- Lif shitz.

Shur et ale (1964) studied the influence of the temperature on domain

structure, . In the range 29OQK to 5200K, it was found that the equilibrium



domain width increases with rising temperature. - Since the saturation
magnetization IS is constant in the investigated. temperature range while
the qrystal anisotropy klis reduced considerably it was assumed that the
domain width should.ud.ec_rease because the value of the wall energy ¥y ~ -fk
decreases sharply. TT;is Adisagt*eemen;c in, ﬁheir;result s'was explained by
the fact that with the. decrease of the wall ene;'gy»fhere occurs & sharp
decréase of the magnetic pole density on the end faces &f the crystal
specimen. This only happens if the flux closure occurs on the surface
of the specimen, indicating that there was a rotation of the magnetiza~
tion vectors into. the plane of the specimen. The rotation of’ the
magnetization. was revealed by using the polar Kerr effect tecﬁniqué
vhich is only sensitive to the normal component of IS. . The considerable
decrease in the contrast beginning at 470?1( is evidence for the rotation
of the magnetization. vectors . In this work it was shown that there was
a considerable increase in the domain width at. tempe rature _1|680K and
.‘this is contradictory-to the results obtained by Kaczer (1958), vhile
observation by Fowler and Fryer (1955) show no chenge in the domain
width from: room tempersture -up to the transition region. Hubert (1968)
. using the Kerr-effect method, studied the structure change on a single
crystal in the temperature range: 2930K to 6A730K on axial as well as,’basa.l
planes. He also observed changes in the dimension of the domains near
a stress region ,(tm‘..n lamellas). The structure was easily. observable

between temperatures of lLTOOK and 5209K, where the rotation of the easy
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- direction begins to deviate from the c-axis. - Between_SEOoK and._6lOoK,

it was difficult to observe the pattern, especially in a field free

dates . At a local stress the pattern is governmed by the magnetostrictive
.s;,e]i' energy. The internal domain structure of these streséed.regions

cazl be altered by magnetic field. A very interesting investigation was
carried out on thin Cobalt foil by Groundy et ale \,(19_61;) and Groundy (1965)
usi'_ng'transmission electron mic?éscope to observe magnetic domain structures
in thin cobalt foil above room temperature. The change in domain pattern
as. the temperature mcreaééd was as predicted fram.the a‘nisotropy measure-
mente. . They showed the ;'o'tation of the easy direction of magnetization
and also the transition to a cubic phase at about 7200K where the formation

“of closure structure was observed.

302 - The present work

So far the domain structure on. the basal plene of cobalt has not been
classified although there have been many, predictions conceming the
nature of it. The previous work gave no quantative measurement of the
d.omaiﬁ width with temperature. = The present work was carried out with
the following aims; to study the variation-of domain. width with tempera-
ture, to give some experimental evidence of the fomatien of: ddnain '
gructures at non-magnetic inclusions, and.to find a relation between the
dagger length £ and its base width d, to study the demain structure at
”iviquid hitrogen tempérét.ﬁr‘e a?a',ndyﬁlo‘ ‘m;éstiéaté;the surface StI'uCtIJtI.Z.L‘ev

on. the basal plane.
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.3¢3 ~Variation of Domain width with temperature

Using the dry colloid technique described in the previous chapter
ther domain structure of a cobalt single crystal was studied with variation
of temperature. . Pauthenet et al. (1962) gave the anisotropy. data. show;1 in
Fige (3'5')' . ‘The: direction of easy magnetization rotates from the c-axis
asb"ov,€’5230K‘ to be on a cone above this temperature. The angle of* this
cone can be calculated by minimizing the anisotropy energy vwhich leads

to L
K =
e = Sin- l {"' 'ﬂé }2 R N W R ) o,-o o-,o,.»ow,-o‘p-.o '_040:0_n o o080 ‘(30 l)

'where 9 is the angle between the direction of magnetization and the c-axis;
_'r'elatlon (3.1) is va.lld only in the temperature range 523 %% to 608° K.,
: For each value of 6 there will be a cone a generator of which is an easy
direction of magnetlzatlon for that spec:i‘lc temperature. . Fige (3.4)
‘ A showe the relation between the angle ©and ten@erature.
o With the technique adopted the domain structure could be ,obeerved
from,liquid nitrogen temperature where the anisotropy is high according

:to Pauthenet et ale (1962) (Kl = 6.8520 x 106, : .K2 = 1.7130 x lO6 er cm5)-

" to about 475°K (wﬁere K, = + 7138 x 106, K, = «8565 x 1o6 erg/cmB).

Above
this temperaturethe contrast was very pooi' and useful patterns could
not: be obtalned.o This unfortunately. meant that it was not possible to

investigate the interesting region above 523 K where the easy direction

lies on a cone making an angle with the c-axis. . However above 523 K the
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pattern may be so complex that damain width could not be measured.

At each temperature the average domain width, of all domains involved .
~in the crystal, which extended from edge to edge, was measured and the
results compared with the theoretical ones for models assuming two different
types of surface structure. The theoretical calculations of domain width
wa.s ,@ade .on the assumption that the saturation magnetization Is was
considered to be constant, 1442 eomou. / cm5 e« Within the experimental range
of tempefature since the. change in IS with temperature is very small com-
pared with the change of anisotmpy. Bloch wall energy was calculated

from the formula used by Kaczer (1963)

4 - 2aK, (1 + lJ;cLX ere ‘sin J%X ) creeens(302)
Ko .

. vhere X = —}q » A 1s the exchange constant, the value belng obtained fram
Tonnewald and Weber (1961). In this paper A was given as temperature
dependent between room and helium temperature. The difference between
these is very small and also the uncertainty in the measurement was
+ 5.5%.‘ So A was cor;sidered in this work as-temperature independent.
‘The value useci was A= 1.30 x 10-6' erg/cm. Figs \(5.5) shows a camparison
of the e_}@erimental and theoretical variation of the domain width with
temperatures. The results indicate that the minimum. domain width which
orresponds to the maximum domain wall width is reached at the transition
point 5250K. As the temperature was raised the domain wall thickness

increased and the stray field decreased considerably (as shown in fig.3.6

(a,b) until a point was reached at which the domein pattern could not be
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observed by this technique. = It is clear that the domain width decreases
with the rise of temperature in.agreement with the theory proposed by
- Kittel, | though the spacing calculated using the Kittel theory is
'hlgher than that observed and inclusion of a p. correction makes the
d]_f‘ference- even greater.‘ The general form of the curve however in a
good agreement and‘canpletely. at variance with the Landau and Lifshitz
model. Fig.. 3.6a was taken at liguid nitrogen temperature while 3.6b
. was taken.in a different region of the speciman at. 375K, . The increase
in the width of the ‘Bloch wall agrees with theoretical expect_ations
since the wall width & ~ K 2 . It was difficult to draw any condlusion
from the va.rlatlon of domain structure on | the barsal plane with cha.nglng
_temperature. A decrease. in the contrast took place as the temperature

was raised and started from. sbout 400K

3.4 . Domain structureat non-magnetic inclusion
There is good experimental evidence of domain ﬁucleation at inclu- -
sione in cubic_crystals with many. directions of easy magnetization. "For ‘
e-_ uniaxial material there is no experimental evidence for the existence
of reverse spikes based on inclusions. Goodencugh. (1954) considered
. the condiﬁions which bring. sbout a reverse domain at a non-magnetic
inc¢lusion. For polycrystalline materials the most lﬂ{ely, source of
micleation encrgy is the surface density of free boles a’e the grain

‘boundaries. . For single crystals the reverse domains would nucleate
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primarily at non-magnetic inclusions. Carey and Isaac (1964) examined

the conditions under which the reverse spikes will form around a non-magnetic
inclusion in a uniaxial material. They based their calculation on the

a ssumption that the total energy associated with an inclusion in the
nateria]_. may, be reduced by the formation of domains of reverse magnetiza-
fion. - Both previous papers suggested thaf the formation of domains of
reverse magnetization depend upon the size of the inclusion and. the external
applied magnetic fields Using the dry colloid_techhiquc it has been
.possible to obsexve daggers of a nonemagnetic inclusion. . Fig. 3.7b
 suggests an interpretation of fige 3.Ta which was obtained at 770K,

without an external applied.field. Use was made of the formula derived by

Carey and Isaace For a zero applied field,

Ij;{£§2>- - ﬁﬁzlégéLlf;— ceccosenncncnsnees(3e3)

vhere £ is the length of the reverse spike,. d its base diameter, R the

radius of the' inclusion at which the dagger developed, 7 the wall energy,
“the value of which at 77K is 12.9.erg/cin2 obtained from fig. (3.16) and
Is_the sgturation magnetization. It was assumed.that d = w[ 2'Rs The value
of £ and 4 were measured directly from.the specimen surface and it was
found that £ .= l.4 pm and d = 0.42 pm. Subqi}ituting this value in 3.3

we obtained R= Q.17 fpm. . This value is smaller than the critical |

dismeter given by Carey and Isaac, where they showed that it is energetically
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unfavourable for reverse spikes to form in zero field at spherical
ii;clusions of a radius smaller than 7.5 pume It is important to note that

the r.elétikon 363 Wés obtained on the assumption that the fomation of reverse
daggers. reduces the magnetostatic energy: of an inclusion by one half.
However the difference in the experimental result and that calculated

from: 3.3 may be due to the fact lthat the theoretical value may need same
correction since the inclusions invelved as shown in fig. 3.7Ta are not
perfect spheres. They-are also so close to each other that the value

