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SUMMARY

Measurements were made on synthetic garnets suitable
for bubble domain devices. Defects in the substrate
material and in epitaxial films were observed by x-ray
topography and by optical techniques. |

The followingvdefects were found to. have been formed
during the growth of the substrate crystal: inclusions
of iridium, growth bands, faceting and dislocafions. The
dislocations were found to be of two main types. In one
type the dislocation line was straight and approximately
parallel to the growth direction. In the othe; type the
dislocation line was in the form of.a helix.. Very large
helical dislocations, ~700 um in diémetér, were found
and these had a helicoidal fault surface of impurity
associated with them. Smaller helical dislocations,
~100 pm in diameter, were without this impurify surface.

The defects in the epitaxial films produced during
the growth of_the film were: variations in thiékness,
variatipns in composition, cracks, inclusions and, in one
sample, misfit dislocations. |

The defects already present in the substrate also
affect the growing film. Disloéations propagate into the
film, scratches left from poor surface preparation cause
poor film growth. .Variations in latticeAparameter in
growth bands and core produce a complementary variation

in thé film.



The effect of these defects on the magnetic proper-
ties, in particular bubble mobility, wgs investigated.
Of the defects present, only growth banding produced
little or no effect on the bubble properties. All other
defects pertﬁrbed, and sometimes pinned, the bubble

motion.
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‘1.1 Magnetic Bubble Domains

A thin sheet of some ferro-or ferrimagnetic material:
may be obtained such that the uniaxial easy direction of
magnetisation is normal to the plane of ‘the sheet. A
material of low saturation magnetisation and high magnetic
anisotropy will cause the magnetic domains to have their
magnetisation directed either 'up' or 'down' normal to the
sheet. 'The domain walls are also normal to the sheét and
extend from surface to surface. In the absence of an
applied field the net magnetisation of the sheet wili be
approximately zero and thus the 'up' and 'down' domains
will be of equal volumé. 'Since the domains extend right
through the sheet the 'up! and 'down' domains will occupy
equal area on the surface:of the slice.. If the sheet has
low anisotropy in its in-plane properties then the domains
will form aﬁ,irregular serpentine pattern. This domain.
confiéuration is illustrated in fig. 1.1.1.’

Application of a D.C. magnetic field pérpendicular to
the surface of the magnetic plate will cause the domains
having the same magnetic sense as the applied field to in-
crease in volume. The domains of opposite magnetic sense
will contract and may form right, circular cylinders
normal to the plate. Such a cylindrical domain is known
as a magnetic 'bubble' domain hereafter known as a bubble.
Magnetic bubbles are shown in fig. 1.1.2.

An increase in the D.C. bias field will cause the .
bubbles to shrink until, uitimately, they collapse and

the plate contains only a single domain. A decrease in
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the bias field causes the bubbles to expand until they
'run out' into sefpentine domains. The stability of

bubbles in an applied field is discussed in chapter 4.1.

1.2 Bubble Domain Devices

The magnetic bubble can be made to move to a region
of reduced field by the application of a fleld gradient.

A bubble will undergo a mutual repu151on from other
bubbles since they are magnetic.dipoles.f The magnetisa-
tion is perpendicular to the plane of the slice and so
the bubble will be mobile in two dimeneions and this
allows its use in a memory device.(l)

A binary number may be represented by a string of
bubble domains, the 'ones?' represented by bubbles and the
'zeros' by absence of bubbles. This string may be propa-
gated along a defined path at a partieular velocity. The
information is transmitted but there is no movement of the
materiai of the device, only the domain walls move.
Compaxe.this with magnetic disc and tape store where the
recordiﬁg medium moves past a reading head. The bubbles
are small, a few microne in diameter, and can move at
velocities of several metres per second and so high data
rates are possible. Logic can be performed on the binary
data because of the interaction between bubbles and be-
cause of the two-dimensional nature of the store.

A brief description of the various types of element
employed in a bubble domain device is given in the next
two sections. This will provide a context and background

to this work which investigates the effect of crystal



defects on magnetic bubble properties. A more detailed

description and summary of bubble devices may be found in

the book on magnetic bubbles by O'Dell,(z)and in thattn/oﬂmré24)
The description below indicates the type of behaviour

which is required from a bubble material.

1.3 Bubble Propagation

Several different approaches have been made to the
problem of defining the track along which a bubble will
move. For use in shift registers and memories the bubble
should move in discrete steps at Specifiéd times, thus

localised drive fields are needed.

1.3.1 Conductor loops

Field gradients can be created by current loopg.(3)’(4)
Adjacent loopé are energised with opposite currents such
that one loop repels and the next loop attracts the bubble.
If this circuit is used in conjunction with permalloy dots,
the 'rest' position of the bubble is offset slightly with
respect to the current loops and so diréctionality is ob-
tained.

Thié fype of circuit is fairly easy to design but it
becomes difficult to fabricate the circuit for the small
bubble sizes needed for a high data rate. The current

needed to prdpagate the bubble may also be rather high.

1.3.2 .Magnetic overlay patterns
A 'soft' magnetic material such as permalloy can be

applied_as-a thin film in a defined pattern on the magnetic



sheet. The presence of the permalloy produces local
variations in the magnetic field and the bubbles interact
with these.

One approach is known as an angelfish circuit.(3)

The bubble diameter is varied by modulating the bias field.
Asymmetric énergy traps are provided by wedge-shaped films
of permalloy. The bubble will move in the direction of
the points of the wedges. Changing from one track to
another is not easy and the drive field operates at a
fairly high power level.

A more common form of overlay has involved the inter-
action between the permalloy and a small, rotating, in—.
plane field. The T- and I-bar pattern is the archetype.
This exploits the fact that a rectangle of permalloy will
produce a much larger external field when the magnetisation
lies along its length rather than its breadth. Other
arrangeménts of permalloy, e.g. Y's,(é) X's,(7) etc. have
been used to make corners and transfer between loops more
reliable but the principle of propagation remains the same.

For large bubbles, ~15um in diameter, conventional
photolithographic techniques may be used to define the
permalloy pattern. Bubbles of one micron size or less
require a technique such as ion milling(s)’(g)-to define

the pattern.

1.3.3 Local control of magnetisation

Propagation tracks on garnet films have been made by

(10)

varying the local magnetisation on a fine scale. A

thin film of silicon is deposited in the desired pattern



and the crystal is annealed in oxygen or inert gas. The
region of the crystal under the silicon has a-large re-
duction in the saturation magnetisation. As a bias field
is increased,the bubbles in the region under the silic¢on
collapse first leaving bubbles in the required tracks.
Propagation is obtained by means of current conductors.
The advantage of this method of defining tﬁe track is that
the magnetic layer remains plénar after the track has been
defined since the silicon may be removed after the anneél.

This makes further processing easier.

1.3.4 . Local change in thickness

A groove bf'abproximately a half micron in width can
be ion-milled in a magnetic bubble material and will
locate the bubble at known positions.(ll) A serpenfine
conductor is used for propagation which requires a rather
high current and allows occasional errors in pfopagation.

A related means of locating bubbles, raised scalloped
tracks, has béen‘studied.(lz) The bubble material is
thinned by etching everywhere except for the tfack which
is masked. Propagation is again by a serpentine conductor.

Both these methods are susceptible to difficulties in

processing because .the bubble material is non-planar.

1.4 Other Device Elements

1.4.1 Bubble generation

Two methods of bubble generation have been used
separately and in conjunction. A bubble will be nucleated

if a pulsed current is passed through a hairpin conductor.



The pulsed currents are rather large and this method would

be unsuitable for a high rate of generation of bubbles.(3)’(l3)
New bubbles are formed more readily by splitting them off

from an existing bubble. This is particularly suitable for
devices using permalloy tracks and a rotating field.(s) The
generation can be controlled by a small current in a loop
which will inhibit the transfer of a bubble onto the track.(l4)
For this bubble generator to work there must be a bubble
already attached. This can be obtained by 'seeding' when
necessaiy; whiéhféhould be ihfrequently; by’the use of the

pulsed current through a hairpin conductor.(13)

1.4.2 Bubble replication and steering

A string of bubbles may: be duplicéted by splitting
each'pubble:in.twq in a method similar ‘to that of bubble
generation.- These-strings of bubbles may be shifted to
different tracks dépending on the state of a conductor loop
or the presencé,'ot absence, of'gnother bubble. This

allows iogic to be performed'on the stored data.

1.4.3 Bubble annihilation

Bubbles may be destroyed by the reverse process to
generation. They: can be incorporated into a bubble held
on a largé block of permalloy or they may be collapsed by
the aﬁplication of a local field. The latter process may

be a part of the detection of bﬁbbles.

1.4.4 Bubble detection

An ideal sensor would detect the information without

destroying it at a fast rate and giving a large signal.
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Several types of non-destructive sensor 'have been designed

for bubble devices.(IS)’(l6)

1.4.4 (1) Magneto-optic detection

The presence or absence of a bubble is made to modﬁ-
late the intensity of a beam of plane-polarised light which
requires the material to have a large coefficient of Faraday
rotation. No electrical contacts need be made to the
device but difficulties may occur in getting the beam of
light in and out of the package. The minimum size of
domain which maylbe detected is limited by the wavelength
of the light.

1.4.4 (ii) Hall effect and magneto-restrictive
detectors

Ihe~two detectors employ the effect of the stray field
of a bubble on the carriers in a semiconductor (Hall effect)
or the change in resistance of a permalloy film (magneto-
resistance). The signal for a magnetoresistive detector'
can be increased by st;etching'the bubble but without

destroying it.

1.4.4 (iii) Inductive sensor

A destructive fechnique is by means of an inductive

sSensor. (14)

The bubble is cqgllapsed thus all the energy
in the bubble can be detected instead of just the fraction
detected by the Hall and magnetoresistive detectors. This
produces a much larger signal. This method becomes

effectively non-destructive if the bubble string is dupli-

cated before detection, then the inductive sensor destroys



only the copy of the data.

1.5 . Applications of Bubble Devices

A bubble memory would have a high bit density

(10° bits per cm?) and a good data rate (10° bits per sec)
with the possibility of performing logic on the same chip.
If the bias field required to maintain a stable bubble is
supplied by a permanent magnét then the data will be feQ
tained even in the event of a power failure and re-starting
is straightforward compared with disk and .drum stores. The
power required to drive the device is very low since it
can be made as an integrated unit.

| A major advantage, as mentioned previously, is the
lack of moving parts which would give a higher reliability
than, for example,. tape store particularly in such
applications as airborne cémputérs‘and recorders.(l7) The
_bubble memory is fairly compact and insensitive to radia-

(18)5(19) and by suitable choice of bubble and

tion damage
permanent magnet material, can operate over a wide range
of temperature. |

As well as very large stores for computer operation,
either replacing disk and drum stores or as an inter-
mediary between disk and core store, small stores, e.g. a
repertory dialler for automatic dialling of telephone

(20)

numbers, have been developed. A bubble device has

also been designed~for use as a text-editing system which

combines the use of large volumes of storage and logic.(21)



1.6 Experimental Studies of Bubble Domain
Materials ‘

The suéceésful operation éf a bubble domain device
depends on a bubble being able to move readily on each part
of the traék, moving a fixed distance at each step, and
not being allowed to escape from the track.' This depends
partly on good circuit design but local inhomogeneities
may come from the bubble domain material itself and pro-
duce unwanted energy wells which may trap a bubble. This
project was intended to fipd what inhomogéneities may
occur, how they are formed, and which of them are partic-
ularly harmful to the propagation of bubbie domains. The
methods of preparation and'cﬁoice'of materials.are examined
in chépter 2. ihé defects in materials, with particular
reference to gérnets, are examined by x-ray and optical
techniques and illustrated in éhapters 5 and 6. |

Static and dynamic magnetic properties and their
correlation with particular defects are described in

chapter 7.
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2.1 Introduction

For a thin film or plate of a magnetic material to con-
tain stable cylindrical domains the easy direction of
magnetisation must be normal to the plate and the uniaxial

(22) This

anisotropy field must be greater than ”oMs‘
anisotropy can be‘due to the crystal structure as in non-
cubic materials or it may be produced during growth.

Device applications reqdiré a high packing density of
bits which implies a small bubble diameter. This means
that the plafe ﬁu;t be very thin since the bubble diameter
depends directlyAqn thé thickness of the plate. The mag-
netic propertiesvmust be tailored to give the Best stabil-
ity and operation of.the bubble device. The Curie tempera-
ture should be well above the operating temperature and
the magnetié pr0pertie$ need to be reasonably independent
ofvtemperatﬁre over the range of ambient temperatures
likely to Bé encountered.

There now follows a summary of some of the groups of

materials used, or able, to support bubble domains.

i

2.2 Orthoferrites

Rare-earth orthoferrites were the first materials
used for bubble domain devices since the growfh technology
was availabie. Orthoferrites:a£e materials 6f the general
formula R ﬁe O3 wheré R is any rare earth or yttrium. They
have ah orthorhombic crystal struéture wifh unit, cell
edges a<b<c. The magneticistructure is that of a canted '

antiferromagnet with the spin systems canted by approximately
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half a degree. Except in Sm Fe'03, where it is in the [100]
direction, the uniaxial anisotropy axis at room temperature
is along [001].

The crystals of orthoferrite are generally grown as
bulk crystals by the flux method(23) and then sliced and
polished to the required thickness of ~50um. The bubble
diameters in orthoferrites are rather too large for high
storage densities and the coﬁpositions giving smaller
bubbles are too temperature dependent. (3) The in-plane
magnetic properties are notzisotropic which affects the
movement and shaﬁe_of a bubble.

Thin slices are difficult to suppert, particularly
during processing. Growth of a magnetic orthoferrite
ep1tax1ally on a substrate is difficult since two sets of

lattlce parameters ‘must be matched (25)

2.3 Hexagonal Ferrites and Ferromagnets

Materials such as (Sr, Ba, Pb) Fe;, O;5 (magneto-
plumbites) and Ba Fe;g O0,, have the easy axis of magnet-
isation parallel fo_the hexagonal axis. Other hexagonal-
ferrimagnets can have the easy axis in the basal plahe.'