of the demagnetizing factor N may change fram- that for a perfect isoclated

. sphere. As could be seen fram the photograph these demains of reverse

magnetization appear in pairs at the surface of the inclusion. This is
obvious ,s:izice different. polarities appear at opposite sides of the
inclusion. . This may be seen clearly from. the deposit of iron particles
- which appear in the two regions. The lower region shows no deposit
while tile- upper one shows dark regions. This is:due to the formation of
free poles of opposite polarity. The wall of the spike can be seen to
have a region with a heavy deposit of iron particles and one without any
-deposite . This m'ay'be due to the different polarities which appear on
either side of the dagger resulting fram the rotation of spin in the-dagger
wall as the magnetization changes direction through, the wall from.the
main domain to the inside of the- dag@:*. . As a result of this a normal
camponent will arise which will emerge at one side and enter at the other
side of the dagger. The emerging camponent in the upper dagger appears

on the opposite side in the lower dagger (presuming. that emerging component
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collects the colloid due to the polarisation of the colloid by the stray
field). . This occurs because of the different polarity of the free poles
) Wliic’h develop on the surface of the upper and lower dagger. The same
applies to- daggers vﬁich develop at twin bands. Surface scratches can
also be valusble in indicating magnetization direction, Williams et als
‘_(1949_‘). In fige 3e1Cb. there is a segment of twiz_l"band, around which a
dagger development has taken place. A fine scratch was left fram. the
. mechanical polishing and this cut the daggers through, the middle. It
can be seen clearly that around. the scratch. (inside the. daggers),
there is a heavy deposit of colloid, while in the na“i.n demain there is
complete rejection of the particles. Since the scratch lies very nearly
perpendicular to the magnetization in both the main domain and in the
daggers it will develop strong regions of free pole on its sides. If
ﬁie colloid partiqles are polarised by the stray field so that they are
aligned in the same sense as the magnetization in the daggers they will
be preferentially attracted to region of the scratch. lying insidé daggers

md repelled by the remainder of the scratchs

3.5 ' Domain structure at liquid nitrogen temperature

Since the anisotropy is uniaxiél at this temperature ne change in the
domain structure of cobalt at 7"(QK was expected, however there are two
important fagtors directly- involved with the domain sfr.ucture vhich had an
effects - Firstly the a,nis'otropy energy was considerably gi‘eater than

that at room, temperature and secondly a twin structure will form: readily
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when the specimen is cooléd to this temperature. The structure remains
i&hen the specimen is warmed to room temperature. Hall (1957) reported
a <10I2> composition plane of deformation twins in a large grained cobalt
specimen which has been compressed in a vice. Davis et al. (1962)
dbsefved twins laid on the planes of <1121> orientation produced by
. cooling to T7°Ke Fig. 3.8(a,b) shows the domain pattern obtained on
the basal plane and on the surface <1010> at TTQK with no external
applied field. Patterns on both surfaces were similar to those of
early workers at room temperature, but here the definition of the
pattern is improved considerably, this was due to the increase in the
value of anisotrépy constant. Fig. 3.9(a-f) show a- domain pattern
formed at a twin band. Two:types of twin were observed, normal lenticular
twins fig. 3.9 (e,f) and-also somé very narrow twins like the one showm
n fig. 3.9 (a,b), these were of composition planes <1121>. At the twin
band daggefs of féferse mégnetizafion develofed with other daggers
inside or beside each other as shown in the arrangement Qf fig. 3.9(a,b).
The domain structure inside the twin band is of the same nature as
that observed on the basal plane aﬁd this is the case since the twinning
_produces a reorientation of-the lattice, the c-axis of the twin being
almost at right angles to.the c-axis of the parent crystal. The nature
of the reverse spikes grown on a twin band is usuélly of the same nature
as those which appear at a grain boundary. A different type of structure
is sometimes observed an example of which is seen in fig. 3.10a. It is

possible that this structure develops at lamellar precipitates of. oxide,
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the difference being explained by the fact that the oxide layer-ié large
énough (in this case) to be considered as a sericus discontinuity in
the lattices
It is generally. true that within the boundaries of a domain the

magnetization is uniform, that is the spins are strictly parallel to
.the easy direction. However this aligmment could be- disturbed by free
poles on the surface or imperfections in the crystal lattice. Nuclei
of the daggers of reverse magnetization appear- in-all places where
there are strong localized. demagnetizing field resulting from free
polese The length of these depends upon the orientation of the grain
boundary. and the state of strain in the region at which the daggers
grow. It was found for a particular type of structure that there was

a simple empirical relation between the dagger length £ and the diameter
of its base de This isvplotted in fig; 3.12.. The points on the graph
(a) were obtained from:different regions on the surface. A set of

these which is indicated»by‘dots on (a), is obtained from fig. (3.8b)
and (3.9) while those on (b and c) were cbtained from fig, (3.9(a,b)).
It may be concluded that £ and d are in a direct proportion in both
single and multi-dagger development. However in multi-dagger develop-
mént the slope is of a different value and thus the dagger has a smaller
base than a single dagger of the same length. From this graph it.can be
seen that at a certain value of 4, £ is zero» This meahs,that for values
af d less than this, creation of reverse daggers is not possible. Thus

reduction in the magnetostatic energ§ at this critical radius could
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only take place either by-the rotation of the magnetization near to the
surface or by development of regions in which there is magnetization
perpendiculgr to the c-axis, that is the formation of clesure structure
of a very small size.. From.fig. 3.12 it can be seen that if closure
- regions exist they will be afdiameterless_than «18 um, though the
strain aﬁd orientation of the region vhere these daggers grow has a
direét effect on the relation of £ and d. . For all types of daggers £

and d represént tﬁe-length and the base width of the main dagger,

3,6 "Variation of the exchange constant A with temperature

Tannenwald (1961) used spin wave resonance to measure the exchange
constant A and its temperature dependence. The results obtained at room
. temperature, 77K and 4K were 1.3, 1.42, and 1,43 erg/cm x 10-6.
Another method which may-be used to determine A uses the observed domain
pecing end was described by Kaczer et al. (1962). = From the relationship

*
given by Kittel (including the correction)

2

D= \fe*/A-K (1 +4u)n cosenoonsosssssno(Felt)
171 I -

- If values without a. subscript indicate room: temperature values and. the

subscript t indicates a value at some other temperature then

lW

Ky (1 +~ﬁ1

e Tst . ot v L ﬂ—*—-— (35)
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The difference between L and Lt is very smalle. The ratio is very nearly
. I
~equal to unity. Also the value :T:t is always very close to unity. in
s
the 1imit of the experiment. The results are plotted. in fig.. 3.13,

It is clear that the value of A is decreasing with increase of temperature
and this is in agreement with the results obtained by Tannewald. Any
-difference between (a,b) and that of (c) shown in fig. 3.13 may be due

to the formula used in our calculation of A. Since it was assumed that
the‘surface structure is one of free poles type, but in fact there may
.be some region of Aclosure structure which in turn contributes to the
total energy and this will give a different relation from that given

in equation 3.5 Thus the damain structure could be related to the
intrinsic properties of the crystal and., this is one way in vhich the

domain study could be of great interest and value.

% T - Interpretation of surface structure -observed on the basal plane
of cobalt single crystal

Many-different interpretations have been given for the structure. on.
“the basal plane of c_obalt single crystal and an outline of these has
been given earlier. . An attempt was made on a <1010> surface to observe
e pos..si’t;ility of any éloéure "s;cruc'tur-e e}‘cistingt on the edge of the
specimen near the basal plane. The pattern in fig. (3.11a) demonstrates
- clearly the absence of any secondary stz;l;cture near the surface. There

is no closure struc.ture with magnetization in a direction different from






€0

that. of the c-axise The wall is straight and meets the basal plane at
9OQ. . The dagger of reverse magnetization observed is of a simple type,
the base including no closure structure. Wyslocki (1963) obtained
the same results gt room, temperature. On the basal plane the structure
behaviour under al;i applied.,fieid of 300 Oe. in different directions,
shows no sign of a secondary structure which changes direction with the
applied field as in the cése of the gadolinium single crystal see
Chapter 5. Fige 5.11b shows a region on a basal plane surface which
includes a number éf small grains with the c-axis:lying in the surface.
At the grain boundaries the daggers of reverse magnetization grown
as a . result of the discontinuity of e mgnetization, ga.nd the consequent
d.eve]_.opmént of free poles in order to reduce the magnetostatic ermrrgy.
- The bases of these spikes are simple with no indication of closure
stmcturé. The variation of domain width with temperature is determined
by. the type of the basal plane structure. _ From 3.5 it can be seen that
the experimental results are in agreement with those of Kittel model.
Kittel »(1949) showed that the free energy density EFP for a surface
. free pole structure is given by equation l.15. If closure domains
are fomed giving camplete flux closure the free energy density ECL is
given by equation lsl2

SO R

L _( X )
P = em—— 2| er————— oo.»o-o‘ooro‘ronoopo_(3-6)
Epp 3o Lt 12 .

[\



12f

A A A - 2 a

o 100 206 300 400 500 600

T(K)
FIG.3.14 Variation of P=%L/E"yith temperoture




61

where K 1s the difference.between the magnetocrystalline anisotropy energy
“for ﬁagnetization albng'the'c-axis and basal plane. For cobalt
K K1 + K is a good approximatlon.
This ratio will determine whether free poles or closure doﬁain
structures will he energetically most fgvourablg,‘ If P>> 1 a surface
freé'péle:sfructure wouid be expectéd“to-fonn:While for PK1 bne wﬁuld
.expect-defelopmenf.of closure- domain struétures in which the magnetization
is perpendidular to the c-axis. The ratio P was plotted against T and
_the results are shown.in fig. .3.14 It appears. that the maximum value

of P.is~ l.1 atiabsolute zero, where one expects the pattern to be due
| to.free poless The gradual change of P may introduce a change in. the
surface structureu If a closure structure develops this would be most
;ikglyhat higher'temperatures.where P is becaning eppreciably less than
unity since-Kl_is reduced consideﬁably from. that at room. temperature,

the reduétion;in.the_cqntrast as the temperatuye‘ﬁas increased was. due
to consiaerable widening of the domain wall as. the transition temperature
wa.s approached and not as a result of the rotation of magnetization from
_c-axis into the plane of the specimen as suggested by Shur (1964).