The room temperature values of Mo Mé areilarge and so
the bubbles are quite small, ~O.3um. Substitution of Al
for Fe in the magnetoplumbites reduces the saturation
magnetisation and thus increases the siée of the domains.(zz)
Difficulties'are found in producing flux grown platelets
of uniform coercive force and yhe bubble mobilities are

rather 1ow.(26)
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Bubble doméins have been observed by electron micro-

scopy in thin films of cobalt (27)’(28)

(29)

and in cobalt-

chromium alloys.

2.4 'Amorﬁhous Materials

It is not necessary forla materialnto.be a single
crystal or even crystalline in oider for there to be a
magnetic.easy axis. Metallic films, in particular Gd Co
and Gd Fe; have beenlprepared‘by r.f. sputtering onto a
variety of substrates such as glass, mica énd Na C1§30)’(31)
The composifions can easily Be.tailored to give a wide
range of bubble diametefé with high mobilities. However,
thesevm;tgxials are tempeiatﬁre sensitive and the film

may crystallise under adverse conditions.

2.5 Cubic Materials - Garnets

'The:éonditions of'growthiof a magnetié gérnet plate-
lef can induce an anisotropy sufficient for the plate to
sﬁpport bubbles, even though the material is néminally
cubic. A detailed. description of the garnet crystallo-
graphic and magnetié structure and methods of growth of

the garnets is to be found in the following sections.

2.5.1 The garnet structure

Thé garnet structure was first established for the
large group of 3111cates of the general comp051t10n
A; B, (510, )3 and in particular for Ca; Al, (Si0,); (32) (33)
The same cubic structure has been found for many complex
oxides, and fluorides, with other elements replacing

silicon, notably in the rare



earth and yttrium iron garnets, R; Féz (Fe'04)3.

There are éight formula units in the body-centred cubic
cell (Space group Ia3d, no. 230 in the International Tables
for X-ray Crystéllography)(34) and-the cell édge is about
122 for all these garnets. The atomic positions are de-
scribed in detail for Y; Fe, (Fe O,);, YIG, by Wyckoff.(35)

The yttrium or rare:earth atoms are in 24(c) sites(34)’(3s)
in an eight—fold'coordination group with oxygen, two of the
five iron atoms in the formula unit are in 16(a) sites
octahedrally surrounded by oxygen and the remaining three
iron atoms are on 24(d) tetrahedrally surrounded sites. The
oxygen'atoms are ip general positions. Figure 2.5.1 com-
pares a photdgraph of a model of fhe garnet structure (36)
with a_diégram showing the three types:of coordination
polyhedra’

There is a negative superexchange (antiferromagnetic)
interaction between the Fe3* ions on the (a) and (d) sites
through the intermgdiate oxygens and thus in‘YIG there is a
net magnetic moment. of Sug per formula_unit: If non-
‘magnetic ions afe substituted for iron then!the net moment
will be altered by changing the relative number of magnetic
ions in octahedral and tetrahedral sites. A non-magnetic
substituting'M3+vion will predominately occupy an octahedral
(a) site if it is larger than Fe3' and thus increase fhe
magnetic moment, and if it is smaller than Fe3”* i£ will
occupy the tetrahedral (d) sites and thus reduce fhé‘het
magnetic moment.(37) For,éome jons such as Ga3" ang a13*

there is a complete range of solid solution. Cr3% will

substitute for Fe3' in the octahedral site to a limited
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extent even though it is smaller.
- The magnetostriction coefficients can be adjusted by

(26) g, ,

substituting rare earth ions in the (c) sites.
suitable combination of rare earths the magnétostriction
coefficients can be reduced to zero in order to reduce
coercivity. The lattice parameter will also change and will
vary approximately linearly with composition. Not all rare
earths can be substituted. An iron garnet is not formed
with the rare earths La, Ce, Pr, Nd and gallium garnets
are not formed with La, Ce, Pr, Nd, Sm and Eu.(38)
Thevmagnetié rare earth ions are coupled to the result-
ant moment of the two Fe sublattices by antiparallel
exchange forces which are weak compared.to the forces
between the Fe ions. Complete ordering will be found at
absolute zero with the moments of the (d) site ions
directed in one direction, along 111>, and the momehts.of_
the (a) and (c) site ions in the opposite direction.
|
} 4 :

(d) -

(a) (c)

Gadolinium, terbium, dysprosium, holmium'and'téchnetium
ions all have large moments compared to the Fe3* jon thus
near absolute zero the spontaneous magnetisation of these
garnets should be predominantly due to the rare earth ele-
ments. Lutetium and yttrium ions have zero momen£ so the

spontaneous magnetisation for these two garnets must be due
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to the Fe:3+ ions aione. Ytterbium has.a moment equal to
Fe3*,

As.the temperature is increased the alignment of the
rare earth ions decreases rapidly since the antiparallel
coupling to the iron ions is weak. Close to the Curie
temperature the magnetic properties are due to the iron
ions since the rare earth ions contribute very little; The
Curie points are determined alﬁost entirely.by the inter-
actions between the Fe3* jons on the (a) and (4) sﬁblattices
and since these interactions must be the same for all rare
earth iron garnefs they will all have a similar Curie point

~at ~560%K. 4 |

A garnet for which the rare earth moment is large must
show a 'compensation temperature' at which the rafe earth
sublattice is sufficiently disordered for its magnetisation
to be equalled by the oppositély directed net moment of the

iron sublattices.(39)

This behaviour is important if Varia—
tions in temperature are not to producé large changes in
magnetisation.. A composition for which the operatingA
temperature is near the compensation temperature should not

be chosen. Garnets have a much lower sensitivity to tenp-

erature changes than the orthoferrites;(4o)

2.5.2 Bulk growth of magnetic garnets

The growth of orthoferrites from a lead oxide flux was

first demonstrated by Remeika.(23)

The magnetic garnets
consist of the same components as the orthoferrites and it
was suggested(41) that a lead oxide'flﬁx would also be

suitable for the growth of garnets. YIG was the first -
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garnet gréwn by this method. To produce larger, more
perfect crystals of YIG certain modifications were made to
the method of growth and Pb F, was added to the flux to
lower the viscosity of the melt.

Garnets suitable for bubble domain devices were grown
by the flux method.(2%)  These crystals grow with §2113
and §110§ habit planes. These planes have the closest
packing of atoms in the crystal structure and thus <211>
and {110 are the slowest growth directions. 4111 is a
fast growth direction and so no {1113 faceté are formed.
This‘morphology is also foﬁnd in natural ga;nets. It was
found(26) that if the growth sectors under {211} facets.
were sliced along particular flll} plaﬁes then there will
be a uniakial magnefic easy axis perpendicuiar to the
plate. For garpets_such as Er1:Tb1 Al;., Fej;.9 O0,, and
Gd Tbl Erq.i; Al |

0.94 ~0.75 0.5

the slices are perpendicular to the <111» axis nearest

Fe,.5 O12,a ‘Typg 1' cut, where

perpendicular to the {211} facet plane, is needed. A

'Type 2‘ cut is required for Gd;.3;; Tb/ E Fegs O4,,

0.60 ~"0.09
where the slices are perpendicular to the {211} facet and
to the 111> direction in that facet.

A cubic crystal should have all {111) directions
equivalent so parts of these crystals are not exactly
cubic. An ordering of the rare earth atoms during growth
will lead to a rhombohedral distortion,(4?)’(43)’(44)

TQ produce small bubbles thin platelets have to be
cut and polished on both sides as in the case of the

orthoferrites. This leads to difficulties in preparation

in handling, especially during processing. Crystals grown
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by this method are liable to flux inclusions and variations
in composition and thus variations in magnetic properties.

Large uniform platelets are difficult to produce.

2.6 Epitaxy

The problem of supporting a thin magnetic platelet can
be overcome by growing a.magnetic film on a non-magnetic
substrate. The garnet system is particularly well-suited
to this as there is a large range of possible compositions
for the substrate and for the film. The lattice parameters
can be controlléd énd a single crystal film can be groWn in
the same orientation as the substrate and,without cracks
or misfit dislocations.

The foilowing sections discuss some of the criteria

for choosing the COmpositibn of film and substrate and the

method of growth of the substrate material.

2.6.1 Choice of substrate/film compositions

"The choice of composition of the ﬁagnetic garnet to
control the magnetisation and magnetostriction has already
been discussed. This section describes the control over
lattice parameter mismatch between substrate and film and
also the effect of thermal expansion.

It might be expected that epitaxial growth of two
different garnets would be easiest if the lattice para-
meters were the same. A large mismatch, where the film
has avsmaller lattice parameter, would lead to tensile
stresses in the film. The'film would crack if the film

thickness were greater than the length of the Griffith



half-crack.(45) In some cases a small amount of tension
is employed in the film to produce a uniaxial easy axis
normal to the film using the magnetostriction effect(46)
when there is little, or no, growth induced anisotropy.(47)
Growth induced anisotropy can 5e modified by annealing(48)
or ioneimplantation.(49)

The rare;earth gallium garnets (non-magnetic) have
lattice parameters which span those of the iron garnets
(magnetic) and so are suitable for use as substrate
materials. Data(35) on the lattice parameters of flux-
grown garnets isvgiven in table 2.6,1. Carnets grown by
other means may not grow exactly stoichiometric and thﬁs~
the lattice parameters will differ slightly.(so)

Theilattice parameters of the substrate and/or the
film could be adjusted by suitable mixtures of rare earths
to differ by less than 0.010.(26) In practice it is more
convenient to choose one, or possibly two compositions of
substraté and tailor the film composition to match. For
film composifionsvbased on YIG the best substrate to use is
gadolinium gallium garnet (GGG)(SI) and this is the material
which has been most used as a substrate, although some

have been used with Dy substituting partially or completely

for Gd.



Non-Magnetic Garnets . Ferri-Magnetic Garnets
Composition § Composition §
Dy, Gas O, 12.307 Dy, Fes Oy, - 12.414
Er; Gas; Oq5° - 12.255 Er; Fes Oy, 12.349
Eu; Gas O;, 12.401 Eu; Fes O, 12.498
Gd; Ga, diz 12.376 Gd; Fes O, 12.44
Luj Gas O, 12.183 Lujy Feg O, 12.277
Nd; Gas Oj » 12.506 Nd; Fes O;, 12.60
Y, Ga; Oy . 12.277 Y; Fes O;, 12.376
Yb; Gas O;, 12.200 Tb; Fes Oy,  12.447
Sm; Gas O, - 12.432 Sm; Fes O;, 12.530

TABLE 2.6.1

The ébé?e digcussion has coﬁsidered the iaftice para-
meters at»rﬁoﬁ temperaturé. The film growth takes place at
elevatedvtemperatureg,rVQOOOC, and so tﬁe thermal.expansions
of subst#ate and filﬁ should also be matched.(sz) The
match is not too good forAthick films of gallium substituted
YIG (Gé:YIG) if thé galliumAcqntént is high and the
substrate is GGG but is quite good for YIG and rare earth
iron garnet films and GGG substrate. |

A substrate material whiéh is transparent in the vis-
ible rangé of wavelengths is to be preferfed since the
magnetic films are absorbing and A transparent substrate
makes opticél examinafion easier. Thus, of the gallium
garnets, gadolinium would be preferred to dysprosium.

gallium garnet.



2.6.2 Growth of substrate material

The rare earth gallium garnets are congruent melting

compounds and thus are suitable for growth by the Czochralski

technique. The growth of these, and in particular GGG, has

been reported by several authors.(53)’(54)’(55)’(56)

In
all cases a mixture of high purity, dry, rare earth and
gallium oxides; in proportions near'to the stoichiometric
ratio, are melted in an iridium crucible under a controlled
atmosphere 6f nitfogen or nitrogen/oxygen: The particular
composition§ of starfing material and atmoéphere needed for
optiﬁum grthh ééém to depend on the particular furnace
confiéuration. An iridium;cruciblé is ﬁsed since iridium
has a melting‘béint of 245%°C, the garhet melt of approx-
imately 1700°C and platinum a melting point of 1769°C. A
seed cr&sfai of th;ireqﬁired orientation is dipped into the
melt aﬁa withdrawn slowly while being rotated. The quality
of the cfystal‘depénés on the\rotation and pulling rates
and on fhe femperature gradients in the melt. The types
of defect whiéh are formed are illustrated in chapter 5.

| Singie rafe earth garnets can be grown quickly but
solid solutions of mixed rare earth garnets must be grown
slowly to avoid constitutional supercooling and segreéation

of the components.

2.7 Growth of Epitaxial Films

2.7.1 Liquid Phase Epitaxy (LPE)

YIG was grown as epitaxial thin films from a solvent

melt using a tipping technique by which the melt was made



to flow over the substrates.(57) This demonstrated that
YIG would grow epitaxially on GGG but there was difficulty
in producihg a smooth film unless there was a low .growth
temperafure, high growth rate and low lattice parameter
mismatch.(ss) Melts of the B,0; - PbO - garnet system can
be supersaturated with respect to garnet and remain stable
without spontaneous nucleation of the garnet.(sg) A sub-
strate dipbed in the supercodléd melt will allow growth of
the garnet on the substrate but nowhere else. This process
can be repeated many times and the films deposited in a
well—controlled,.isothermal zone of the furnace. The
crystal phase deposited depends on the B,03;/PbO/RO;/Fe20;
compositions and on the lattice parameter of the substrate.(éo)
Ihe_apparatus of Levinstein was modified by several
workers to allow the rotation of a horizontal sample in the

horizontal plane. The kinetics of growth have been invest-

igated for various compositions, supersaturations, rates of

n.(61),(62),(63),(64)

rotation and_times-of growt Thé
growth rate increases approximately linearly with' the
undercooling and increases as the squére root of the
rotation rate. The rotated samples reéch a steady state
of constant growth rate fairly quickly but this is not
reached for zero rotation. The film composition will
depend on the growth rate and also slightly on the film
thickness; pérticularly if' the melt is of small mass. Some
lead may also be incorporated from the flux, especially at

high rates of growth.(62)’(65) Lead-free fluxes have been

tried(66)’(67) such as BaO - BaF, - B,0; but these tend to
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have rather a high viscosityvand be retained on the sub-
strate and cause pitting. It has been shown that the
undercoo}ing is the most important parameter to control to
produce reproducible thickness and composition of films.