. Howevef the lowest value of P.is about 0.25 at 5230K,Where the easy
direction of magnetization begins to deviate fromathé c-axis. From the
fransition,temperature~down to room temperature the value of P.1is small
enough for a partial clesure structure to develops This development

would not involve a considerable increase in the magnetocrystalline
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anisotropy energy since the value of K decreases with temperature.
Moreover the regions. of transverse magnetization might be very small
.

and might not act as a complete flux closure, but as a partial one,
The. reduction in the magnetostatic energy must be higher than the
increase in tlfie magnetocrystalline anisotropy energy. in order to
encourage the development of such minute partial closure regions.
The difficulty in observing these at the edge of the specimen could

be explained by their quenching at the surface due to uneveness or

the presence of strain at.the edge of the specimen.

3.8 Evaluation of .en_ergies.y‘:_hich determine damain: strucfure in Co

Domoin Laen ouy 5;1161"[_*2,-“ Suppose that all the boundaries involved .
'in a cobalt.crystal are of 180° type, in this case the calculation is
fairly straight. forward. Energy of the wall per unit area of the
smrface

9 00000000000 0000000008000 000e0e (3- 7)

By =

ol

Vo

 The magnetostatic energy per unit area taking account of both sides of

the specimen
2 -

Em = 1.7 IS D ‘ 40800009006000080608008008¢ '(30_ 8)
. total energy '
| B = E_+E ="—I', + 107-‘ 12 D-o»ooo.oo(3o9)
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minimization, gives for the domain width, equation 1.1k4 and for energy
density equation le15

Williams, Bozorth, and Shockley (1949) and Kittel (1949) gave
a correction. to the magnetostatic energy. This results from the rotation

. of magnetisation vector on the specimen surface, it is applied by

A mﬂ.tiplyjilg. the calculated demagnetized energy by a factor i ~
1 Wp
N

u- (permeab ility)=1 if it is parallel to the easy: direction. The new

. form for the energy is

7L 2 2 -
B = + 107 I D.roc.o“.ooo(j.lo)
* .
FP D 1 +fp 4
. % ‘
S0 . D \/“—'LLLJ-H_‘L cooo.oo.Ao@oa--emooe.o.(Bolll)
34T o ’
» and
EFP = 2061 I ﬂ—' ooooaon-ooeovoo(Bule)
¥*
g is a temperature dependent since
“.* = 1+ 2 1(IS ~..|cvooooonooooooooséa(3.13)
K. :

?ABecause of the considerable variation in the spacing of the domains

an average spacing for all those which appéared was taken. This value
was i'easombly'canpa::able to the spacing that would occur in the true
equﬂibrium»‘state used in estimating the energy. . The results were
plotted, the experimental ones for the Kittel model (with and. without p*

correction) and for the Landau and Lifshitz models The energy calculated
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. from Landau anq. Lifshitz model is higher than that of the Kittel 'one_.
Fige (3.15) shows the experimental and theoretical results, the best
.agreeme‘nt' shown. wi‘ch"the Kittel model including p.* corrections Both
experimental énd theoretiqal calculations give the value for ener@
-densify' at room, temperature of abéut .61 x thse'rg/ cine.‘ This value
depends upon the ca.].culatéd value of the wall energy 7, ¥ being given

the following velue. (at room temperature) |

7er§{ cfn2 - Ref.

8. 20 Stoner (1950)
13. 7T Fox (1956)
11L.0 . Williams, Bozorth, (1949)
& Shockley _
10,50 Calculated in this thesis

- The value of 7 as a function of temperature is shown in fig. (3.16) «

The differences in these values resulted from.the uncerta inties

in the measured value of the exchange interaction constant A.
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CHAPTER 4

- RARE EARTH METALS

4.1 . Introdunction

The interest in and consequent study of the rare earths is of a
scientific rather than an industrial nature. . Although the rare earths
are interesting they are also expensivé and difficult to prepare in a
pure state. - An additional deterent to industrial engineering interest
is that magnetic ordering occurs in all cases below room temperature.

Thus the industrial applications of the rare earths as magnetic materials
are somewhat limiteds The increasing interest, from a scientific point
of view, in the rare earths may be accounted for by certain properties,

- high spontaneous magnetization in the heavy rare earths and an interesting
‘variety of gype‘;‘s of magnetic ordering including the existence of anti-
ferromagnetiém in some of these metals. In addition it would be expected
_that particularly interesting domain structure would result from the
various form of anisotropy involved. The éeries includes the elements
fran Cerium with atomic number 58.to Lutetium 71 and often Scandium. 21

. Yttriwm 39 and .Lanthanum 57 are co.nsidered. as members of the series.

. Because all the members of the rare earths have similar external electronic
structure they exhibit almost identical chemical properties and are
therefore arrang_gd outside the regular array of the periodic table. The
detailed investigation of the properties of the rare earths has been
feiativ:ely recent, most work being done during the last 10 years. The

successful preparation of single crystals at Ames, Iowa, by Spedding and
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‘his co-workers has enabled more detailed experiments and thus increased
ou:f understanding’enormously, .Spedding et al (1947, 195)4-(8.‘,12.)), 1957,
. 1961 ). - Neutrc;n- d:fiffr&'c‘tion experiments on single crystals performed
-at Oak. Ridge by Wilkinson et al (1961 (a,b), 1962), Cable efc' al. (1961,
- 1964), Koehler et .al. (1961-(a,b), 1962 (a,b), 1963, 1965) and Moon
et ale, (196k4) have also ﬁ:ade it possible to understand. the essential

nature. of the rare earth magnetic structures.

4.2 -Electronic structure

Generally, each of the rare earth metals exhibits an effective
moment in the paramagnetic state which is almost identical to that of

the corresponding tripositive ion. . The electronic structure is
n 2 6 N PSRY-I
(4£)" (58)° (5p) (54)" (6s)

where n incyeases from O to 14 as the atomic number inéreases, so the
outer ei‘écﬁron shells which determine the chemicaland certain physical
properties of the metals are the same for all the rare earths. This
causes difficulty in separating the metals from. one another. The

(59 (5p) shells se.rve as a. screen for the 4f electrons while the valence
electrons (5d)l(6s)2 are easily removed to became conduction electrons.
At each lattice site there is left a.highly localized moment due to
- unpal¥ed electrons in the Lf shell, this moment is quite well given

by the application of Hund's rules Hund (1925). So the localized magnetic
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electrons éarrying the major part of the bulk magnetic moment are

- different from the itinerant conduction electrons which contribute
-little magnetic moment, these electrons are important in connection
With the magnetic properties. .Primarily as a coupling mechan ism
between.localizéd hf:electrons,'ihis is discussed in some detail by
Cooper (1968) and Chikazumi (1964). This is only applicable to the
heavy rare earths since the light groups are basically more complexe
Thus the variation of the behaviour of the strongly coupled Uf shell

elegtrons will determine the large difference between the elements

of the rare earth group.. The megnetic moments will arise from.the
electrons in this incomplete 4f shell. The numbeflof the electrons

in the 4f shell generally increases by one from one element to the next.

" . This statement is not quite correct since the Uf shell prefers to be empty,

- half filled or completely filled, O, T or 14 electrons. Therefore Ce |
and ™ (with 1 and 8, 4f electrons) have the same tendency to promote
_one 4f electron into the outer shell. While Eu and Yb (with 6 and 13,

Lf electrons) tend to extract‘an extra U4f electron fram the outer shell

in order to reach the steble structure. This extra 4 electron which

is related to the conduction ¢tiectrons will contribute to the change in

s&me of the~pr0perties of the metals. On the basis of the total electron

spin in fhe Lf shell, it is possible to divide the rare earth metals

into two sub-groupse¢ the Cerium.sub-group(light) which extends from
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Cerium. to Gadolinium, in which the seven vacant states with spin up
are successively filled. (Ianthanum mey be included although it may
not be considered a rare earth metal because it.d.oes‘not have 4f
: électrons).- The second sub;gz'oup is the Yttrium (heavy), from Terbium
to Lutetium which corresponds to the successive filling of - % spin
o states. Evan though this division is used, Europium, Gadolinium and
- Terbium may be included in either group depending on the properties
considéred. The variation between the two sub-groups is due to the

effect of the differences in the dimensions of the ataoms. The atomic

radius of the li'ght rare earths decreases slightly fx;om about 1.8 A°

to sgbout 1. L|-2.Ao as the atomic number increases from 57 for-La to Tl

for Lu. The exceptions are Ytterbium and Europium which behave as divalent
ions in a metallic phase. The wave function of the 4f electrons is
considered to be concentrated towards the nucleus by the strong coulomb
attraction of the effective nuclear charge. Thefheavier the nucleus

the larger its positive charge and the strong;er the attraction of the
electrons. This catises theshell to be pul;ed in, thus thé atoms of the
heavy rare .e:arth'meta'ls-have a smaller metallic radius. . The hea\;y
..metals cry;stallize in a normal hexagonal close packed (hcp) form, at
foom temperature and belows. . The one exception is ¥tterbium which
crystallizes in faceA centred cubic (fcc) and has two conduction electrons
w1th a closed U4f shell.  This changes to a body centred cubic (bee): p-hase

at high temperature. The hgxagonal structure is constructed. by stacking
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ftwo hexagonal layers A and B. However, the hcp structure found in the
"light group:is constructed by stacking three hexagonal layers A, B and
--C,'in'order ABAC with the repetition interval albng the c-axis twice as
- large as ih the normal structure vhile for Samérium‘the construction

is even more complicated. - Details af ¢rystal strﬁctures are given

in Teble k1.

.. . The ratio c/a for the heavy series &aries between 1.57 and 1l.59
which is slightly different from the ideal value of 1.633. . This is
also true for Yttrium and Lutetium which_respecﬁively'have unfiiled and
fully filled uf shells; ﬁhile for the light series c/a.ranges from. 1l.61
to l.62.and .is cléser to the ideal value. More complicated structures
exist for lanthanum, Praesodymium and Neodymium (the c/a ratio is 3.2)
and Samarium with a crystalﬁgtructure in which c/a is T.2. The resulting
_difference. in the ratio c/a between the members of the rare earth is

- due to the difference in the stacking sequence, Gschneidner (1961).

:h;3. Maghetic Prqpérties

- The characteristic magnetic properties. of the rare earths differ
frOmLthose ofﬂthe_ferromagnets of the iron group. . One of the most
interesting properties is the fact that five of them (Tb, Dy, Ey, Ho
and Tm) show antiferramagnetism over a certain range of temperatures and
“the ordering is found to be spiral or helicodals. Magnetic measurements
‘on_the heavy groups are difficult since they all have extremely high

pn T
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»-m,la.ghetocrystalline anisotropy and fields of up to 70 Koe., may not

. be sufficient to saturate. polycrystalline sa.mplés. The measurement of
the spontaneous magnetization. IS near the Curie temperature was not
eaisy to carry out due to the fact that these materials have a complex
ﬁagnetic structure above the Curie point and could be changed to a
ferromsgnetic by the application of & field of a few thousand oersted.
: Mereover, the arrangement of the magnetic moments 'in the ferromagnetic
region 1s nof a simple parallel alignment in most cases except for

. Gadolinium which possesses a.normal ferromagnetic structure. Magnetiza-
tion measurements have been carried out by many workers and a list of
references is given at the end of this chapter.

. As mentioned sbove the magnetic electrons in ferromagnetic rare earth
metals arise fram, the incomplete 4f shell and the magnetic moment of
this series 1is determined by the: number of kf electrons which increases
‘regularly: from..O for Ia to 14 for Lu. The electrons in this shell are
1ike those in the 3d shell of the transition metals, except that in
rare earth metals the unfiiled L4 shell is screened from the crystal
field by the 5s and 5p closed shell electrons. . This makes the
crystalline field:less effective than the LS coupling. The_ 4f shell with
orbital quentum # =3 has seven orbitals, the magnetic Aquantmn:numbers-

" of vhich are - 35 - 2, -1, 01, 2, and 3, these are filled with fourteen
_electrons (according to the .Pa_uii prin'c‘ip‘ie each orbit can have two

. electrond) half with spin up and half with spin. downs . The value of the
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total angular momentumJshown in Table 42 is calculated by J=1L - S
- for a shell less than half full (n <€ 7) and J = L + S for more than
-half filled shell (n> 7). The gffgctive magnetic mement.could be
calculated by

Mepe = g\/}'(J +1) g

where uB is the Bohr magneton = ‘-h:zc » and.g is the Landé

splitting factore

g=1 f:,J(m) Z?%ﬁ% L(14)

: The experimental falues of Meff and those obtained by theoretical
considerations are plotted in Figure 4.1.  Excellent agreement is
dbéerved except for Samarium and Europium. With these two, the values
of I, and S are such that when they are anti-parallel the value of L-S
~is small and the ez_ler-gy difference between the states of an ion for
the two lowest values of J is small because it is proportional to. the
difference in the value of J(J+;).. Even though the difference in
‘energy-between the states with highest and with the lowest value of
- J 'is large the two separate values for'Meff which was calculated by
. Van Vleck (1932) for‘SmAand Eu differ in.the values assumed for the
screening coefficients, representing the effect of the electrons
surrounding the nucleué in reducing the action of tﬁe nuclear charge
upon the 4f electrons which are used in calculating the separation term

. between the ground and the first excited state.
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. The Curie temperature of the elements which. exhibit ferromagnetism -
. decreases with increasihg atamic number. . At a certain temperature
above the Curie point these elements become antiferromagnetic. The
transisition 1s clearly observed in the magnetization and neutron
diffraction experiments. In the paramagnetic rggion the magnetization
increases with the decrease of the temperature as in most paramagnetic
matéfials,,the increase in temperature 1s proportienal to inverse of
theAsusceptibility.  As the temperature decreases the magnetization
reaches a meximum end then decreases and the structure will become
antifer;omagnetic at the Neel point. . With a further decreasé in
temperature»the Cﬁrie point is reached and the system becames fefro—
magnetic. - Below this point the.spontaneOﬁSr magnefization increases
rapidly with decreasing temperature. . From Figure (4.2) it can be seen
that the Neel point depends upon the magnitude of the external applied
field. . In the case of Dysprosium for example in a field of order of
12 Koes or larger there‘ﬁill be no anti-ferromagnetic region and the
transition from parasmagnetism, to ferromagnetism will take place at

the Néel point, that is Néel and Curie points will occur at the

same temperaturé.

bkt - Magnetic structure

The magnetic structure of the rare earth metals has been very fully

investigated, the most rewarding method is the neutron diffraction
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technique;‘although,_with a4feW~exceptions; there is agreement with
other methods of invgstigation (single crystal magnetization measurements
susceptibility measurements and specific heat data) Gadolinium ﬁas
originally regarded a.s normal ferromagnetic over its entire ordering

. TANge; €ego Legvold (l953) and Elljott (1953),.but measurements by

. Belov j(1961,. 1962) indicated that in a weak field of the order of a
few ocersted magnetization anomalies appear in the région 210 = 25OOK '
».as.syown in fige 4e3. This suggests that antiferromagnetism exists in
G4 with a Néel point of 290K and a Curie point at sbout 210%K.

_ Neutron diffraction.data, Will et al. (1964) and Cable et al. (1968)
.conf%ims,the ferromagnetic structure and the variation of the easy
- direction with temperature, the ferromagnefic moﬁent,is aligned along
the c-axis. below 289OK, aﬁd‘phanges to a cone of easy magnetization
below 212K, . Those results rule out the suggestion that Gd may be
antiferromagnetice It is possible that the anamaly w%hich appeared in
the.measurements of Belov et al. is due to the considerable decrease of
the anisotropy energy in the region 210 - 250°K. For Terbium the
- helical magnetic structure churs in the temperature range 2290K to
-2209K. A1l the spins-are entirely within the basal plane, but there
. .iga rotation of about 200 from one layer to the next resulting in a
 helical arrangemeﬁt along the (0001} direction. . In this temperature

. range thé'antiferromagnetism may be changed to ferromagnetism by
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application of a field greater than 800 Oe. parallel to the basal plane.
,'Sﬁnilafly Dysprogum exhibits a helical magnetic structure in the
temperature range from:179 to 85OK. The_rotatioﬁ of the mament from
.one layer to the next varies froﬁ about 4% at l79OK to about 26
at 870K. -Below 850K Dysprosum is ferromagnetic with an easy direction
of magnetization along [1120]. A field of few hundred oersted near
90°K increasing to 10 Koe at 160°K parallel to [0001] is needed to
' chanée the antiferromagnetic to a ferromagnetic.structure. . Almost the
seme behaviour as that of Tb and Dy is found in Holmium, its helical

structure occurs from about 1320K to 20°K. In this temperature range,
f

fhe turn angle decreases linearly-fromz5lo at the'Néei temperatufe
to BOQ at EOOK;below-EOOK there exists a small ferromagnetic component
parallel to the c-axis and another camponent remains in the helical
arrangement. in the basal plane with an angle of 3OQ-between,the moments
in adjacent--dayers. The field;rquired %0 transfer the metal from
‘,agpiferfomagnetic to ferromagnetic is about 3 Koe at 530K, rising-to
36¢K0e at 100%. The investigation of Erbium by neutron diffraction
showed different results from those .shown above. Between 84 and 52°k
the strﬁctu;e is of sinusoidal type with moment parallel to the [0001]
direction the period of modulation is seven atomic layers, the magnitude
changes with direction along the c-axis, while there is no ordering of
the moments perpendicular tc the c-axis. .Between 540K and 20K the

components in the basal plane began to order in a helical arrangement
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and the parallel components tend to form a type of anti-phase domain
structure in which several layers with moments pointing- up are followed
By an\equal number with moments pointing down forming a square wave.
Below;EOOK ferromagnetic ordering occurs along the [0001] axis, but
with part of the total moment .remaining helicaily ofdered in the (0001)
plane: with an angle of hB-BO between the moments of adjacent layérs.
Thus the magnetization lies along a cone with semi angle 28.50 from
the c-axis. In Thulium from about 56 to 40°K there is‘a.linear spine
wave maghnetic structure.Ordering of the maments is found only in the
direction [ 2001] and varies sinusoidally with & period of seven atomic
- layers. A£ 42K Thuliumishowg an anti-phase domain type structure
»érranged_in alternate groups of four and. three pointing up and. down

' along the c-axise The pericdicity of seven is preserved in Thulium
“between. 20 to 40°K and the anti-phase domain structure changes
gradually to the cycloidal one.