Figure 2.7.1 shows a diagram of the LPE épparatus
used in fhe work on bubbles at Edinbﬁrgh University. The
melt is held in a 75 ml platinum crucible supported in an
alumiha crucible packed with powdered alumina. The temp-
erature is monitored by a Pt/Pt-Rh thermocouple;

| The original design of suBstraté holder held the

substrate'either.vertically ér,horizontally using platinum
wire clips. The entire subétrate was submerged and so a
film would grow on both sides making optical examination
of the domain pattern more difficult‘ahd depleting the melt
more quickly. The clips also tend to trap drops of the
melt when the sample is withdrawn. .A platinum vacuum
chuck was a later design which held the subsfrate horizqn-
tal. The substrate could not be submerged in the melt and
film growth takes place with the substrate on the surface
of the melt and rotated at 50-300 rpm. The film is spun
'dry?' on removal from the meit by rotating the sample at a
high rate. This technique has grown films'on substrates
up to 3 cm in diameter and the thickness éf the film from
one to 100 pum. The various compositions of melt used to
grow epitaxial gérnet films in this furnace are given in
Table 2.7.1 |

A typical procedure for growing a bubbie film is as

follows: The melt' is heated to 1100°C and allowed to come



Material

Er 2Eu1GaOQ7Fe4. 301 2

Y3 Fes 012

Sty .25 Y2.75

Gd; Gas O

TABLE

Ga Fe 01,

Melt Composition,

Er,0;,
Eu,03;
Fe ,0 4
Ga 03
B, O3

Pb O

Y. O,
F8203
B, O,

Pb O

Sm70 3
Y, O3
Ga0;4
Fe 03
B, Oj3

Pb O

Ga203
Gd,0;
B, O,

Pb O

2.7.1

1.35
0.63

10.00
0.9
2.86

140.00

11.5
2.8

190.00

0.25

1.4

10.00
2.8

140.0
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to equilibrium. The temperature is then reduced to ~950°C
at which the supersaturated-melt is fairly stable. The
sample is lowered slowly into the furnace to minimise the
effects of thermal shock and lowered down to the surface of
the melt. The descent is halted when a meniscu; is formed.
The sample is rotated slowly during growth. At the end of
the required growth time the sample is raised to just above
the surface of the melt and ﬁhén spun at very high speed
to remove any retained flux. The sample is removed slowly
from the furnace and when the sample is completely cooled

any remaining flux is removed with glacial acetic acid.

2.7.2 Chemical Vapour Deposition (CVD)

The epitaxial growth of metal oxides by vapour trans-
port has been studied in open and closed,sysfems for many
years. An open system 1s better fqr bubbie materials since
uniformity is important and may be‘obtéined by a constant
replenishment of the reactants. In crystal growth of metal
oxide films from the vapour phase the chstituents of the
desired compound are transported separétely in'a gaseous‘
form to the deposition zone where thé vapours mix and react
at a substrate surface and form the required solid phase.
The metallic elements are usually trahsported‘as volatile
chlorides or other halides and then react with oxygen and/
or water vapour. The reaction is moderated by excess of
either HC1 or Cl,. | |

The overall reaction for YIG may be written:

substrate
H,O + 02 ————— Y3Fe5012 + 19HC1l
(

9 (e . (s) (9)

19

3YCl; + 5FeCl, + >

(9) (9)

Bl
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Other components such as rare earths or gallium may also be
included to produce a bubble domain film.

Depending on the gas flow conditions and the concentra-
tions of the various constituents, other compounds may be
produced in the reactor. These compounds include Y, O3,
YFe O3, Y; Fes Oy,, Fep O3, Fej O, in the case where YIG.
is required. The order of appearance in the direction of
gas flow is well-defined and'occurs as: follows: Y,O3; white,
YFe O3 red, Y; Feg O, yellowish-gfeen? Fe, O3 red. The
position and extent of each zone can be varied by altering
the gas flow rates and chloride concentrations. Vertical

T-reactors (68)

and horizontal, concentric-tube reactors
have been used, the principles-of‘operatipn are the same in
each.

The reactor used here was of the horizontal concentric
tube type and is shown in the diagram in fig. 2.7.2. The
reactor tubes were of fused quartz. There were three
independently controlled metal chloride source zones since
only YIG or Ga:YIG was grown in this reactor. The iron and
yttrium chlorides were contained in silica crucibles; the
gallium metal crucible, in a different tube .of the furnace
because of the low boiling point of Ga‘C13, was divided
into sections to prevent the gallium metal remaining as a
single drop. The gallium concentration in the garnet
depends on the HCl flow over the gallium metal. The
crucibles were loaded into the inner tubes using a drybox

to prevent contamination by moisture since oxychlorides

will float on the surface of the melt and make evaporation

(69) ,(70)
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difficﬁlt.

The chloride vapours are swept along by helium carrier
gas and mixed as they pass through the baffles. Oxygen or
water vapour is introduced in the o#ter tube and mixes with
the chloride vapours under laminar flow condifions. The
metal oxides aré deposited downstream. HCl is added to
the inner tube gas flow to moderate the réaction rate.
Adjustment of the various gas flows allows'Optimisation of

the growth of iron garnets.

2.8 Magnetic Anisotropy’

There are three basic components of uniaxial aniso-
tropy in garnets. These are magnetocrystalline anisotropy,
growth induced anisotropy and anisotropj induced by strain.
All three types operate in LPE films buf there is no growth
induced anisotropy in CVD films.

The growth_induced anisotropy is similér to that fo&nd
in bulk garnets(47) and particularly occurs when there is
more than one raré;earth ion and there is an ordéring
occurring in.the occupation of the dodecahedral sites by
these ions. 'The greater the difference of radius of the
two rare earth ions and the lower the growth temperature,
the greafer will be the growth induced anisotropy. This
anisotropy can be removed by annealing the sample at 1200°C(60)
CVD films are grown at ~1200?C and so any growth induced
anisofropy is annealed out during growth. |

The stress in a thin, uniformly strained film depends

’

on the lattice parameter mismatch, thermal expansion
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coefficients and degree of stress relief by the formation

(60) 9(71)1(72) )

of dislocations. These quantities are linked

by the following relation:

a_-a :
o= {0 (55) - qeew anf

where 7 is the fractional stress relief and ag and af'are

(60)

the room temperature lattice parameters of substrate and
film respectively. X, and X are the linear expansion

coefficients.*'The stress induced anisotropy for < 111>

oriented films is directly proportional to the stress and

(60)

to the coefficient of magnetostriction, 'Xlll.

The
mismatch and ')lll“can be tailored by éppropriate choice
of rare earth.

It is difficult to form dislocations in garnets be-
cause the lattice parameter is so large and so a film in
tension is more likely to crack than relieve the stress by
misfit dislocations. This means that, except in exceptional
circumstances, the degree of stress relief,?, will be zero.

An unstrained magnetic garnet has its easy directions
of magnetisation along <111> and the hard directions along
<100> due to the magnetocrystalline anisotropy. The

effect of this anisotropy is generally: small compared with

the growth and strain induced anlsotroples

* E = Young s modulus, " z Poisson' s ratlo
¢ﬁT = Qrowth tqmp - Room temp.
2.9 Preparation of Substrates

Boules grown by the Czochralski technique in J{111)
orientation were bought from various suppliers. They were

oriented accurately on <111) by x-ray techniques and
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sliced into wafers 0.75 mm thick using a Capco high speed
diamond saw. The saw damage was removed by grinding the
wafers with successively finer grades of carborundum
powder‘mixed into a slurry with water. The final polish
was chemical/mechanical using twice-filtered alkaline
colloidal silica (Syton by Monsanto) on é vibratory polisher.
The polishing pad was of polypropylene. The reasons for
this particular choice of prdcedure are given in chapter 5.
A quick method of producing a damage-free, but not
very smooth, surface 1is by dissolving some of the crystal
(73),(74),(75)

in hot orthOphosﬁhoric acid at about 300°C.

There is a danger that the slice will crack due to thermal

shock.
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3.1, X—Ray Topography

This'section describes the apparatus and.experimental
techniques used to determine the distribution of strain in
garnet crystals. Theré are several topoérabhic techniques
available for mapping defects in crystals.(76) The choice
of technidue depends on the degree of sensitivity to
strain that is required and on the degree of perfection of
the crystal. For example, avvery-sensitive technique
would be wasted on a crystal with a high density of dis-
locations.since the dislocation image isllarge and the
various images wéuld overlap., This seﬁsitivity would,
however, be required to détect small composition fluctua-
tions in an othe;wise perfect crystal. |
Two topographicvtechniques, Lang(77)’(78)’(79)’(80)
and Double Crystal,(81) are described ﬁere.. Both tech-
niques employ the fact that a perfect crystal will produce
a uniform diffracted beam if the incident beam is uniform
but a crystal with defects will give local variations in
the diffracted intensity. Details of experimental procedure

are given for the apparatus used here.

3.1.1 Lang topography

The x-ray beah from a fine-focus (point) source is
collimated to a ribbon beam by narrow slits of tantalum at
50 cm from the source. The width of the slit is such that
when the crystal is set in the diffracting position for a
particular characteristic waveiength tﬁen novother wave-
length.will diffract. As the crystal is rotated kd; and

ko, radiations will diffract at different angular positions



of the crystal. Figure 3.1.1 shows the crystal set such
that the diffracted beam is transmitted through the crystal.
The diffracted ribbon passes through. another slit which
prevents either the direct beam or air-scattered radiation
reaching the photographic plate. The plate is set normal
to the diffracted beam since the emulsion on the plate is
thick and oblique incidence would reduce the resolution.

The sample and photographic plate are scanned.togethe? to
give complete coverage of the crystal.

The second set of slits is fixed in space so the
position of the Aiffracted beam is defined. If the
diffracted beam is to reach the photographic plate at all
parts of the scan then the:plane of the crystal slice must
be parallel to the direction of traverse. The line of
intersection of the incident beam with the: crystal surface
should be normal to the beam direction to avoid the need
to tilt the second set of slits.

Rare-earth garnets combine the problems of a large
lattice parameter,’ a structure which leads to a lafge
number of systematic absences or weak. reflections and'a
very large absorption coefficient for x-rays. This last
is the main difficulty for transmission topography. The
linear absorption coefficients for the characteristic

wavelengths used most often in crystallography are as

follows: _
p cm '
Ag ke 190

Mo ke 360 ‘

Cu k« 1600
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These figures are for GGG but would be similar for other
rare earth garnets. A sample would have to be 100 pm or.
less in thickness for thére to be low absorption, even
using the most penetrating radiation, Ag k«.- A thin
sample with two damage-free surfaces is required and can

be prepared.by grinding with carborundum and polishing with
Syton or by etching in hot phosphoric acid, as described in
section 2.9. The former method is to be preferred since
variations in thickness produce changes in transmitted x-
ray intensity because of absorption. Such thin slices

are difficult to handle and $o were mounted inside a

large, non-metallic washer‘wﬂth small pieces of adhesive
wax.

This technique is useful for determining the type of
defects present ih the substrate material, but it is not
suitable for the examination of films ~/5 pum in thickness
nor for routine examination since such a thin slice is of
no use for crystal growth. This apparatus can be used in
a slightly different geometry to overcome this.: The
diffracted beam is 'reflected' off the'surface of the
crystal thch can be a thick slice with, or without, a
film. The difference between the two geometries is shown
in fig. 3.1.1.. The film and substrate have different
lattice parameters-and so the film and substrate will
diffract for different angular positions of the sample(sz)
thus separate topographs of the film and substrate can be
obtained. The higher the Bragg angle used the better the

angular resolution between film and substrate peaks, and
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this will also minimise the distortion of the crystal
image, particularl& if Bragg plaﬁes not parallel to the
surféce are used.  The large lattice pafameter for garnets
means thét a long wavelength radiation, e.g. Cu ke and/or
a high order reflection must be used. This is likely to
mean a rather lower diffracted intensity. This problem
does not arise for the transmission geometry since a low
Bragg angle is required to minimise distortion. This is
obtained from low order reflections and a short wave-
length. The minimum distortion occurs when the diffracted
beam‘is normal té the crystal slice. Some of the reflec-
tions used for a (111) slice iﬁ transmission and in
refléction are listed in table 3.1.1.

In thé reflection geometry only a' few microns depth
of the crystal is sampled, thus oﬁly a. short segment of a
dislocation line.running nofmal to the slice Wéuld go té-
wards forminé the image. In transmission the whole of the
dislocation would form én imaée, fhus making detection
casier. Scattered radiation is more troublesome in the
reflection case and tends to reduce'contfast. Small varia-
.tions in lattice parameter aré rather difficult to detect
because the change in Bragg angle is small compared to the
divergence of the incident beam. Reflectién topographs
are useful in that they are non—destructiQe and films can
be examined in situ. To increase the resolution of defects
and lattice parameter mismatch double crystal topography.

is used.



Reflection Geometry Angle between diffracted Structure

beam andf111} surface 'Factor
Degrees F
16 16 16% R 52.55 781
8 8 8 R 59.55 1305
8 80 R 80.0 1476
8 8o T " 75.19 1476
g8 8 of T 54.8 1476
12 4 4 R 85.1 - 880
t _ '
12 4 4 T 75.9 880
8 6 4 'R 57.2 ‘ 830
16 8 8% R 53.6 1010
8 0o T 65.1 ; 1793
R = reflection T = transmission
* Mo radiation
t Ag radiation

Other reflection Cu radiation

TABLE 3.1.1




3.1.2 Double crystal topography

An 'uncollimated' beam of X-rays from a fine-focus
line source is diffracted from a reference crystal which,
ideally, should be perfect. An asymmetric reflection
will give a diffracted beam of large cross-sectional area
but of small angular divergence in the horizontal plane.
This beam is incident on the sample crystal where it is
diffracted. If the crystals are set up in the 'parallel!
orientation, fig. 3.1.2, the two sets of diffracting
planes are parallelland of equal spacing and all wave-
lengths will diffract for the same angqiar setting of the
sample crystal. This gives a very narrow rocking Curve;
i.e. the width of the intensity versus angular position
curve is only a few seconds of arc, and is close to the
theoretical width for perfect crystalé. This property is
used in lattice parameter measurements, see section 3.2.1.

A parallel crystal setting will give a doubling of
the image of a defect in thevtopograph. Although all
wavelengths diffracf for the same position of tﬂ; crystal,
the diffracted beamé leave the‘crystéliat different angles.
Unless the photograbhic plate is very close or very far
away from the sample the two images (ke and-kdz) will
occur at different positions on the plate; ‘If the
reference and sample diffracting planeé are not of
exactly thé same spacing (Si 440, GGG 888) a topograph
can be takeﬁ with either k«; or k«, radiation. The
angular separation of the «; and «, peaks is (9r2+95‘) -

(Or’+95?) where 0 is the Bragg angle, r and s denote
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reference and sample, and , and ; refer to ke«,; and Koty .
The ka4 and k«, peaks are also'slightly_broader than in
the parallel setting.