. The above discussion is summarized in Fige (kol).
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CHAPTER 5

:_THE DOMAIN STRUCTURE OF GADOLINIUM. SINGLE CRYSTALS

- 5.1 . Previous Work

Rare earth metals are one of the most dJ.'EEf‘ iAcult group of metals
,to( study so far as domains are concerneds This. as has been mentioned
.previously, is due to the high impurity nommally involved in the metal.
- Little work has been done in this field except for that of Birss et
al.. (1963) and Bates et al.. (1964), both usipg.the Bitter technique
with a modified colloid. - Birss et al.4obser;ed-needle-shaped domains
running parallel to the c-axis at a temperature of about 268°K while
" Bates et-al. observed a variety of structures at temperatures in the
range 180%K to 210°K. These cbservations did not yield enough detailed
information to enable the complete domain structure to be elucidated,
that 1s, t6 decide the intermal domaiﬁ structure and whether surface
poles. were present or complete or partial fluv continuity achieved
by closure domains. Both authors suggested that the i)oor results were
.due to the. low anisotropy and alsc *he spontaneous magnetization being
- low compared with that of cobalt. It is, however, more likely that the
poor resolution they obtained was due to the strong influence of the
présence of oxide inclusions on the domain structure and perhaps ;a.lso

to the‘residual strain resulting from these inclusions.
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5«2 Present work

~Gadolinium is essentially different from the other ferromagnetic
rare eai‘thé in that it exhibits normal ferromagnetism over its entire
ordering ranges. . Torque measurements of the anisotrepy constantsof
gadolinium have been made by Cormer et ai. (1962 ) and Graham (1962).
Corner et al. included the constant K3 to describe the torque curves
-obtained, where Graham used. only K1 and K2e The variation of the aniso-
tropy constant with temperature along with the value.of magnetization
are s_hown% in Fige 5ele The easy direction is the c-axis between Curie
temperature 290°K and 240%K. Below 240°K the easy direction lies on
a cone about the c-axise The angle 6 between,fhé‘ easy direction and the
c-axis reaches the maximum value of -’(OO at 2200K, where gtA57.5OK the
- direction of -easy megnetization lies at .an angle of 300. However,
Granam reports that the easy direction is in the basal plane below 2250K
these resulits being chown in Fige 5.2. . The measurements of Corner et
‘ale were confirmed by l\TJgh (1963) and by the neutren diffraction
mea surements of Cable et al. (1968).
. The basal plane magnetocrystalline anisotropy constant Kh_*has been
determined by Darby et al. (1964) and Graham (1967). - This was found to be
~wery small and of the order of lO5 erg/cm5 and has.a maximum value of

about 2.6 x lO5 erg/cm5 at 4.2%K. . This constant contributes to the

anisotropy energy below l6OOK. Measurements have been made with strain
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gauges of the magnetostriction of single crystals of gadolinium.
Bozorth et al. (1962). The four constants necessary for a description
of a -hexagonal crystal have beeﬁ evaluated over the temperatqre range
of 4K to above the Curie point. . Using fields up. to 30 Koe the
_resglts are shown in Fig. 5.3, where‘loc and AOA are the deformations
parallel and perpendicular to c-axis vhen the unmagnetized crystél

was magnetized to saturation.

The present work will provide experimental evidence of the intermal
mgnetic domain structure as well as the nature of the superficial domains
at a surface parpendicular to the c-axis. Also the results of a study )
of the effect of magnetic field as well as variations of temperature
are presented. The variation of the structure with the thickness of
the specimen has been investigated.

The investigation of domain structure on gadolinium began on a
small sample in which a large amount of oxide inclusion was present.

The sample was first mounted in the mounting;plastic N. H.P. 2031/19

as mentioned in Chapﬁer two, after polishing evaporation of dry colloid
took place at temper_ature of 274%K. Fig. S.4a shows a strain pattern
which isiproducedvas a result of the mounting plastic, with no
-indication of domain structure. Since the chemical polishing revealed
the underlying oxide inclusions and since these wers prssent in a large
quantity it was decided to anneal the specimen in vacuum.at a temperature

of 680°K for 5 hours to relieve the strain and then a very slight
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che.m:ical pbiish was. given to remove the minute scratches. A typical
dcﬁnain,pattern was obtained at ETAOK‘ with a field of 300 Oe. applied
. normal to the surface as shown in Fig. 5.4be = This ';'eveals the strepq
- influence of the inclusions oﬁ the domain structure and it was decided
thet- no further useful work could be carried out on this sample.
| Work was therefore started on the sample which. was previously
_treated by solid state electrolysis. . This was done in order to eliminate
| or at least to allow oxide contained fo be aggregated togethef into

large inclusions leaving clea.f areas for the purpose of domain study.

- 5.3 . Domain structure on a surface containing the C-axis at-QTltoK.

Observations were made at 2711-0K where the anisotropy constant. kl
has very nearly its maximum vaiue-E.,lL.-x 106’erg/ c'm5 5. the easy-direction
. being. aflorig‘ the c-axis. In addition the magnetization attained a value
of about 950 e«meus per cm3 o . Clear domain patterns have been observed
on all prepared surfaces at this temperature. There is no difference

~be£ween the patterns observed on <1120 and <10I0> surfaces. This is
not surprising since the material is very-nearly isotropic in the

basal plane _(kué 0) at this temperature. A typical structure is shown
in Fig. 5.5(a,b) on a <1010> surface. Here the pattern shown consists
of 1800'parallel walls and the spacing was greatly-different at

-
different regions on the surface. This resulted from, the plates of
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oxide which are distributed randomly in the body of ‘the specimen with
the c-axis normal to the plane of the oxide. Fig. 5.6& %;.nd-. 5 Ta

| a'rejnear the edge of a <1120> surface. 1In Fige 5e.6a the formation of
closure structures may be clearly séen, but. these- do ‘not- give complete
flux closure and still there are areas of free poles on the basal plane
- surface. - Reverse daggers are also evident. Fig.,._5.6b gives a
suggested interpretation of 5.6a. . A kess camplicated structure
obtained at another point near the edge of a <1120> surface is seen
.in Fige 5.7 along with a suggested interpretation. - Here it is again
.evident that thé minimization. of energy involves the formation of both
'reve.rsé! daggefs and closure domdins,. but there are still free poles on
the basal plane surface. Since similar patterns are observed on the
£w0 pex;?en_d.icular surfaces it would not be expected that the 180°
‘boundarieS:between the main: damains wo_u.].ci»be constrained to lie in any

particular cxystallogmphic plane so long. as it contained. the c—axise

5.+ Domain structure on Basal Plane Surface at 274K -

As may be expected of any uniaxial ferrcmagnetic material the
: patteﬁ observed on the basal plane surface is very camplex, and that
there is no preferred direction of wall alignment thus confirming the
isotropy of magnetic properties in_the basal plane at this temperature.
This structure chenges in a consistent.fashion in.going to thin layers.
' Wlth a decfease of the specimen thickness the domain structure is

simplified as will be discussed later.
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"All the patterns shown at 274K have been obtained by the

modified. colloid using secondary butyl alcchol.

. 55 -The behaviour of patterns under the effect of magnetic field

5e5e1 ‘Applied field parallel to the surface- under observation

Application of a small megnetic field.usually causes the movement

of Bloch walls so that favourably oriented domains grow.in volume.
At higher fields regions of inverse magnetized damains or entire-damains
of such type suddenly collapse. This is observed on a <1120> surface
i f%ﬁéﬁ.é'x}lagnefiéwfielci is applied almg the c-axis as shown in Fig.

. Be8 (a-»'d) , the walls remains straight and parallel during this movement
except near impurities which pin the movement of the walls. The change
in width of the d,cxﬂains continues until a second stage.is reached where
the walls are seen to ‘collapse and. disappeare On reducing the field
the walls gradually reappear. It can be seen that as the field
increases deposits of colloid appear on alternate danains in addition
.to the deposit along_the walls.  This may be due to the applied
magnetic. field not being-accurately parallel to the surface but having
a small normal component which polarises the colloide If the damain
magnetization is also not quite parallel to the[, surface the colloid
will .thlen deposit preferentiall;.r,on alternate damains where the surface.
polarity is appropriate. The a‘ppiication of magnetic fields of ;1p to

1400 Oe -along the b-axis in the basal plene, are shown in fig. 509(a=d)e
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+Up- to 120 Oe there. is ﬁo appreciabie change in struc;cure though the
. \]contrast of the pattern improves. . An increase to 56.0 Oe produces a
noticeable change in the secondary structure, the -colloid._free regions
-rotating so as to-lie along the field: direction; except where the
main wall already lies along this direction when they-disappear. The
general pattern also expgnds slightly in the b-d.j_tl'ection. - This
extension proceeds as the field strength is increased. = In Fig.5.9c
the structure retains the same features as in Fige. 5.9a but is subject
to considerable distortion. At 1400 Oe, as in Fig. 5.9d, the structure
.is becoming-less well defined,. walls appear to be breaking up and the
colloid-free secondary structure has either campletely- disappeared or
" become greatly"mod.ified, . With higher fields it is difficult to obtain
a satisfactory pattern and this may be due to the effect of the
~demagnetizing;field-.associa:ted with the oxide: inclusionse The high
 field will produce an increased.density of free poles at the ends of
the inclusions adjacent to the surface of the specimen which will

greatly effect the colloid pattern.

. 5¢5.2 .Effect of small normal applied field

The behaviour of basal plane structures. under the influence of
normal field is such that when.a field of * 300 Oe is applied the

| pattern obfained. will be camplementary. This is due to the presence
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of areas of free poles.on the surface which selectively attract the
polarised collolds . The end of reverse daggers are visible and there
are also regions which do-not collect colloid with either direction
of ‘magnetic field. . These may be regions with magnetization parallel

to the surface (closure structure) this is shown in Fig. 5.10(a,b).

50543 'Effect of the rotation of the field on the basal plane strucfure

The application of a magnetic field of about 300 Oe parallel to
the surface would not be expected to produce any.change in the main
.. demain configuration on. the basal plane but it might be expected to
produce changes in the closure structures since the basal plane is
magnetically isotropic at ETlLO.K, . Fige 5.11(a-d) shows how the structure
changes as a field of 300 Oe was applied-'parallel to the surface.
There are changes in the orientation of the fine structure, but the

general pattern remains unchanged.

. 5.6 'Behaviour of Patterns at Lower Temperature

50601 .. Surface containing C-axis

.' With the decreasing temperature, the anisotropy constant decreases
rapidly and kl changes sign at sbout 245QK as shown in Fig. 5.1, As
a result. of this a drastic reorientation of domains takes place. . The
- effect of reducing the temperature on the patterns on a <1120> plane

is ‘.shown.in Fige 5.12(a-d)s As the temperature falls the walls become
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. less well defined and disappear completely at '21I-OOK. Some wall motion
takes place, but this is probebly restricted by the presence of
impurities. A limited degree of movement can be seen to have taken
place in Fige 5.12c. = When the temperature falls below 240K a new
.type of structure-would be expected owing to the rotation of the easy
. direction away: ;f'rom;’fhcoe c-axis Fige 5.2 - A.definite and repeatable
pattern, such as that shown in Fig.. 5.12d.at leOK-'is observed and |
a ‘similar type of pattern was obteined at lower temperatures down to
that of liquid nitrogen. These patterns-were obtained by using a .dry
" .colloid technique. It is difficult to interpret such patterns and it
is not clear if such observed patterns répresent'a, true magnetic
domain or just patterns resulting fram the cooling of the specimen
. since the thermal expansion of pure gadolinium may be expected to be
- different. fram that of other ilﬁpurities irﬂuaed in the specimen. This
may give rise to a strain which may considerably modify the magnetic

deomain structure.

5e6o? - On basal plane

The behaviour of the basal plane pattern at- low temperatures can
‘be seen at Fige 5. 13(a-c). When the temperature is reduced from. 274K
. to 25OOK,the basal pattern becomes less well defined. At first the
colloid-free region reduces in size and then the pattern becomes less

definite, though it retains the general characteristics of the initial
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pattern. - Below: 250'OK patterns are difficult to observe owing to the
rapid. decrease in the anisotropy. When the region of conical
magnetization is reached repeataﬁle patterns can again be obtained.
‘]he'y have the same .characteristics as those obtained .on <1120>
surfaces a‘t thesYame ténﬁéraﬁiife, aty'_plcal 'exaniple.. Being. shown in
. Fige Hsl3ce It inay again be said that these low temperature patterns
are the result of thermal stresses due to cooling of the sample and

.perhé.ps a result of the differential thermal expansion of the metal

and the oxide ineclusions.

57 *Variation of domain width with the specimen thickness

The complexity and the width of the domain structure in gadolinium
is a function of the specimen thickness as in the case of other
‘uniaxial ferramagnetic materials. Due to the presence of oxide -
inclusions in the gadolinium metal in the form:.of small sheets dis-
tributed inside the bulk material a lsyer of pure gadolinium may-be
sandwiched between one of these inclusions and. the specimen surface.
This might be considered as a film of varying thickness and the.
structure observed on the surface will. depend. on_ﬁhe tl_lickness of .
this layer. To show that the variation of the pattern on the basal
plé.ne" is due to the thickness change another experiment has been
performed where the same region on the surface could be followeds Two

pieces of set mounting materials were cut of identical shape. One
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piece was placed on the microscopic moving stage and had.3 pins mounted
in ite These pins located in three corresponding holes in the other
piece of mounting material in whichvwas.mounted the specimen (this
mount was thinner than the specimen thus exposing part of the specimen
. for cooling purposes). . By matching the pins to the holes the same
.position of the specimen under the microscope could always be achieved
-and the same region of its surface be seen for study. Figs. 5.14(a-f)
show & séries of patterns obtained after successive: layers of the pure
gadolinium had been removed by chemical polishing. . Finally the pattern
disappeared. completely when the oxide inclusion appeared.over the whole
region which had been covered by a pattern of uniform‘type. This is
evidence that the variation of the domain on basal. plane is. due to. change
in the thickness of the materials. .- A selected area from, the surface
was chosen which showed the variation of the-doﬁain width with thick-
ness is shown -in Fige 5.15(a—h). In a thin film the patterns consist
of .smooth domains without a surface structure. . As. the specimen thick-
ness increases the walls- divide forming spikes of reverse magnetization
and closure domains and these may be divided further forming a ve:&'
- complicated structure. This situation is confirmed in Fige 5.6. This
is one form of the complex pattern which may be dbserved at the <1120>

surfaces
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Fig. 5.16(a-c) shows the pattern observed on a <1010> surface
ﬁeﬁf the basal plane where the inclusion separates thé'gadolinium.metal
in the form of a wedge shape, as shown schematically. The domain
structure. varies fremia simple one Fig. 5,16& to a more complicated one
as the thickness increases, Fig. 5.16c. An intermediate structure,

. Fige ‘5.16b appears vhen the size of the domain region with magnetization
- perpendicular to the c-axis is camparable to the one with magnetization

along the c-axis.

5.8 Honeycomb structure observed on Gd. single crystal

- Honeycamb structures have been created and studied on various

ferromagnetic crystals; on magnetoplumbite by Kaczer et al. (1961),

on cobalt by Wyslocki et él. (1965), and on Mn5@e5 crystal by
‘Wrzecione et al. (1966). The structures were. dealt with as main. domains
running through the body of the specimen and not as merely superficial
structures on a surface perpendicular to the c-axis. . To create such
a structure a field normal or parallel to the c-axis is.needed, the
magnitude of such & creation field is of a few thousand oersted dependent
on the orientation of the specimen.

In the case of gadolinium it was found that a small field of the
order of 100 Oe obtained from rod shaped permaﬁent magnet produces a
honeycomb structure. It was found that the same structure is obtainable

with different lengths of the bar magnet giving fields of slightly
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. different magnitudes. Attempts were made to obtain such a pattern by
applying..to the surface a nommal field produced by small electromagnets
from zero up to a few hundred oersteds Only one type of domain, that

is the typical domain shown before, were produced and. there was no

-sign of honeycamb pattern. . Though a field applied.parallel to the basal
plane has the same effect whether it originates frem a permanent magnet
or _electromagnet, this structure may- be created as a result of non-
unifermity. of the lines of force produced by the pemanent magnets and
since the spin. dn’.fections within the closure domain are easily rotated

» with rotatioﬁ of the field‘ one would expect that a non-uniform field
would accordingly create different patterns. Thus a field from a rod
shape magnet created a hexagonal like structure., . The honeycomb structure
a,galn is dependent on. the crystal thickness as shown in Fig. 5.17(a-f).

. For small thicknesses the wall on the basal surface has the shape of
hexagons but under a critical thickness this seems to be transferred

to a cylindrical or rod shaped damain. .W_ith increasing thickness the

; domains grow and a surface structure begins to form.and clear star
shape patterns are .fo_rmed. As the specimen thickness increéses the

- domains grow further and the surface structure becomes more camplicated
and no- longer: looks like honeycambss It seems that there is an inter-
mediate structure as that oﬁtaiﬁed on the edge of <101(> surface. Fig.

5.18 .;S,h.‘OVAIS«a patteAJI:'n obtained on basal plane with lower magnification.
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It was observed that when two surfaces in a gadolinium crystal

- each containing the c-axis were cut perpendicular to each other, both

. surfaces exhibited a structure of parallel 180O domain w;a,lls and the
intern@l structure must therefore consist of arrays of 180° domains.

_ These are not of & simple.plane-para,llel form, but of & wavy one as

is shown: by the form of the basal plane patterns. . The wall of such a
. damain might not intersect a surface containing a c-axis but could be
closed within the body of the specimen and this might contribute to
the complexity of the structure on the basal plane. This type of
damain structure has a lower energy than the checker board array.

. The .pr‘oblem has been discussed by Goodenough (1956); who showed that

- the wall aresa associated with the checkfar' board array is cohsiderab]y

- reduced. without an appreciable increase in the surface poele energy if
the cornmers are rounded. Then accordingly the total surface energy

. will decrease, Examining the edge of the <ll§_('.1> surf;.ce near the basal
leeA.na; 1t ‘wés pos51ble to obser\;e the s;tructu:c;e of the closure dozﬁaiﬁs.

- These censist of very small regions magnetized in a direction normal
to the easy axis (c-axis). . They grow mostly in those places where the
stray fieid._ is large and make a smooth region for the transition of
the magnetization from one domain to the other of opposite magnetization.

Those closure domains will eliminate completely the effect of the free
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- poles -a‘t the 'plé.ces wheré-‘they‘ were produced and in turn reduce the
'.magnetostatic energy, howejs/;er, they will contribute to. the magneto-
crystalline anisotropy energy term. As can be seen fraom the photograph
the -closure damains are surrounded by an area of free poles. As a
consequence of this a sub-division of these areas into smaller regions
of different polarity will taeke place and spikes of reverse magnetiza-
tion may form in order to reduce the density of the free poles at the
surface which in turn will lower the -magnetostatié energy, The spikes
usually grow in the middle of domains where the surface charges have
maximum demagnetization effecte The behaviour of the domain structure
on the basal plane of a gédolinium, crystal under thé influence of
magnetic field is also a good evidence of the presence of both closure '
and free pole effects. When field normal to the basal plane surface
was applied into the paper and then reversed.the dark bands on reversal
of the field became the light bands showing that such a pattern is one
of free poles at the surface. Howeve:i‘ s careful examination of the
- pattern on the surface reveals that same areas are not affe\cted by
- reversal of the field and others are completely unresponsive to normal
,field. . That is, some areas are not covered with colleid and. those will
change direction as a magnetic field parallel to the surface is rotateds
Such a region clearly indicates an involvement of magnetization other
than that parallel to the c-axis.
. Por gadolinium. at 27401{ the megnetoelastic contribution may. be

neglected as it amounts to only about 1% of the total free energys So



Fig. 5.19. Model representing the Domain structurd on a Gadolinium
single Crystal.

e
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. the value of the magnetostrictive energy will contribute very little to

the total energy. The value of P is 0.28 campai-ed to that in Cobalt at 274°K
- Px-,98.. So it is reasonable to assume that closure  damains and

sqrface free pdleé &ili bézpreSéﬁ£.‘ Thus in gadolinium. the surface

structure congists of a mixed state. A representation of the different

types Qf structure is given in Fige 5.19. Gemperle et al. (1963)

assumed. a similar medel for the surface structure of Cobalt at roomm
_temperaturs. Estimation of the energies involved in such a model is
extremely difficult.