As the crystal is rotated through the diffracting
position the diffracted intensity increases from a very
low level, through a maximum and back to the backgrouﬁd
level. The shape of the curve is approximately Lorentzian.
This 1is fhe %ocking curve and the greatest sensitivity to
defects can be obtained by setting the ciystal such that
the intensity is at half. maximum. Here the slope of the
rocking curve i; at its greatest and so a small change in
local orientation or lattice parameter will give a large
" change in diffracted intensity."If the crystél is set
for the bthef side of the peak the contrast for a given

(81)

defect would be reversed. The change in intensity I

caused by a distortion is given by:
AT = IK <%+m9 +$09)

where K is the slope of the récking curve, € the Bragg
angle, $d the éhange in spacing, and $§8 the change in-
orientation of tﬁe diffracting planes. ﬁ

The width of the rocking curve, and thus the sensi-
tivity to defects,‘depends on the radiation and reflection
used, table 3.1.2. Copper radiation was used for GGG
since the rocking curve width is comparable to the spread
of effective orientations in the crystals.

The diffracted intensity is very sensitive to the

angular position of the crystal and drifting from the re-

quired position due to temperature fluctuations or
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Reflection widths at half maximum intensity

-

' Chromium Copper,, Molybdenum
Reflection = 2.289 X = 1.540 A = 0.709

26 deg w sec arc 20 deg W sec arc 20 deg Ww sec arc

400 43.4 . 16.2 28.8 10.46  13.2 4.69
420 43.8 16.5 323 10.53 14.2 4.69
4 4 79.6 13.6 51.0 7.83 22.9 3.32
6 40 83.6 12.0 53.2 6.75 23.8 2.84
800 95.4  18.3 59.6 9.58 26.5 3.98
8 6 4 84.1 3.85 35.9 1.38
8 8 0 .89.4 6.81 37.8 2.35
12 4 4 , 111.2 4.35 44.6 ' 1.22
8 8 8 ~159.1 6.89 46.8 1.75
16 0 O ' 169.1 2.75 54.5 1.35
16 8 O . ' 61.6 1.23
16 8 8 | , 68.3 1.06
16 16 16 B S I : 105.1 0.79

w = 1.32 x 2 C s Xz - .F_h

' sin 20 = ' -V

C = 1 or cos 20 depending on polarisation

r, is classical electron radius

A% is volume of the unit cell

TABLE 3.1.2




relaxation in the crystal mounting must be corrected. The
intensity is monitored through the photographic platé and
if it moves out of certain pre-set limits the crystal is
automatically rotated to bring the intensity back to the
correct level. Confining the angular motion of the crystal
in this way gives very sharp images of defects and is
essential since the crystal can easily drift the few seconds
of arc necessary for it not té diffract at all.

Short segments of dislocations can be seen by this
method. Topographs of films and substrates can be taken
for a lattice pafameter mismatch as small as 0.001~X. This
method is, however, rather sensitive to bending of the
crystal and may thus be less suitable for thick films of

large mismatch.

3.1.3 Zebra patterns

Contoﬁrs of constant Bragg angle may be obtained by
a variation of the double crystal technique.(83) The
reference and sample cr&stal are set in the parallel con-
figuration. The first diffracted beam is well-defined in
the horizontal plane but diverges in the vertical plane.
If the sample crystal is tilted about a horizontal axis, f,
shown in fig. 3.1.3, only part of this crystal will be
able to diffract. This will be a straight, horizontal band
if the two crystals are perfect and the x-ray source is a
line. As the crystal is rotated about @ different parts
of the crystal will diffract in turn and the horizontal
band will move over the crystal. Local changes in orien-

tation or lattice parameter will produce a similar, but
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local, movement of the band which will not now be straight.
This may be recorded on film and the amount of strain pre-
sent can be calibrated by rotating about @ by a known
amount between successive exposures on the same piece of
film. The effects due to bending and dilatation can be
separated by rotating the sample 180° about the diffraction
vector between successive experimeﬁts. ‘

Fast dental X-ray film ié used for this experiment
to cut the exposure time to a few minutes. The flattened
rocking curve does not allow for control against crystal

drift which may be éppreciable over a long exposure.

3.1.4 Photography

‘Nuclear emulsion fine grain'plateg,'type L.4 made by
Ilford, were used for all topographs e#cept Zebra patterns.
Emulsions of 50 pm £hickness were used for Mo and Ag
radiations and 25 pm thickness for Cu radiation. The
monitoring of the double crystal diffracted intensity
required the emulsion to be plastic backed so the Cu
radiation could penetrate. Tﬁe'plates were glass backed
for all other applications.

The topographs were developed at ice temperature in
Kodak D19 x-ray devé10per, diluted 1+3 with water and
filtered. This gives more control over the development of
the thick emulsions. After fixing, washing and drying the
emulsions were protected by thin glass coverslips. A
coverslip was also put on the back of the plastic backed
plates since this plastic Qas also rather susceptible to

scratching.



Negatives of whole or part of the topograph were made
on fine grain film with some enlargement. These are then
printed to give a positive print such that black means a

higher diffracted x-ray intensity than grey.

3.2 Lattice Parameter Measurements

3.2.1 Lattice parameter mismatch

The double crystal apparatus can be uéed to measure
the difference in lattice parameter between substrate and
epitaxial film. If the apparatus is set in the non- |
dispersive configuration (GGG sample and reference crystals
set on the same ;eflection);then the rocking curve width
will be ~7" , thus small mismatches of 'VO.OOIX can be
detected. Similar measurements can be made as part of the
procedure for taking a topograph with Si (440) as the
reference although the k«; and ks separatiop can cause
problems. Rocking curves of the same sample but different
reference crystals are compared in fig.;3.2.1.'

The sample axis was calibrated for rotation per pulse .
applied to the motor using an optical lever arrangement.
This gave a rotation of 0.05" per pulse. Tﬁe rocking
curve measurements were made by recording the intensity
output on a chart recorder, for routine measurement. To
check the shape of the rocking curve the x-ray intensity
was obtained digitally and recorded by hand at every few
steps of rotation. The Aifference in lattice'parameter is

given by the expression:
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The average lattice parameter mismatch over the whole
film is found if the whole sample is illﬁminated. These
results can be misleading if the sample is bent,so the
size of the beam is reduced.v This allows measurement of
lattice parameter mismatch an.different points in the film
and may reveal the presence ¢gf several film layers of
slightly different lattice parameter.

A symmetrié‘reflection will give the change in lattice
parameter ﬁormal to the slice, Aa™. This can be related
to the free lattice parameter of the film if it is assumed
that the substrate is unstrained and the film is elasti-

cally strained.

1 vy 2 Aa+ |

oo _ iy

Da, = Aa (1% _p—l—p.' )
ik = Poisson's ratio

Asymmetric reflections will give a combination of the
change in orientation of the planes and the change in
spacing.(84) These can be separated by repeating the
experiment with the sample rotated 180° about the scatter-
ing vector, the diffracting planes being vertical, i.e.

parallel to 8, for each measurement.

3.2.2 Absolute lattice parameters

Standard Debye-Scherrer powder photographs were used
to obtain absolute lattice parameter measurements of sub-

strate material. The Straumanis film-setting and copper



k& radiation were used. Theg powdered samples were mixed
with gum tragacanth and water and rolled into small

cylinders. This is a destructive technique.:

3.3 Crystal Orientation

The crystal boules are required to be sliced on known
orientations. The crystal to be cut is mounted such fhat
its orientation can be adjusted relative to a cylinder. |
The cylinder is placed in a V-block near a collimated x-ray
Abeam. The tilt of the crystal is adjusted so thét the
required Bragg reflection((8 8 8) if a (111) slice is
required) is obtained for allApositions of the cylinder in
the V-block. This occurs when the required plane is per-
pendicular to the cylinder axis. A similar V-block is
mounted perpendicular to the saw blade. The slices caﬁ be
cut to an accuracy of 1' or better.

Approximate orientations are obtained using back-

reflection Laue photographs.

3.4 X-Ray Theory

3.4.1 Intensity of Bragg reflection

The dondition for diffraction of x-rays by a particular
set of crystal planes is given by Bragg's Law:"
where A is the x-ray wavelength
dyky is the interplanar spacing of
the planes (hkl)
2 0 is the angle the diffracted beam

makes to the incideﬁt beam



The intensity of the diffracted beam will depend on
the crystal structure but also on the perfection of the
crystal and the absorption of x-rays in the sample. The
effect of the atomic positions is given by the structure

f
actor Fhkl

ﬁml

ZHZ (fn cos 2% (hxn + ky_ + lzn))

n

for a centrosymmetric structure.

f is the atomic scattering factor which depends
on sin @ /9.

X
n’ Yn

R zﬁ is the position of the nth atom.
The summation is over the pairs of atoms related by the
centre of symmetry. The values of |F| in table 3.1.1
were calculated from this formula and analytical expressions
-t omi ; (85)

for the atomic scattering factor.

When a beam of monochromatic x-rays falls on an
absorbing material of thickness t, the transmitted intensity,

I, is related to the incident intensity, I, by the

relation:

I = I exp (- pt)

where p is a constant known as the linear

absorption coefficient. |
The reduction in intensity of the beam occurs because sone
of the x-ray beam is Compton scattered and‘some is trans-
formed into other types of radiation.

The values of p have been measured for most elements

and these values can be used to obtain p for any crystal.
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If the size of the unit cell and the contents of the cell "
are known then the formula below is used.

> (k) ' -
_ a’ cell .
o= o1 v Sum ove?iall atoms in cell

V 1is the volume of the cell

R is the atomic absorption coefficient.

The values of Mo for particulai wavelengths can be found

(86) Absorption increases

in the International Tables.
rapidly as the~wavelength of fhe'x-rays increases except
near an absorption edge. Values of p for GGG were given
in section 3.1.1. The contribution from the oxygen ions
was neglected since thié value was small compared with fhe'
uncertainty in the value of By for gadolinium.

In thin sampies where the absorption is 10& the
integrated.diffracted intensity from an imperfeét region
of crystal?Will be greater than for a peffect région._Thé
core of a dislocation can be considered as a'rod of
imperfect material embedded in a matrix of perfect crystal.
The image produced by diffraction from this cofe is known
as the direct image. An additionél image, the dynamical
image, ié formed under conditions of moderate absorption.
In a typical transmission experiment the angular diverg-
ence of the beam of x;rays is gréater tﬁan thelrange of
angles over whicﬁ'Bragg reflection occurs and x-ray energy
flows throughout the triangle bounded by the incident beam
direction and the diffracted beam direction drawn through

the position of incidence.



3.4.2 Images of dislocations

If a dislocation or other'imperfection is present this
will diffract energy which would otherwise flow into the
triangle bounded by the incident and diffracted beam
directions, apex at the dislocation, and form'a shadow,

(87),(88) Smaller distor-

lighter than the background.
tions away from the core of the dislocation will also cause
a redistribution of the beam energy between the forward and
diffracted components. If the absorption of x-rays is
high most of the energy flows in directions close to the
Bragg planes undér'conditi;ns of anomalous transmission,
A defect ﬁill diffract more energy into a direction aWay
from the Bragg planes and so this energy will be absorbed.
The image of the dislocation (the Borrmann image) is
lighter than the background and there is no shadow.

The direct image of the dislocation may not be a
single line. If the wavelength and reflection are chosen

to give a narrow perfect crystal rocking curve then the

direct image may appear double in a transmission topographgsg)

3.4.3 Determination of Burgers vectors

The Bu;gers.vector of a dislocation is determined, in
ideal cases, by finding reflectioné in which the
dislocation line becomes invisible. This determines the
Burgers vector since displacements in the crystal parallel.
to the reflectingAplane should produce ﬁo contrast.

The elastic strain around a straight disloéation is
summarised below for a puré screw and for a pure edge dis-

location in an elastically isotropic crystal;(go)



u, v and w are the x, y and z components of the displace-
ment of the material (x, y‘and élare rectangular
coordinates with the z axis along the dislocation line).
b is the modulus of ‘the Burgers vector, O is an angular
coordinate measured from the x-axi§ about the z-axis, r
is the distance from the z-axis in the x-y plane and y is

Poisson's ratio.

For a pure screw dislocation the discontinuity in dis-

placements has
Au = 0, Av = 0, Aw = b

and the di5p1a¢ements are

. b .06
u = 0, v = 0, w = 2ar
For a pure edge dislocation, Au = b, Av = 0, Aw = 0, and
_ b sin 28 |
u = 2_“_( O + =¥ )
_. =-b l1 - 2V . N cos 20
voe B (S e s S5

w = O
It can be seen that the components of displacement parallel

and normal to the dislocation are separable.

If b is the Burgers vector, 1 the line vector of the
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dislocation and g the normal to the Bragg planes then for
a screw dislocation the line will be invisible if g. b = O,
i.e. if the vector g is normal to the dislocation line.
Thus any reflection in the zone normal to 1 will cause the
dislocation to be invisible. Maximum contrast will be
obtained when g and gvare parallel or anti-parallel.

There are two components of displacement for an edge
dislocation. One.is parallel to the Burgers vector aﬁd
the other normal to. the slip plane. The condition g.b =0
is not sufficient for there to be zero contrast in the
image, g must aléo be normal td the displacement, v. Thus
g must be parallel or anti-parallel to 1 and there are
only two reflections for which the dislocation image will
vanish. Under févourableAcondifions the dislocation image

will almost vanish if g.b = O and g not parallel to 1.

3.4.4 Images of magnetic domains

Magnetic domains are visible in x-ray topographs due
to the magnetostrictive deformation of - the crystal(gl) and

have been observed by this method in terbium iron garnet -

(92),(93),(94) (95)

and in YIG. There should be no strain

between 180o domains and so these should not be visible for

any Bragg reflection, though weak contrast may occur.(gl)

3.5 - Optical Techniques

"3.5.1 Determination of film thickness

The interference between monochromatic light reflected
at the top and bottom surfaces of a film, the film/substrate

interface providing a reference flat, is a non-destructive
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method of determining variations in the thickness of the
film. Yellow light from a sodium vapour lamp was used 1in
the experimental arrangement shown in fig. 3.5.1. Dark
fringes corresponding to destructive interference will.
occur at intervals corresponding to a thickness change of
Ad where r A d = />\/2, r is the refractive index. Changes
in thickness are readily seen. Absolute val&es are more
difficult to obtain since the refractive index and phése
changes on reflection need to be known.

A method of obtaining an absolute thickness, though
by destroying part of the film, is by a ball penetrometer.
This is a steel ball, coated with abrasive, which is
rotated at high speed and brought into contact with the
sample for a Sufficient time for the hole formed to pene-
trate the film/substrate interface. When the hole is
viewed in the microscope two circles are seen, the larger
being the film sﬁrface. The thickness of the film,'h, may
be determined frbm the radii of these circles and of the

steel ball.

1
h = ﬁ' (1‘,2 - 1'22)

where R is the radius of the steel ball
r; is the radius at the film surface

r, is the radius at the substrate surface

3.5.2 Observation of strain

An isotropic, transparent material put between
crossed polarisers will allow no light to be transmitted.

A stress applied to the material will cause some
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anisotropy and.in general lighf will be transmitted,
except when either;of the optic’ axes is pa;allel to the
polariser or the.analyser. This property is used to
investigate macrostresses in the polariscope ;nd micro-
stresses, e.g. rouéd dislocations, in the.polérising
microscope.

Ihe po1ariscope consists of a light source, a
polariser and analyser which can be crossed and then ro-
tated together and two removeable quarter -wave plates.

With the quarter-wave plates removed and a white-
light source in ﬁse the stress pattern:observed will be of
black isoclinics,whidh are caontours of inclination of the
optic»axes parallel to polariser and analyser superimposed
on a background of coloured isochromatics. Rotating the
polariser and analyser moves the isoclinics. . The iso-
chrbmatics are éontours of equal retardation énd can be
observed wifhout the isoclinics by the addition of the
quarter-wave plétes which can be arranged to produce
circularly polarised light. A sodium vapour lamp can also
be used as light source. This method will determine the
location of the long-range strains.

An application of the‘photoelastic method to slices
of the substrate material means that short-range stresses
around dislocations can be dgtected using the polarising
microscope with the polars crossed. The confusions be-
tween isoclinics and isochromatics does'not.a:;se here
since the retardations are - small. Under suitable circum-
stances the edge component of Burgers vector for a dislo-

cation line normal to the slice can be determined from the




(96),(97),(98)  1pis

characteristi; 'rosette' pattern.
pattern deéends on the angle between the Burgers vector
and the direction of the polariser. The contours of equal
transmitted intensity are given in polar coordinates r

and Y/by:
r = K cds (2%) cos (?-p)

f is the angle between b and the polariser direction.
Long-range strains may distort the contrast but the
Burgers vector may still be determined. (99) Dislocations
with the line parallel to the surface of the slice may
also be observed but with much lower contrést. An‘edge
dislocation becomes invisible when either the polariser or
Analyser is parallel to the dislocation line, a screw dis-
location is invisible when the line is at.4$° to the

polariser.(gg)

- 3.5.3 Observation of magnetic domains
Domains where the magnetisation direction is normal,
or near normal, to the transparent slice may be observed

by the Faraday effect(loo) (101) (102),(103)

using the
polarising microscope. The plane of polarisation of a
‘beam of light is rotated by the magnetic field in the
domain. The sense of rotation depends on the direction of
magnetisation. The magnitude of the rotation depends on
the strength of the;field? i.e. on the composition of the
film, and on the thickness of the film. The polars are

set almost crossed. The maximum contrast between domains

occurs when the analyser is set to transmit no light from
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one set of domains. The polars can also be set to observe

the domain walls. An absorbing impurity such as lead will

reduce the domain contrast.
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4.1 Magnetic Theory

4.1.1 Static behaviour

For a plate of magnetic material ts supbort a cylin-
drical bubble domain there.mugt be uniaxial anisotropy,
an easy direction of magnetisation, normal to the surface.
The anisotropy field must also be greater than the satura-
tion magnetisation. .

Thiele(104)

gives a detailed theoréticalitreatment of
the stability of bubble domains in materials of low
coercivity. The analysis requires plates to-be of uniform
thickness, bubbles to be cylindrical and thé domain wall
width to bé negligible. This theory has been the basis for
the determination of magnetic bﬁbble film parameters by
measﬁrements.éﬁ étripe and Bubble démains and their
variation wifh applied field.(los)’(106) The:problem has,
been approached from a different view, from wﬁich the
physical situafionAis more readily appreciated, by O'Dell(z)
and approximétiohs‘fo Thiele's expressions have been ob-
tained(z)’(107) which afe more amenable to further analysis.
Except where otherwise stated, the expressioné given below
have been taken from O'Dell's book and numbered.accordingly.

The range of bias fields and bubble diameters over
which-the'bubble ié stable needs to be known and should be
cbntrollable. Thé forces acting on a domain,:and hence
its static properties, are discussed below.

.A straight stripe domain will havé an expanding force
due to its own field. Thié will be balanced by a con-

tracting force due to an applied field or other stripe
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domains. A bubble will have three forces acting on it. If
an externally applied field B, is directed along the axis

of a bubble domain, diameter D, and opposed to the magnet-
isation M, then there will be a force FO,.acting radially,

tending to contract the domain.

F, = = (- B,) (2Mh) (mD) . 2.13

The thickness of the film is h. There will be an expanding
force due to the field of the bubble domain

u M (2Mh) (D)
Fr = 2.25
T/K (D/h)

T/K is a constant ~O0.726.
Another contracting force is due to the domain wall energy.

If o is a constant energy per unit area of wall then,

F = -2Th o
w w

The force due to the field of the bubble and the force due
to the wall energy can be considered as coming from

applied fields B and B,

B 1
where u M - T +0.726 (b/h) 2.27
B - & -1
and % - _—w_(D/h) 2.35
. r M K MZh

The bubble will be in equilibrium if all the fields cancel

1 _ ( 9/poM?h) _ B )
1 +0.726 (D/h) (D/h) = oM -37




A quantity, A, known as the '‘characteristic length!' is

defined as

. — 2 .
o= o;v/pOM 2.38

As the applied fiéld is increased, a value BO will be
reached when the bubble is no longer stable and it will
collapse. This occurs at the maximum of the curve of
expression 2.37. Differentiafing with respect to D/h and

equating to zero,

0.726 . A\/h .= 0 5 40

[1 + 0.726 (Pcor/n)]>2 (Pcor/ny =

1
/.
D _ (A/h) 2 1
col/h = (0.726) V> (1-(0.726) 7, () V2) - 2.41
- T . . h

1 1
_Bcol/uom = 1 - (0.726)/2 (%)’G 2.42

A similar analysis can be applied to the runout field and

diameter.

P 1 | ' l~Lo : ““ro ]A ‘
d - = 1n - 1 - ——— 2.51
kR 1r | (—B ) E (u M)} ;

These expressions are plotted in figs. 4.1.1 and 4.1.2.
Measurement of the collapse and runout fields and bubble
diameters thus allows the deteimination of A/h and hence

the saturation magnetisation, Ko Ms'

The ratio A/h can also be determined from the period

of straight stripe domains 'in a minimum energy configura-

(105)

tion. The following expression is for period Py>

p' = Po/n:
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1y 2 1 -
%\: (p) i Z ;13_ [1 - o2 P’ (4, 2pnrr)J}‘
nodd . A '

. . . (106)
Numerical values of this expression have been plotted
in fig. 4.1.3.

When the value of the bias field is intermediate
between the collapse field and the runout field, the
diameter of the bubble will vary approximately linearly

with field.(108)

4.1.2  Bubble dynamics

From the previous section, the data can be used to
tailor a film composition and thickness for_which the bubble
is stable over the widest range of field. Dynamic proper-
ties of a bubble, in particular the bubble mobility, will
determine, to a large extent, the maximum data rate of.a
device. - ' : .

Sevefél methods have been devised,'originally‘fOI
orthoferrites, which are applicablé to garnets. The two
methods discusséd here are thé bubble céllapSe method(log)
and the tfanélation of a bubble in a pﬁise gfadient.(los)
Both methods assume that there is a constant term, “w’:
known as fhe.hobility of the dohain suéh that the veioéity
of movement of the wall, v =:QWB, is proportional to the
local field.: - |

In the bubble collapse mefhod a bubble doméin is set
up in a Bias.fiéid,-B, such that it has a stable diameter,

D, greater than the collapse diameter, DC If a pulsed

ol”’

field, AB, is applied in the same direction as B then the

bubble will collapse if the duration of the pulse, At, is
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long enough. Measurements are made of the diameters of the

bubbles D and of D and the amplitude and durations of

col
the pulses required just to produce collapse. The wall

mobility, B> Can be obtained from the simple expression,

D-D _; (109)

Hw = 2At AB

This is an approximation to a very complex system(107) but
is adeguate for large values of AB. Other solutions have
been fbund to yield the same equation.(167)

This type of‘experiment has limitations in that a
maximhm velocity of the domain wall may be reached as &IB
is increased. ThlS is due to instabilities developlng in
the motlon of the domain wall. (110),(111) Bubbles can,
however, be translated at velocities hlgher than the
collapse saturatlon ve1001t1es.

A bubble will move in a bias field éradient. The

velocity will depend on the changelin field, A_B, across

the dlameter of the bubble and is given by.

v = {AB—§AB

(108)"
e% ‘
This shows that the field gradlent must be above a certain
value in order to overcome the coerc1v1ty,AI3. If the

driving field gradient is a rectangular pulse of duration,

At, then the bubble will travel a distance,
= 1 - 8 At
* =2 My {}SB m ABc % At

The pulse field gradient is conveniently produced by
passing equal, parallel currents down small parallel wires

about 100 pum apart. At a point midway between the wires



there is no increase in bias field and the field gradient
is proportional to I, the current in each wire, and in-
versely proportional to the square of the separation of

(109) If the bubble is driven in the same

the Wires.
direction for a series of steps it is possible to find
average values of.uw and coercive field over a large area.
There can be a large variability in the distance moved per
pulse.(109)

A modificationrto this comparatively simple method of
producing a bias field gradient has been proposed(llz)
since as the bubble moves away fram the centre, it willi
move into abregion of»different biag field. This effect

is removed by applying a current to a second pair of con-
ductors such that the field thus produced will increase
linearly with time and be sufficient to cancel out the
change in bias. However, the large variation in displace-
ment per pulse means that the correction due to improvement

of the bias field is small compared to the scatter.(113)

4.1.3 Hard bubbles

Some bubbles may not move parallel to a field gradient
and have a lower mobility than other bubbles. They may
also collapse at high bias fields and thus are known as

(114) This behaviour is due to a complex

hard bubbles.
domain wall. The simplest type of wall is a simple Bloch.

wall.
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The rotation.shown may be termed right-handed, going from
the inside to the outside of the bubble. A left-handed
rotation should be equally possible. The domain wall
could be divided up into segments in which the magnetisa-
tion in the wall altered its direction of circulation.

The boundaries to the segments, Bloch lines, are very
narrow since the magnetisation is turning in a hard direc-

tion.

'2n = 2 segments

1

inis an integer,
The wall.structure cannot be observed using optical
or Bitter pattern techniques but has been observed using
Lorentz electron microscopy in the Fresnel (out-of-focus)
mode in materials such as cobalt(lls) and in magneto-
plumbite.(il6) This technique can determine the sense of
rotation of the magnetisation in the domaiﬁ wall and‘it'-
was faund in both these matgriéls that most of the bubbles
had the simplest domain walls with no Bloch lines. There
were approximately equal numkers of bubbles of each hand.
Bubbles containing two Bloch lines were also observed. The
behaviour of the bubbles with two segments should be

similar to that of the simplest form and should move

parallel to a bias field gradient. Only the bubbles with



2n >2 segments will cause trouble and these can be converted

to 2n = 2 by a two-layer film. (117)

4.1.4 Detection of defects

Defects in the film which are sufficient to impede
the motion of a bubble domain may be seen by Superimposing
an A.C. bias field on the D.C. bias field. This causes
the domains to move randomly, except where the domain is
pinned. A time average, i.e. a photograph, will show a
uniform grey where the sample is perfect but discrete
domains will be visible where there is.pinning.(lls) This
technique, after adjustment of the A.C. amplitude and D.C.
bias to give optimum display,. is fairly sensitive.(llg)
There are variations to this method which involve the dis-
tortion of the flow lines of a moving Stream of bubbles by
a defect(lzo)’(IZI) or the monitoring of the size and
shape of a single captive bubble scanned over the sampleglgz)

These techniques will show up gross pinning points

but will not show small variations in mobility.

4.2 Magnetic Apparatus
" T

The magnetic domains in thin garnét.films are visible
in pblarised light due to the Faraday effect. To make’
measurements on the static and dynamic properties. the
apparatus is built round a polarising microscope,.in.this
case a Leitz Ortholux microscope. In order to use as many
of the microscope facilities as possible, such-as a con-
denser lens to get more light through a thicker film, the

apparatus is required to be compact and conform to some of
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the dimensions of the microscope. The largest part of the
magnetic apparatus is the D.C. bias field coil and the
design of this determines the design of the other parts of

the apparatus.

4.2.1 D.C. bias fielq'coil

A uniform magnetic field is required‘perpendiculaf to
the sample plane and, ideally, this shbuld‘not depend too
critically on the position of the specimen relative to the
coils for reproducible results. A Helmhoitz paif of coils
was made since for a separation of the coils equal to the
radius of each coil there is a large volume of space over
which the field is uniform. The fiela for the Optimuﬁ
configuration is given by:

8 p_nI
B = o .
- " 5]5 a ‘

where n is the number of turns in each coil,
I is the current and
a is the radius of the coil.

The éample is placed in between the coils and so the
minimumAradius is determined by the diameter of the objec-
tive lens which must pass through one of the coils. The
field obtained from a given current depeﬁds on the numBer
of turns and inversely on the mean radius‘i To keep the
radius of the coil as smalllas possible thé nuﬁber of turns
was restricted to 150 in each coil. Tﬁé smaller bulk of
the coil also means that it can cool more éuickly and reach
a lower, stabler temperatufe than a single coil giving the

same field. The resistance of each coil made'of laquered
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S.W.G. 26 copper wire was 1.4f2. The turns of the coil
were glued and bound together and each coil was sandwiched
by two aluminium plates of much larger size than the coil,
thus acting as cooling fins and giving a large, flat,
working Surfaée. The mean diameter of the coil was such
that three microscope slides as spacers gave the correct
separation between the coils. A sample, resting on a
microscope élide, would thus have the film as néar as
possible to the centre of the coil assembly.’