Creation of a honeycomb structure by the application of a normal
field produced by a permanent magnet to the basél plane is not fully
understood, but it could be due to the non-uniformity of the fielde
Though this type of structure has higher energy compared to the simple

- plate like structure, the change in thickness of the sample produced
change.in the honeygcamb structure as observed on'other uniaxial
materials. This shows that the structuré is the main: body domain
rather than a superficial pattern. It is believed that there are
still regions of closure structure with megnetization parallel to
the basal plane existing between the hexagonél structure but these
regions disappear as the thickness of the specimen is reduced,

The presence of closure structures with magnetization different
fram that of the c-axis may contribute to the anomalies which appeared

in the measurements of magneﬁization of Belovs et al. (1962).



N
o
-
-y
-

6

MX10

N
A

a Rhyne et al.

22} -
° Bly et al.

3

Kae ERG/C
> o ® W
v L | v N

N
L

1

o8
O.6F
04f

L A A )| i I ' 1 1 'l

0 20 40 60 80 100 120 140 160 180 200 220
T(k)

FIG. 6.1 Variation of Basal Plane Anitotropy K, with Temperature

for Terbium.




20> 81 1D WwNi1Q4d] 40} 2.iMDIddWI|
Yitm u011Dp2112ubopy 3O UOILDDA 2 9914
C.o:.
O9E OZE OBZ OPZ OOZ 091 Ol 08 OF O

I T T ¥ 1 ) | ]




. CHAPTER 6

DOMAIN STRUCTURE OF TERBIUM SINGLE CRYSTALS

6.1 Introduction

Terbium follows gadolinium in the heavy rare earth group, having
properties similar in many ways to those of gadolinium. However;
. Terbium exhibits antiferromagnetigm in the range of temperature 2289K
o 222%K. Unlike gadolinium it has a high uniaxial anisotropy which
strongly favours magnetization in the basal pléne. Iﬁ this plane there
is a smaller anisotropy which favours magnetization along the b-axis.
The vélge of basal plane anisotropy constantn ku:varies from 2.4 x lO6
erg/ci® at 4K to sbout 2 x 10° erg/en’ at 140%K vhile the uniaxial
anisotropy constant kl changes from 5.5 x(lO8 erg/cm3 at hllQK to
1ok x 108 erg/cm5 at 2059Kl, The anisotropy data have been reported
by Rhyne et al. (1967) and Bly et al. (1968) and the variation of k),
with temperature is shown in Fig. 6.1. Hegland (1963) reported on the
magnetization data and Fig. 6.2 showé magnetization as a function of
temperature. It is clear that there will be no rotation of magnetiza-
tion to any direction other than the basal plane except for high applied
fields, that is the easy direction remmins in the basal plane and
favours the [lOiO] direction.
There hés been‘ﬁo previous report of damaih structure on Terbium

and this is probably due not only to involvement of oxide in this metal
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“but also to the Curie temperature being much below room. temperature'

(r, =" 222K ).

6.2 - Present work

Even though the Terbium specimen has been purified by the method
of solid state electrolysis it was not possible to obtain as good a
>specimen as that of gad.ol:‘.nium. The oxide had not aggregated to form
‘I:Jlates with the ce-axis normal to their surface as in the case of
gadolinium. There were still large amounts of inclusion in the form
of small particles distributed all over the specimen except in a
few regions where the surface was mirror like and whe;‘e the domain
stmctui;e of Terbium. could be easily observede

Observation of the domain structure was carried out using the dry
colloid technique (evaporation of iron in a Helium atmosphere of 0.2 torr. )e
Attempts using a colloid suspension in secondary butyl alcohol as
" described in Chapter ﬁwo, proved unsuccessfuls No pattern was observed
using dry colloid at 210°K but by applying a amall field of the order
- of 150 Oe normal to the surface under investigation, a clear pattern
wa.s obsérved on both <1120> and <1010> surfaces. . The results are shown
in Fig. 6+3(a,b)s - Both surfaces show a plate like: dor'nain structures
 Exsmination of the basal plane did not reveal any type of structure.

An inﬁensive investigation at 2lOOK was carried out in order to find
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out if there are any closure structure present (structures magnetized
in a directfon other than the [1010] direction), - Both the <1120 and
<1010> surface show no such structure and this is not surprising since
| the anisoiéropy of Terbium is very'hi@n and any magnetization along the
hard direction will involve a large anisotropy energyr contribution

. to the total energy of the system.

‘6e3 " Pattern at Lower temperature

As the temperature was lowered it became more difficult to obtain
a satisfactory pattern even at 1909K. . From: l9OOK down to ’T"(OK a
pattern like that shown in Fig. 6.3c was obtained. . Whether or not this
represents a domain pattern is not yet clear. It is most probably a
strain pattern like those obtained on gad.oliﬁiumv at low temperstures,
even though the pattern obtained on gadolinium at lBO'OK is different
in nature from that obtained at the same temperature on Terbiume The
. difference in the two strain patterns may be due to the fact that in
gadolinium the magnetizatioh direction rotates fram the c-axis ﬁo a
cone of easy magnetization while in Terbium. the magnetization always

lies in the basal plane.

6.4 - Discussion
Terbium has a preferred plane of magnetization. On the basis of

this, aséumptions may be made about the domain configuration. Kazer (1962)
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proposed. two possibilities for an infinite cylinder with an easy

- direction l121d in the basal plane and non vanishing basal plane

2a

3

anlsotropy <k1++ 0)s These are shown in Fige lolba

Ihe sample of Terblum dealt. with in this work is very nearly

cubical with dimensions x = 0.257.cime, ¥ = 0a302 cme,.and z = 0a242 cm.
: "]Ihere are sevex"ai- different possi’bi],itieé for the domaln configuration

AQf a cube with easy plane of magnetization and k4=l= 0O these are -

. ‘When the magnetlzatlon lies along on_'Ly one of the b-axes, as shown
in Fig. 6.k4a. . The free pole density which appearson the surface
is Iscos 6 where 6 = O or ],.80o so o0 =% Is. The total enfefgr of such
‘a modelA 1sea511y calculated sinece the ‘st'rﬁcture simply repfésents
a Kittel type configuration with free poles on a <1010> surfalce:,;

While <11§O> surface has a div _i = 0o

The second possibility is the one in which the magnetization rétates
from; one damain to, the next by an angle 6 = 1200, thus there will_l

. ) .
be free poles appearing on both <10I0> and <1120> surfaces and
and free pole distribution will look like the one represented in
Pig. 6.Mb.
In fhis possibility the easy direction of magnetization forms a

six-fold symmetry and the rotation of magnetization from one damain

to the next will be through 6 = 60°. . The distribution of free poles

will be of the type represented in Fige 6lcs
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‘to  Here the magnetizatioﬁ lies along two of the b-axes, but not alorig
-the axis perpendicular to surface under study. Such a structure
will reduce the densities of the free poles. . The walls will be
a mixture of 600 and 1200o The distribution of free pol.arity is
shown in Fige 6e.4d.

observations on the Terbium single crystal cut with <1010> and
<1112‘l>' surfaceé berpendicular to each other show. that a structure of
the t_y'pe:.sh,own mFlg. 6;1La is not probable since the patterns on both

a - and b - planes show similar domain structure with approximately

. the same spacinge If the Fig. 6.l4a structure were present one would

expect to see alternate dark and light strips on the b-plane and separate

domz in boundaries on the a-plane.

The' structure shown in Fig. 6.4b would give rise to alternating

-1light and dark strips on the b-plane while in the a-plane there would

be strips which collected no colloid under any condition.
The obsexved structures could not be accounted for by a structure

of the type shown in Fig. 6.lc. It would give rise to different

“distributions of free pole density on the a- and b-planes, but there

would be regions on the a-plane which never collected colloide There

is little visual evidence for this from Fige 6.3. A calculation of the
energy of such s ,strylcturelhas been carried out by Kazer for an infinite
cyli_nd._erlwith axis parallel to the crystallographic c-axise. Though the

boundary conditions are different for the sample used here the calculation
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used in principle be repeated for the appropriate geometry.
. A structyre of the type illustrated in Fig. 6.4d could accord’,
well With' the domain patterns shown in Fig. 6.3 and calculations of the

” d.omaln spacing and energy density have been made for this models

6.5 -L-_E_lgs}'gy ca,ILculatiwon~

An estimate will be .made of energy involved in the model shown
in Fige 6.5 where thereis:a mixture of domain< wallsof 120° and 60°
type. . The energr' expression for this model contains terms representing
the magnetostatic energy and the wall energye.