The uniformity of the field was checked and calibrated
using a Hall probe and gausSmeter. The variation of field
in the plane of the coil at the working position varied by
less than Y% over the available area. Figure 4.2.1
compares the.variation of field along the axis of the
Helmholtz goii with a single'coil capable of producing a
similar field. The coil assembly is attached to the xX-y
stage of the microscope and positioned so that the |
objective lens will pass freely down the coil.

When a current of the order of one Amp pasées throﬁgh
a coil of even a few ohms resistance, there will be a rise
in temperature of the coil énd-therefore of the sample.
The temperature was monitored with a copper/constantan

thermocouple placed alongside the sample position.

4.2.2 A.C. / pulse field coil

A small coil, SR resistanée, 5mm diameter, underneath
the sample microscope slide is‘used to supply the A.C.
bias field, in conjunction Qith a D.C. bias, which will

'scramble' serpentine domains to create bubbles or reveal
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pinning points. This coil can also be used for bubble
collapse measurement of mobility. This was not entirely
satisfactory since the inductance of the coil was rather

high and the square pulse became distorted.

4.2.3 Bubble translat;on

The pulsed field gradient required for bubble trans-
lation experiments can be obtained by passing parallel
currents through two thin, straight, parallel wires. The
. field normal to the plane of the wires, separation 2a, at
a distance, X, from the centre line, is given by:

1) . ,
.ol X X
B = oy mmxr ¢ T

which is approximately linear if x is small compared to a.
This function is plotted in fig. 4.2.2;‘ X can be up to 30%
of a and the deviation from linearity is still less than
10%. . |

Two 25 pm thick gold wires were wound over a micro-
scope slidegsuch that the wires were taut and separated
by ~150 pm. To prevenf the glass from cutting the gold
wires and to enable good electrical contact to be made to
thé wires the gold wires were wound over thick copper
wires which run along fhe two edges of the microscope slide
and are held secureiy by adhesive tapeL When the gold
wires were positioned they were stuck down to the glass
slide with 'Durafix' adhesive diluted with amyl acetate.
The electrical contact between the gold and copper wirés
was reinforced by a small drop of high conductivity paint.

This is illustrated in fig. 4.2.3.

1
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The slide with the gold wires is placed in the field
coil assembly and the sample is placed face down such that
the film is in contact with the gold wireé wﬁiéh are in
the microscope field of view. The position of the sample
can be altered if necessary. The mofion of the bubbles .is
viewed fhrough the polished back of the substrate. The
complete coil arrangement is shown in:fig. 4.2.4 and fig.

4.2.5 shows the optical and electrical scheme.

4.3 Measurements and Methods

Distances a Bubble moves, bubble diameters and stripe
domain widths are measured in the microscope using a Leitz
micrometer eyepieée'which is calibrated for the optical
system using a standard scale. The following qQuantities
were meaéured: ’

i) film thickness

ii) zero field strip width

iii) bubble diameter versus field,

iv) minimum stripe width

v) runout field and bubble diameter
vi) collapse field .and bubble diameter’
vii) pinning in A.C. field

viii) bubble mobility

The intrinsic length and saturation magnetisation may be

determined from the static properties.

Results of measurements on bubble films grown by the author
. . ) . .
are given in Chapter 7. _ - S o
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5.1 Preparation'of Surface

The photolithographic techniques employed in the fab-
rication of devices require the surface to be.flat since
the scale of the device, with.é'bar width of'?VQum, needs
a very high resolution. The réquirement for flatness can
be relaxed a littie for this examination of the magnetic’
properties of films. The characteristics, advantages and
disadvantages of three techniques for the preparation of

damage-~free surfaces are discussed below.

5.1.1 Poiishing

The amount and depth of damage to a crystal will
depend on the size and hardness of the abrasive used and
whether it is fixed or free. A free abrasive will produée
less damage since it will roll on the poliéhinéilap and
thus can carry less load. |

The ideal polishing procedure will use progressivély
finer grades of particlé, each grade rémoving the damége
from the.previous grade: Saw damage can bevfémoved by
successi&ely finer gradés oleoose carborundum powder méde
into a slurry with eithér water or diaﬁond lubricant. The
diamond lubricant was less volatile andireduced clogging.
A final grade of 800 carborundum pbwder'wili leave a
damaged layer about 10 gm in depth. At this étage a
polishiné medium on a soft pad, thé grinding uées a brass
lap, should be used but there are many media from which to
choose. Diamond paste and alumina powder polish quickly

and are well-known from metallography. These will produce



Lang reflection

(16 16 16) Mo K_

Damage produced by

%/Am diamond paste.

Fioure 5,1,1

- Lang
reflection

o (8 8 8)

Cu Kl

Facets

s rowth
bands

Polished by G/Am diamond paste, Polished by 'Syton',

Figure 5,1,2




éurfaces th#t appear free of sétatches under optical
examination. However, x-ray tobography shows that even
for Y, pm diamond paste there are écratches present. The
étrains from these scratches mask the defect structure of
the crystal, fig. 5.1.1 and, as will be_shown in phaptér
6, are sufficient to affect the growth ;f an épitaxial
film.

Coiloidal silica can be obtained with particle sizes
of 0;03 pm diSpersea in an aqueous solution (Syton by
Monsanto). Care must be taken that larger particles do
not form due to rise in température or pH. Any large
particles‘presént ihitially can be removed by filtration.
Self—adhesive}pads'canhot be used since Syton will dis-,
solve the adhesive.j:CIOths Sf nylon fabric are difficult
tocﬂamp-and‘tehd to wear rapidly if the cloth becomes
‘wrinkled. Polyprop&lene pads Weré.the most useful and
easier to ﬁse with therraised rimvof the iap necessary to
ietaih‘the Syton since.the pad could be waxed to the lap
if nééessafy. Fiéure 5.1.2 showé‘a sampleioriéinally
polishea 6ﬁ 6 pm.diamohd.which Qa&e what appeared to be a
good surface. It was then tapéprolished on Syton with
no iﬁtermediate.polishing. The initial and final states
can be compared and the improvement in ‘the surface quality
is selffevident and' the underlying defect structure be-

comes visible.

5.1.2 ’ Etchigg

The damaged layer produced by the sawing process or

the thin Beilby layer left after Syton polishing can be



removed by dissolving the surface of the crystal_in a
suitable solvent. Garnets are fairly inert but Will dis-
solve in hot orthophosphoric acid at a reasonable rate(73) (74)

The phosphoric acid is held at ~s300 °c for a polishing
etch although this does not produce a smooth surface if
the sample rs erohed for a rime much longer than a minute.
The sanple-is supported by a piatinum or Teflon cage and
should be‘Pre-heated if possiole to avoid thermal shock.
The surface damage is removed but there is a danger of
cracklng the sllce, partlcularly if large internal stresses
are present. |

| Phosphoric acid at a 1oner temberature, ~160°C, may
be used asia selective,etch to reveal scratches and
dislocatrons (74) Concentrated sulphurlc acid at 110°cC
will also reveal scratches. |

Other solvents such as nolten PbO/B;O3'or-molten

V205 were trled but these were slow and the flux was
retalned on the crystal surface, partlcularly in the case
of V205: and was very difficult to remove.

Etch pOllShlng is less sultable than'mechanlcal
pollshlng for the productlon of a flat surface. The
selective etch, ~/30 sec in phosphorlc acid at 160°C,
will give a cheok on:theefficacy of the mechanical polish-
ing procedure but will not affect the overall surface
flatness in that short time. Thls will also remove the

Beilby layer of polishing debris which would otherwise

dissolve in the flux during L.P.E. film growth.



5.1.3 Homoepitaxy

Liquid phase epitaxy can be used to grow a thin film

of GGG on a GGG substrate;(123)

If the temperature of the
melt is initially above the saturation temperature a sub-
strate lowered into the melt will dissolve slowly. Lower-
ing the melt temperature below saturation will cause a
thin film of GGG to grow on the substrate. This process
will produce a smooth, damage-free surface on a platelet
even from the as-sawn state but the surface will not be
particularly flat. To . produce a flatter surface there
would need to be an initial lapping stage. The effect of
defects ié the‘éame as for the LPE magnetic films dis- |
cussed in chapter 6. Scratches have been removed if the
initial dissolution stage has been employed. Without this
stage there is little advantage in this method except

that a very clean surface is produced. This can be taken
advantage of by growing the magnetic layer immediately
after the GGG layer has been grown.

Garnet grown by a flux method has a different lattice
parameter from that grown by the Czochralski method.(so)-
The lattice parameter difference in the direction normal
to the film was measured using the double crystal
diffractometer for seven films of GGG and one film of
GGG with some dysprosium substituted for the gadolinium.
The lattice parameter of the film was less than that of
the substrate for all these samples. The values are

given below:



Sample Film Composition ) Aa‘Lr K
R19B 1 GGG o 0.0088
E19 | GGG 0.0025
E1l1l ' GGG . 0.0058
R22B | | GGG | 0.0095 -
E10 ' GGG 0.0055
Uco GGG ’ 0.007
E9 _ S i GGG 0.0082
R24A . . Dy :GGG o 0.0140

5.2 - Inclusions

During the Czochralski growth of GGG one of the com-
ponents of the melt, Ga,0;, is liable to decompose and
react to form lower oxides and oxygen. The suboxide may

precipitate. in the melt(56)

and the oxygen will react with
the iridium of tbe crucible to produce Ir O, in solution.
This will react with Gap0 to form Ga,0; and a precipitate
of iridium at the crystal interface.(lzé)'

Precipitates of the suboxides have not been observed
here but opaque inclusions of iridium, triangular or hex-
agonal in shape,  have been seen occasionally. An optical
micrograph of a sample containing a particularly high
concentration of iridium iﬂclusions is shown in fig. 5.2.1.
The size of the inclusions ranges from 1 pum or smaller;Ato
30 pm. The largest number visible were triangular in shape
and of about 2 pum in size. In this particular crystal the

conditions leading to formation of the inclusions must have

been fluctuating as the distribution of inclusions was not
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uniform. High concentretions of smali parficles occurred
in bands pefpendicular to the growth direction with, be-
tween the bands, a few;.largef inclusions.

Inclusions formed in the melt, or swept.from the
crucibie surface,‘and fhen incorporated info the growing
crystal are likely to be oriented rendomly. If the in-
clusions form at the crystal/melt 1nterface some preferred
orientation with respect to the parent.crystal might be
eXpected."Iridium metal has the cubic close-packed'
structure. The photographs show that the planes of the
iridium plates ‘are parallel to the {lll} growth plane of
the GGG crystal | A very few of the larger 1nc1u51ons hade
the plane of the plate in some othervorientetion.

The histogram of fig. 5.2.2 ShéWS‘%he results of
measurements of the angle an edge of the 1nc1u31on made
with a (110D dlrectlon in the plane of the sllce. The
measurements were made on a fairly small number, 85, of
the inclgsions. The very small inclusions were difficult
to measure and se are ender—represented in the distri-
bution. | |

There would be a unifoim distribution if the
inclusiens were oriented randomly. The histogfam indicates
that some of the inclueions have a erystallographic
relation to the GGG cfystal buf others, and these werer
mainly the 1argerbinclusiens, were oriented randomly.
Iridium particles formed at the interface ma& be incor-
perated immediately into the parent crystal and thus lie
in a particular crystallographic orientation. Some small

Ir particles may be swept off the interface by strong.
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convéction cdirehts or high rotation rgfes or be.produced
by eroéion of the cr&cible. Th?se nuclei now in'the melt
but near to'the intetface will-be able to grow to a
larger size before being incorporated in the growing
crystal. Tﬁe’plate—like shape of the inclusion would
make it more liable to lie flat along the solid)liquid
interface if if is not to be sWept off again;

There was little or no strain around these inclusions
as observed by optical means unlike some which have been

observed by other authors.(127)’(128)

5.3 Growth Bands

Smalllfluctuations in the temperétﬁre of the melf‘
are difficult to avoid during cfystal gfowth. " These
fluctuations wiil cause small variations in the composi-
tion éf the crystal and thus cause small variations in
the lattice parameter. These fiﬁctuations may be observed
by x-ray topbgraphy and have been induced b§'known temper -~
afure flucfuations for a flpx-grown cryétal.(lzg) If
these variations are extremé they may betobservéd using
polarised light but in general the variations ére small.

The shape of the solid/liquid interfacejiésdétermined

from|the shape of a lamella of a particulai compdéition‘if
it is‘known that this band runs completely across the
crystal. Adjacent lamellae are slighfly'different in_
composition and are stacked up approximately normal to

(130),(131)

the growth direction? If the

crystal is cut normal to the growth direction the effect
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of non—planarity of the interface will give rise to a
whorl-like pattern in a topograph. -Once the interface
shape has become established it will tend to continue
throughout the crystal growth, as can be seen in fig.j5.3.l.
This compares topographs of two slices from the same boule,
the whorl-pattern is similar in each. Thus it seems
reasonable that the whorl pattern reflects the shape of
the solid/liquid interface and the banding can be con-
sidered as contour lines if no dissolution ‘and regrowth of
the crystal has occurred. 1In fig. 5.3.1 the crystal inter-
face contained a saddle point. If the surface were
syﬁmetrically curved about the rotation axis the whorl
pattern would be in the form of concentric circles, as in
fig. 5.1.2. A flat surface, not normal to the growth
direction, would have parallel, straight, equally spaced
bands.f-

| The curvature of the lamellae can be seen directiy by
cuttihg thé crystal parallel to the growth direction which
is approximately normal to the planes of the lamellae.

This curvature is shown in fig. 5.3.2a, which is a trans-
mission topograph of a thin sample and  shows half the dia-
meter of the boule]. The centre of thevboule is marked. The
lamellae can be seen to extend right across the. crystal inA
a smooth curve. There are scratches and dislocations,
which will be discussed in section 5.6, also visible in the
‘topograph. There are slight variations in the periodicity
and x-ray contrast in the growth bands. The average
periodicity of the striae for this crystal-is 55 pm,

another crystal had a periodicity of 38 um in the growth

’
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direction. Unfortunately, the information on growth rates
and rotation rates of the crystal is unavailable. Compari-

(130) would

son with tﬁe data in the paper by Belt and Moss
indicate that the fluctuations producing the composition
change last for the order of 40 seconds, while the time for
one rotation is approximately two seconds. The detailed
temperature fluctuafions are likely to vary from one
crystal growing system to another.. In oﬁe particular case
the growth band pattern indicated two superimposéd
composition fluctuations of different periodicity. The
Lang reflection fopograph 6f fig. 5.1.2~shows broad band
variations. A double crystal topograph of the same sample,
a small area of which is shown in fig.‘5.3.3, shows, with
its greater sensitivity, smaller fluctuations‘superimposed
on the broad bands with six times the frequency.

As one lamella grows on another it is not free to take
up its unstrained lattice parametef. In direétions para-
liel to the planes of‘thé lamellae a lamella éf smaller
lattice parameter than its neiéhbour_will be under a
tensile stress since the tehdency is for 511 lamellae
to have the same lattice paraméter in di;ections in the
plane. The lamellée can expand orfcontraét freely in the
growth direction. AThe lattice parémetef differences will
be increased over the free valﬁes By”a proportion depend-
ing on Poisson's ratio. A topograph taken with the Bragg
planeé-normal to the growth axis will thus show a high -
contrast and a topograph with the Bragg planes parallel

to the growth axis will show very low contrast. This is

seen by comparing figs. 5.3.2a and 5.3.2b. In (a) the
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bands are clearly visible while they are almost invisible
in (b). This feaiure will be seen as an incidental part
of many later topographs, particularly transmission topo-
graphs.

Nﬁmeriéai values of the changes in lattice parameter
may be obtained from double crystal topographs, section
3.1. Transmission topographs are less amenable to
numerical analysis since the width of the rocking curve
depends largely on the width of the collimating slits. The
optical density of an irradiated plate is proportional to
the x-ray intensity up to optical densities of about two
and this limit is not reached in the plates used he;e.v A
Joyce-Loebl microdensitometer was used to measure the
optical density across a topograph. The minimum effective
beam siée obtainable in this instrument is ~50 pm and so
topographs of only one sample, which had broad bands
0.4 mm across in the (111) siice;could be used.

Doﬁble crystal topographs of ‘one slice, using four
different sets of planes, were measured across the same
region. The same features were fecognisable in each
microdensitometer trace. Figure 5.3.4. shows one of these
traces and compares it with the relevant stfip‘of topo-
graph. The contrast and therefore the measured %? should
decrease as the reflegting plane makes a greater angle
with the plane of the slice. The greatest angle it was
found possible to use for a topograph was 35.3° for {1103
planes and this reflection should give a maximum reduction

§4

in =3 of 20% from the value measured for (111) planes.

The value of %? is very dependent on knowing the position
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on the rocking curve at which the topograph was taken. This
position is known to + 10% ahd.the level corresponding to
this value must be determined on the microdensitometer
trace. The following: table 5.3.1 gives the average values
of %? for these reflections and the maximum value of'%g
between neighbouring growth bands. The black/white con-

trast was the same for all of the topographs.

Reflection Dir" of g Angle of plane %g §Qaﬂé§

- : to (111)
8 8 8 - o 1.0x107 5% 1.9x1_075
8 6 4 | A 152 1.2x1075 3.0#10‘5=
12 4 4 » 29.4° B x10~ ¢ 1.8x107 3
8 80 )

.35.3 1.3x1073 3.4x107°

TABLE 5.3.1

The effect of rotations of the atomic planes have been
ignored and the'dilatations alone considered. A con-
strained dilation will, in fact, produce some small rota-
tions since the crystal is no longer cubic. In this case
the rotations will be exceedingly small. and produce a
negligible effect on the intensity comparéd with the %?
effect.

The change in as measured here corresponds to a

6d

d
o

maximum change in lattice parameter of O.0002A. If the

growth bands were flat and'parallel to the slice then the

variation in lattice parameter across the slice could be

reduced still further, although there still would be somé



variation from slice to slice.

This particular sample was also measured using the
Zebra pattern technique. Figure 5.3.5 shows the two
horizontal stripes photographed at an angular separation
of 48". The waviness of the lines corresponds to fluctua-
tions of léttice parameter, measured from this photograph,
of %? =2+ 1x 1075, which confirms the value obtained
by microdensitometry.

These lattice parameter variations are below those
which can_be'detected easily by powder methods which gives
a = 12.382 + O;Odl for GGG. Similar lattice parameter
variations tolthose found here have been found by Belt

(130)

and Moss and related to composition variations as.

found by electron beam x-ray microanalyser.

5.4 Coring and Faceting

Ihe.nétural habit planes for garnet crystals are the
slow growth planes {211} and {110} . During Czochralski
growth of garnets af low rotation rates the solid/liquid
interface is convex towards the melt. If the interface
becomes parallel to one of these habit planes the inter-
face will flatten locally into a facet which produces a
strained region of crystal of slightly different lattice
parameter. The extent of the facet depends on the curva-

ture of the crystal interface since a flat, horizontal
(132)

interface may be obtained by increasing the rate of

interface will not allow fabats to form. A flatter]

rotation of the crystal. The angular relations between

the facet planes are shown in the stereogram in fig. 5.4.1.
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A smoothly curved crystal interfaée‘will give a
curved grthh band pattern. Faceting will give straight,
parallel bands within the facet. The typé of facet can-
be detérmined by measuring the spacing of these bands.(133)
Facets of §211% and {110}'type form and give a hexagonal
morphology to [lli} axis crystals by the formation of six
{211} facets parallel to the growth axis. If the faceting
occurs in the centre of the crystal it is known as a core;
if it occurs towards the edge then it is known as a facet.

Strain is associated with the core since the slow
growth planeé grow having a slightly different lattice

parameter. Cockayne et a1(133)

postulate a change in
oxygen segregation since an effect of the same magnitude
is observed in Czochralski-grown yttrium aluminium garnet.
The strain produced at the bouhdary between core and
matrix can bé observed using polarised light, as shown in
fig. 5.4.2. Details 6f the core and ifs growth band
structuré’caﬁ be seen by reflection topography in fig.
5.4.3. Photograph (a) shows thé other two lobes of the
core in the éame boﬁlé as that shown in fig. 5.4.2.
Phdtograph (B) shows a complete slice across a small
boule. The dore occupies a large part of the crystal and
shows the expected 3-fold symmetry. Comparison with the
stereog}am suggests thét the centre trgfoil is 6f {2113
facets, the others are {110;.}

Double crystal topography gives the value of the
change in lattice parameter in the core. An exffa peak
in the rocking curve due to the core(l34) was not found.

l
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The proportion of cored material was comparitively small
and the x-ray wavelengths not. long enough to give'sufficient
resolution. Changes in contrast of the following type
were observed. For a topograph taken on the high 6 éide
of the rocking curve the intensity from the core and an
edge facet ‘was less than the matrix which indicates that
the lattice parameter in faceted regions is greater than
in the matrix. There 1is also a difference between 52113
and illo} facets. The central {21ﬁ facets show a greater
decrease in intensity for this symmetric reflection than
the 51103 edge facet. The material of the {211 facet
therefore has a larger lattice parameter than for £110%
‘facets. Similarly,‘the intensify from the core is greater’
than that from the matrix if the topograph is set-on the
low 9 .side of the ‘rocking curve.

- The contiast_across the core or edge facet, figs.
5.4.4 and 5.3.3,- is not uniform, indicating either that
the composition is not uniform in the core or that theré
is a bending outwards of the atomic planes at the boundary.
The change in contrast gives a value for the change in
lattice parametexr of 0.0012._ Transmission topographs‘show
that the contrast is less for reflections with the diffrac-
tion vector normal to the growth direction than for a
reflection at some  other angle, fig. 5.4.5. The core Will
be constrained by the matrix and, by symmetry, can relax
only at the surface in the growth direction. Examination
of slices taken parallel to the growth direction through
the core would be useful, but such a sample was not avail-

able.
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The‘facets can be kept'small and gt‘the edge of the
crystal by flattening the crystal/melt interface thrdugh
high rotation rates during growth. If necessary, the
strain from these facets can be removed by grinding off
the outer surface of the crystal.

Most of the samples examined contained edge facets
at least. The one crystal which did not show facets had

a ground surface.

5.5 ‘ Strained Rim

The growth bandé shown in fig. 5.3.2(a) are almost
flat except for a}small region near the edge. There they
curve steeply and:indicate the direction of growth‘sinCe
the cfystalkis likely to be convex tqwards the melt at
the periphery. An outer ring ofvthis fype was'observed
oniy in this crystal. It extended righf roﬁnd the crystal
and is very highly strained. This strain is shown in
fig; 5.5.1 by sodium isochromaticslin the circﬁlar polar-
iscope. 'The'photograph is taken down the axis of the .
boule which is three centimetres in diameter and about
eight centimetres long. The outer rim of width 2-3 mm is
highly strained as can be seen from the sharp, closely
spaced isochromatics. The crystal in the large central
region’is almost unstrained as there are ver& few broad,
diffuse, low-order isochromatics even in this thick block.

This type of strain would occur if the material of
the rim were of a different lattice parameter from the

bulk. A smaller lattice parameter in the rim is indicated
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by the presence of a crack in part of the boule at one
end. This crack extends from the surface and runs normal
to one of the 'flats' from a point midway along the 'flat?
where‘the rim is at its thinnest to the internal boundary
of tﬁe rim where it stops. Slices cut from tﬁis boule
were susceptible to thermal shock and cracks would
initiate from a similar point.

A rim which is in tension and the bulk which is in
compression is also indicated by the contrast in x-ray
topographs. Different conditions of melt composition,
thermal distribution or melt flow may have combined to
produce a region of crystal more nearly stoichiometric
than the bulk of the:crystal(}3o) and thus.of-a lower
lattice parameter.

The compressive strain in the centre of the boule

could. be removed by grinding off the whole of the rim.

5.6. : Dislocations

The defects in the crystals whiéh have been considered
so far have all produced only elastic distortions. Dis-
locations are line defects which occur when there is a
discontinuity in the crystal lattice and result in a
plastic distortion. Dislocations were observed by etch-
ing, x-ray topography and stress birefringence and were
found in most of the crystai boules which were examined.
The densities of dislocations varied between less than
10 lines/cm® to about 3000 -lines/cm” and often appeared

in'bunches' rather than being uniformly distributed. There
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is also a Iafge Variation in'type of dislocat;on.

A dislocation cannot just stop inside a crystal but
it can be ferminated by interaqtion with another dis-
location, an inclusion or.the sﬁrface of‘thé crystal.‘Thus
any dislocations in the seed crystal for Czéchralski |
growth; dr fofmed at thé seeding-on positidn, will
propagate into the growing crystal. A dislocation line
at a large-angle to the growth direction should eventually
reach the side surface and terminate there. Only those
dislocations with theii line approximately pa?allel to the
growth axis will grow for a large distance in.the crystal.
Such dislocations-are seen in fig. 5.3.2. .Topogfapﬁs |
taken of severai (111) sliceé from the one boule show that
the pattern of dislocations will persist althPugh there
may be some slighf relative movement if the déslocatién
lines do not run:exactly down the growth direétion.

The cored sémples‘shown in figs. 5.4 have few, if
any, disloqations. The samples of figs. 5.3;1.aﬁd 5.3.2
are core-free but have a high density of dislocations. It
would appear that a core iﬁ &4 sample blocks the propaga-
tion of dislocations down theléxis of the boule and
'sweeps' them out to the side. This property has been
used(54) fo produce dislocation- and core-free boules by
first growing a cored sample af low rotgtion rate to
remove the dislocations and then increasiné the rotation
rate to flatten the solid/liquid interface and remove the
core. Crystals produced recently have been féund to be

both core- and dislocation-free.
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Careful examination of fig. 5.3.2 reveais the presence
of two distinct types of dislocation The dislocations
near the edge by the rim are stralght and run almost along
the [lll] direction. Nearer the centre of the boule there
are many dlslocatlon llnes which appear wavy or as short,
straight lines stacked up like plates along the growth
direction. These are dislocations in which the line takes
the form of a helix and will be discussed in subsection

5.6.2.

5.6.1". Stralght 11ne dislocations

The stralght dislocations occurring in two samples -
will be discussed. The sample shown in flg. 5.3.2, sample
II, has already been mentioned. The sample of figs. 5.6.1 and
5.3.1, sample I, contains only srraight dislocations which
are seen end-on in the tOpdgraphs. The boule from which
these:slices came was rather small and so no longitudinal

slice was available for study.

Samgle i

Figure 5.6.1 is a transmission topograph of a thin
(111) slice and shows a large number of point—like.images
which occur in bunches and arrays. Each memﬁer of a
particular group, e.g. group A, has the same type of con-
trast which may be dlfferent from that in a nelghbourlng
group, e.g. group B. This shows that the p01nt defects
are dislocations with each group consisting of dlslocatlons
of a partlcular Burgers vector. Groups of inclusions
would all have the same image with a line of zero contrast

normal to the diffraction' vector. Confirmation . of this
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can be obtained bf etch pit and polarised light studies on
a thicker slice. |

If a dislocation line runs through a slice then an
etch pit should form at each end of the dislocation where
it intersects the surface. Birefringence should allow.
the dislocation line to be seen in polarised light; Figure
5.6.2 shows a sequence of photographs of etch pits on the
two surfaces and the dislocation line. The straight lines
of low contrast are the result of residual polishing
damage. A double exposure hqde without any movement of
the crystal superimposes the etch pit patterns of the top
and bottom surfaces. Certain features such as the long
line of etch pits can readily be identified on both sur-
faces. The angle the dislocation line makes with the growth
direction can be determined if the thickness of the slice
is known. The angle the dislocation makes varies from 3°
to 13°, with most of them at an angle of 6-7° as in this
figure. The dislocation lines lie on no particular crystal-
lographic direction apart from being close to [111].
These dislocations must have a large edge component since
they are visible both in the topograph and in polarised
light. Unfortunately, the inclination of the dislocation
lines of ~7° is too large to use the stress birefringence
pattern to determine Burgers vectors(97) except in a few
isolated cases where the edge component of b lies in the
¢110> directions. Most dislocations are probably of mixed
type as they are also visible in double crystal or Lang
reflection topographs, see fig. 5.6.3,'With the diffrac-

tion vector parallel to [111]}.
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This Boule was not cylindrical in shape but increased
from a diaméter of 13 mm neaf'the-seed end to a maximum -
diameter of 25.mm a distance 21 mm away. Dislocations, if
they are nucleated on the seed, will thus !fan-out' along
the length of the boule and not lie along the [111] axis.
A slice taken at the smallest diameter was examined. The
dislocations in fig. 5.6.1 are fairly evenly distribufed
over the region shown. An area with a similar distribution
was found in the seed and slice and this is shown in the
fig. 5.6.4(a) but there are also some areas of high strain
where the dislécatiohs occur in 'bunches‘; fig. 5.6.4(b).
These areas are visible in the topographs of fig. 5.6.5
where the highly strained regions look like images of
inclusions. The dislocation lines in each'bﬁnch are in-
clined_by a 1argelangie'of 10° or more ‘to the [111] direc-
tion:and appear to radiate from a common point in each |
bunch, although this point is not contained within this
slice. This sample contains a few large inclusions of
iridium but the strain field around these is very low and
none was identified as being associated with one of the
regions of high'strain. These dislocations probably were
initiated at the seed/crystal boundary or in a region of
much higher inclusion densi%y. No inclusiqns were observed

in slices from the wide end of the boule,

Samgle 2

The straight dislocations running almost parallel to
the [111] growth direction in the region of high disloca-

tion density are ideally suited to examination by polarised
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light in a s}ice cut normal to the growth difection.