The magnetostatlc energy due to the free poles on both <1120>

H .surfac,es _(a—pla.nes) is

2 .
E = yze 1.7 V3 IS> e 2D  eoecescscssns(Bal)
m K o

'lhe magnetostatlc energy due to the free poles on both <1010> surfaces

e

A (b-planes) is

I\2
E. = X2 l.T < '—2§> - 2D 0.80.900006000000 ¢ (602)

m
equal. numbers of 60O and _1200 walls are present. in this models Thus

“the wall energy is

EW = : %ﬂ (760 + 7120) ' o"."_‘.‘:".Lf:'Q'o ececeoce o_o'o (6,_03)
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Assuming that the 7, 5n(the wall energy of 120° wallyis 3y 7o where ¥

is the energy of a 360° wall, and 7go(the energy of a 60° wall) is

1

5 7o | y y '
Then E = B <-§ + —§> S TTTIRN (N

- The total energy thus

2 -2 A
Eiotal = 0.85 I_ D + 3yz 0.85 I_D +% 70..._7.,_.(6,5-)‘

The total energy per unit volume is

E e85 I 2.55 I Y
-—_E—QPE}- = ( 5 + - -rs > D + 'ﬁo) -o.o-o,o.oood<6ﬂo-6)

v y X

minimizing obtained for domain width

. 3 { 5-“270(}*% }E SN L)

\J

B \ B .
where A is the exchange constant and kll. basal plane anlsotropyo
So D = -f-

s 1.7 (x + 3y)

substitute 7, = 8] A k’+

}E ceresreesirsrenaenss (6.8)

The minimum energy per unit volume is

B, = 21 Jiﬂi‘ﬁy—) JA k) ._.__._._,...........(6,9)

Xy




Insert the value for

x= 0257 cm, -y = 0,302 cm»

2k TC
A=
a
a,
where Boltzmann constant k = 1.38 x 10-16 erg/deg.
Curie Tem.p'ebratﬁre Tc = 222K
Lattice paremeter a_ = 3.6 x 10_8 cm

CThus A = 1.7 x 10_6 erg/cm.

/"
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']Ihe basal plane anlsotro;py constant at 210 K is kh = 0,18 x lO6 erg/ cm

and the saturatlon magnetlzatlon at “this temperature

I, = 1556 e.m.u./cm3

. S0 the equilibrium domein width is

DO = 1.97 pm

: ’ihe avefa-ge of a large number of domains width wés taken and found

to be

_2Do 3038 pum

- 80 D

s 1.69 pm

The energy term is cbtained from equations 6.8 and 6.9

EO = 7O
2D
(@]
put DO = 1.69 pum

Q,‘ 2 3 0CT!969

307100
B
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The corresponding energy term per unit volume is

‘-EO = L31l x lObr erg/cinj.

Any disagreément between the calculated value and measured one may

[}

be due to ., the involvement of the oxide inclusion in the metal.
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CHAPTER 7
- CONCLUSIONS

Tel Sl_zmmar_{ of Results

~The work presented here deals with the domain structu{ej .of one
- of .the transition metals, cobalt, and two elements belonging to the
heavy rare earth subgroup; gadolinium and terbiume The cobalt single
crystal is easily obtainable in a pure form while the rare earth
- elements were difficult tb cbtain in a pure form: as far as the oxide
o ar;d other impurities involveds It seems from the study of the surface
of the se.metals that the ili'clusion pér/cen‘tage with respect to the
-metal 1s very high and must-be taken. a\s -a serious factor to be
considered whenever magnetic or physical properties are considered.
. A solid state electrolysis treatment was used on these m_etals. in
order to obtain satisfactory samples. This method was good for Gd
and to a .slightly less extentfor -terbium while experiments with
Dy sprosium have not Ayet yielded samples of‘ sapisfactory quality.
. Therefore the domain structure of Dy could not be studied. - A number
of different types of daﬁ_aim configurations where observed including
“closure and honeycomb domzins in. gadolinium. |
For cobalt crystals the structure observed on both <2110> and

<1010> surfaces shows simple plate-shaped domains magnetized along
' _the c-axise This structure includes a large amount of free pole on

the surface perp_endicular to the c-axis and no closure structure
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could be observed at the edge of the surface with the c-axise Study
of the surface structure (basal plé.ne structure) proved that the

surface is one of free poles with no magnetization parallel to the

surface (perpendicular to the c-axis). However, the difference between

. the measured value of the domain width and the exchange constant and

.te calculated one could be due to the fact that part of the surface
structure might possess a closure structure and as a consequence of
this a different equilibrium value must be derived. The variation of
fhe. enefgy density ratio P with temperature gives a value a't high
temperature which is in favour of partial closure domain development.
A very interesting relationship was found between the length .of a
dagger of reverse magnetization and the width of' its base; for botﬁ
simple and complex daggers these .were in direct'.proportionality. . For
the vanishing value of the length there will still be a value for the

- base which is of a diameter of Oe 18 um and these might represent a

. i'egion Wheré the magnetic moment is directed in the hard directions
Variation of domain width with the temperature. was obtained and

. compared with that of Kittel amd ILandau and Lifshitz model. It was
shown to be in agreement with the Kittel model. |

It was much easier to derive a model for the domain structure
of gadolinium than for cobalt.e Domain structure on both <1010> and
<1120> surfaces proves that thedomain consists mainly of plates of a

wavy type magnetized along the c-axis which change to a complex type

e
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. of pattern below 21}OOK. Very interesting results were observed at
the edge of the specimen near the basal .plane where the closure
structure appeared -clearlys. . A canplex pattern was observed near the
. edge which gave explanation for the complgx nature of the basal plane
-pattern. - However the closure structure made a rartial closure of

_ flux and did not campletely eliminate the free poles m the surfaces
Investigation of the basal plane structure shows that it ]is one of

a mixed type, that is free poles as well as closure domains are

. present. - The variations of domain structure with temperature and

. Tield were studied on all the three surfaces and these add more
evidence to the mixed mature of this structure. - Between 24OOK and
TYUK the domain patterns were difficult to analyse, tl}is was due to.
the camplex nature of the pattern and this may b-e due to tl_le inter-

- action of the strain induced by cooling with the magne‘tié ﬁlomeni;o
."Thus the nmature of such a pattern is not yet understood. A surprising
and. unexpected pattern was obsérved when a ﬂné,ll field from.a rod
shaped permanent magnet was applied normal to the basal plane. This
was a honeycamb structure. . A model was suggested based on the

. observed pattern and its behaviour under the field. . To derive an
equilibrium width for such a structure is complicated by the mixed
-nature of the pattern. No caleulation of domain width or the energy

. of the system could be cbtained.
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The domain structure of terbium was expected to be af more
interest tha.n that of cobalt or gadolinium since the crystal has
tﬁe easy direction of magnetization laid along the b-axis. A
variety of possibilities were suggested for a Tb single crystal -
in the' form of a cube. Agreement betweén the Buggested model and
- thé‘ patterﬁs observed on’ Tb. is seen in the model in which the
d amains are nagpeti‘zed along the b, and b2-axes but not the b3
axis which is perpendicular to ome of the cube surface$;this will be
favourable since it will achieve an appreciable reduction in magneto-
sta{:ic energy. Thus the domains observed on <101C> and <112C>
- surface were similar and were of a plate- shape magnetized along -bi
aind. b2 axes. ‘There was no structure observed on basal plane which in
_turn confirmed the suggested model. The study of the Q.omain.struéture
of T at low température presenj:sthe same difficulties as that of
gadolinium. A pattern was obtained down o T7 K, but it is very
,‘ complexe It is not possible to interpret this in terms of any simple
model for the magzletization. Again it was supposed that such a
pattern is due to the strain induced by cooling as in the case of
.Gda - An energy term was formulateds in which two types of domain walls
were involved, that of 60° and 120° wallse An equilibrium domain.
width was derived and calculated:The domain width measured experiment-

ally agreed -well' with that calculated for the suggested model.
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' Unfortu.nateiy it was not possible to obtain a pure dysprosium
. sample in order to investigate its domain structure. Although six
- samples subJected to the method of purification. were received none

of them was in a suitable condition for damain study.

Te2 Suggestions for further work

Tt will be a very difficult task to carry out any further work
on dopain structure on any. member of the rare earth group unless
very. pure metal ié obtaineds = It is Sliggested_ thatif“a sublimed
crystal be obﬁained which cbuld be treated by the application of
the solid state electrolysis method Vof purification a specimen would
.result with higher purity than that used in present work. If this
was made availsble -then it will be of great interest to study the
- domain structure of gadolinium between 240°K and 4K whére the easy
- direction lies on.a cone of csasy magnetization. . An investigation
of the honeycamb produced by the small permanent magnets and the
application of a. large nommal field to the basal plane produced by
. such magnets might give more detailed information about the nature
of this pattern. A pure sample of Tb will make it easy to investigate
&:heﬁ.nature of the pattern at low temperature. A study of the domain

structure in the antiferromagnetic range with applied field necessary

to produce a ferrcmagnetic a.l,igmnent will be of interest, also the
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effect of applied field on the damain structure of Tb seems important.
.Ihe dependence of the damain structure in the sii_zgle crystal terbium
-on the shape of the sample 1s of interest since in the case of a

cube the Amagnetiz,atio'n took direction along ‘t;l and be-axis, but not

along the b_=-axis which 1is perpendiculér to the surface. It would

)
thus be very interesting to obtain a single crystal of Tb in shape -
of g disc or a cylinder and examine the possibilities of other
domain configurations. Calculation of the magnetostatic energy for
models, a; b, and ¢, in Fig. 6.4 could be compared to ‘the engrgy
for Fig. 6.4d and to show that the latter is the more favourable
one. "

. A study of the domain configuration in a thin film prepared by
epitaxial growth on a suitable substrate, will allow the uée of
the Kerr effect technique and by this te changé in the magnetization
during éooling will follow easily and thus & full understanding of
" low temperature patterns will be achieved. Variation éf domain
structure with the film thickness and the effect of shape anisotropy
in a very thin £ilm would provide further interesting study;

- A study of domain structure on other rare earth metals might

prove to be interesting and useful.
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