Figure 5.6.6 shows two photographs 6f the dislocations

with the polar parallel and ét 45° to the Burgers vector
directién. Thevcrystallographic directions of the sample
are marked.' The dislocations all have a large edge com-
ponent and appear to be‘all of the same type and of the same
size. This ié likely to occur if the dislocafions are
taking up the misfit between the rim, éubsection 5.5, and
the bulk of the crystal. The direction of the Burgers
vector lies in the [110)zone, fig. 5.6.7 describes the
arrangement of axes,Aand is likely to be one of 1[150],
i[li; or 11:001]. The growth direction [lill is excluded
from this list even though it lies in fhe zone since such

a dislocation would bé pure screw and thus should not show
up by optical means. '

Of the three dislocation types given anVe the £111)
type is the most probable since this dislocatioﬁ has the
smallest energy, Ia/z 4111}( 2L |a <1Qo)| 2L la <110>_j2,
and is the closest to a pure edge dislocation which would
be best abie to relieve the misfit stresses. On these
grounds the (110>'type Burgers vector would bg the least
likely. This hypothesis can be tested by x—r#y methods
although the high density of dislocatipns means that in
even a thin slice:there.is overlap between the dislocation
images. |

Table 5.6.1 gives the angle between the various
diffraction vectors used in the series of topographs and

the possible Burgers vector directions. The cases for



Burgers

Vector ™ 501 100 . 010 110 o011 - 101 1Io 101 o1T  1II 111 1T 171
Reflection

T1T 55 55 55 90 90 90 35 35 35 71 71 71 0
312 58 37 75 68 79 79 41 19 55 72 5277 90 22
111 55 55- 55 90 90 90 35 35 35 71 71 71" 0:
132 58 75 . 37 68~ 79 79 41 55 19 72 90 52 22
101 45 45. 90. 60 60 O 60 9 60 35 90 35. 90
011 45 90 45 60 0 60 60 60 20 35 35 90 90
T10 20 45 45 90 60 60 0 60 60 3. 90" 90 - 35
101 45 45 90 60 60 9 60 0. 60 920 35. 90 35"
011 45- . . 90 45 60 % 60 60 60 0 920 90 35 35"
321 75 37 58" 19- 55 68 - 79 41 79 90 22 52, 72
110 %0 45. 45 0 60 €0 90 60 60 90 35 35" 90
311 72 25 72 31 65 65 65 31 90 80 30 50 59

TABLE 5.6.1

Angles between the diffraction vectors and possible Burgers vectors
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which g and b would be at 900, and thu§ the image contrast
low, are marked. Since the dislocations are neither pure
edge nor puie screw there willlbe no reflection for which
there is a complete absence of contrast. The situation is
further complicated by the presence of growth bands which
suppress the dynamical image of the dislocatioﬁ in the
cases where the growth band contrast is strqng. In other
reflections the growth band contrast is weak and the
dynamical 'shadow' image is present.

Figure 5.6.8 shows a series of tobographs of a small
region of crystal near the rim. Consultation of table
5.6.1 indicates that the Burgers vector of the rim dislo-

cations is + 3y [EJJJ . The sign of the dislocation is

2
not yet detefmined. Since the rim is of smaller lattice
parameter than the bulk the sketch below shows the neéessary

arrangement of the edge components of the dislocation which

will relieve some of the stresses.

In the interior of the crystal the net stress should
be low and there- should be less restriction on the type and
sign of the dislocations. Towards the centre of the érystal

the straight-line dislocations run less exactly parallel to
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the growth direétion and so are not suitable for optical
analysis. Many.of the short line segments are part of
helical dislocations. In most places the dislocation'den—
sity is high and the images overlap. Figure 5.6.9 shows an
area of comparatively low dislocation density. Disloca-
tions of different types, a/2 £111> and a {110) are observed
and indicated in the figure. These are similar to those

found by Glass.(135)

5.6.2  Helical dislocations

Dislocations have been observed in many materials in
which the dislocation line, instead of being straight or-
only slightly curved, takes the form of a helix. These

have been observed by electron microscopy in

(136) ,(137),(138) -

metals. The diameter of these helices is

o}
very small at ~1500A. Larger helices have been found by

l(139)

decoratlon technlques in Ca F, and Na C where the

dlameter 1s 40 pm and by x-ray topography in sapphlre (140)
These dislocations have a dlameter of ~50 pm. The studies
by electron diffraction and x-ray topography determined
the Burgers vectors of the ﬁelices and found them to 1lie
parallel to the axes of the helices.

Helical dislocations have been observed in GGG by

optical means ( 141),(142) (143), (144)

and by x-rays. These
dislocations were ~200 pum in diameter, which is much
larger than those in the other materials mentioned.
Helical dislocations were found in two of the crystals
examined in this study, saﬁples IX and IXII. The helices,

could be divided into two types.(145)
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The helices in this sample'run almbst exactly aléng
the growth direction and some can be traced over a distance
of about one centimetre. If the helix is of a similar type
to those mentioned above the Burgers vector should lie
parallel to the helix axis and to the growth direction,
tli%]. Thus topographs with diffraction vector (111)
should show maximum contrast whereas reflections (101),
(011) and (110} should show zero ér minimum contrast.
These topographs are shown in fig; 5.6.10. Other reflec-
tions give contrast intermediate between these extremes.
All of the helices behave in the same way anq so they all
have Burgers vector a/2 ElTlJ.

The image of the helices is simple and some of them
show complete furns in the sample, which is 160 pm thick.
The diameter of these helices is ~120 pm, Which is comp-
a;able to thosg observed by other authors. Thé pitch to
diameter ratioiis approximately one and constant over the
length visible.l.Neighbourihg helices have different
pitches. The (lOI) and (011) reflections should show very
léw contrast.siﬁce g is perpendicular to b ahd veiy nearly
parallel to most of the dislocation iine except where the
line runs normal to the‘(llo) slice. Slighfly higher con-
trast is visible at these poiﬁts. A (110) ieflection used
in the (iil)‘slice, fig. 5.6.11, has g-perpéndicular to b
but the dislocation line, which here will appear approxi-
 mately as a circle, will only be parallel to the diffrac-
tion vector at two points. Zero contrast occurs only at

these points.
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Figure 5,6,11
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A helical dislocation may also be obser?ed in a (ilo)
slice using double crystal topography. Figure 5.6.12 is>a
topograph taken with the diffraction vector normal to the
Burgers vector of the helix. The dislocétion_line is
visible for the reasons discussed above. The helices can
be seen just grazing the surface where they emerge at the
tpointed' end. Complete turns of the helix can be seen
but as the dislocation moves deeper only the part of the
dislocétion'iine.nearer the surface can be seen due to the
limited penetration of the x-rays. Even though only seg-
ments of the line can be seen, it confirms the long distance
over- which helices.will persist. The weak dislocation: .
‘image means that any other strain associatéd with the
dislocation will not be masked in the topograph. F%gure
5.6.12 showé thaf there is é ;tﬁbe' of strained material
with the helix running round the surface of the tube. The.
sense of the,éontrast change indicates a very slightly
smaller latticé parameter perpendicular to the growth

direction.

Sample III

A set éf polisﬂed slices, 14 mm diameter and 1 mm
thick from one boule was received. These siiceé contained
a small number of very 1arge helical dlslocatlons. A
double crystal topograph of one such slice is shown in
fig. 5.6.13. About 40 large circular defects are visible,
each of which has a diameter of ~700 pum, which is five
times greater than the diaﬁeter of the helices observed in

the previous sample. Also visible are an approximately
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equal number of defects which appear as a line equal to
the radius of the circles with a 'head' at one end. These
'tadpoleé' will be discussed in detail later.

Since fhis sample was received ready-sliced and the
slices in an unknown order, Ehe defects cén only be traced
directly ‘over a distance of 1 mm,.i.e. within one slice.
The defect distribution can be compared in different
slices. If the defects are propagated right through the
crystal then it should be possible to identify particular'
groups of defeqts in each slice. ”

Figure 5.6.i3 compares topographs of the two sides of
the one slice. One of fhe topographs has been printed'in
reverse so that a direct comparison of the distribution of
the defects may be made. The>circu1ar defects run right
through the crystal and thus are likely to.be helical dis-
locations. The helix marked A is only just visible in (a)
but appeafs aé a‘complete circle in (b). Since the depth
in the crystal at Which detail of defects is'visible is, '
at most, 100 #m then it would appear that thé pitch éf the
helix caﬁ vary-over very short distances. The black/white
contrast around the circle is‘the same in both»photqgraphs
but the black wedge-shaped régions in the interior of the
circles havé moved, bﬁt the edges of the wedges still
appear to lie_along particular crystallographic directions,
i.e. £110 directions. N

Information on Qariations in lattice parameter or
rotatibn of the crystal élanes can be obtained by observing
changes in the image of the helix and wedge as the crystal

is rotated about the diffraction vector or as the position
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on the rocking curve is changed. Figure 5.6.14 shows a set
of reflections, each set on the high 8 and then the low o
side of the rocking curve. }The contrast of the wedge de-
pends solely on the position on the rocking éurve and does
not depend on the orientation of the slice. The wedge
shows dark when set on the high @ side of the peak and
light when set on the low 8 side. The lattice parameter
of the.material of the wedée region is smaller than that
of the surroundings.

The contrast round the circular part of the defect
corresponds to a bending of the crystal planes since the
pattern does not rotate with the sample but remains fixedl
to the diffraction vector. The sense of the contrast
corresponds to a curving outward of the diffracting planes
at the crystai surface. This implies a larger lattice
parameter along the axis of the helix.

Such large helices can be'Observed by polarised
light;(l4l)’(l42) ‘A group of helices 1is shown in
fig. 5.6.15. "Only the circle is visible in the image;
there is no contrast from the wedge which thus must 1lie
approximately parallel to the plane of the slice. The
contrast of the dislocation line becomes zero at the four
points where the dislocation is approximately parallel and
perpendicular to the polariser. As the sample is rotated
the pattern stays fixed with respect to the polariser
direction. A Burgers vector must stay constant along a
dislocation line and so the dislocation must be almost
?ure edge with the Burgers vegctor parallel to the growth

direction and to the axistof the helix for the contrast to



%

Double crystal Cu Ka

1l mm

Fiqure 5,6,14




Dislocations vieswed by polarised light,

'

Polars

Etch pits 'Tadpoles!

500 fm

Fiqure 5,6,15




5.6 | 97

behave in this way.(gg)

The structure of the wedgé;type contrast and the
Burgers vector of the helix were investigated fﬁrther by
transmission Lang topography of a different slice from the
same crystal. This slice was fhinned.to 150 pm and was
found to contain at 1east:one turn of most of the helices,
as can be seen from fig. 5.6.16 Which is set in the same
orientation as tﬁe slice in fig. 5.6.13. Thé same groups
of helices can be idéntified ih each slice. The image of
the dislocation line appeérs double. This‘could.be because
there is a pair of'dislocations forming the helix but they
would have to be well-separated for them to be resolved in
this projeétion. A doubling of a dislocation image will
occur fbr short wavelengths and high order reflectipns.(sg)
The wedges which were visible in the doublé crystalltopo-
grapﬁs appearwhere typically as six 'rays' along the £1107
directions in the planebof the slice. This is somewhat

different from the ray system observed by Stacy(l43)

where
the rays>e2tended in all directions.

If the BurgersAvector of the helix is along the growth
direction, the topographs taken with the diffraction Qector
normal,td this direction sﬁoqld give low contrast in the.
dislocation line and zero contrast when the iine is parallel
to the diffractionAvéctdr. - Figure 5.6.17 shows the series
of {8 00}, {8 80} and {12 4 4} type reflections possible
on this slice. The §8 8 O} symmetric reflections do indeed
give zero contrast where the dislocation line is parallel

to g and this is linked to the diffraction vector not the

crystal. Such a break in the image of the dislocation is
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not observed for the other two reflection types and so
this confirms the Burgers vector as axial. The disloca-
tion line does not appear completely smooth and circular.
There are 'flats' along the {211> directions in the plane
of the slice (or nodes in 110> directions).

The rays also show variations in contrast, depending
on the type of reflection. When the ray is parallel to the
diffraction vector or its projection there is zero contrast
in the image. A helicoidal fault surface in the form of a
helical staircase with steps evefy 60° would give rise to
this type of image. A model of such a surface is shown in
fig. 5.6.18. The helical dislocation is marked on the
outer edge. ‘If the fault surface were a stacking fault or
twin boundary there would have to be a similar dislocation
bounding the surface along the axis of the helix. There
is no evidence for a dislocation of this type. A thin
layer of impurity or precipitate associated with the
helical dislocation would not require aﬁ inner bounding
dislocation; such a layer has been suggested.(143)

This fault surface may be investigated more fully by
preparing a thin slice of (110) orientation which contains
part of a helix. Such a slice, 80 pm thick, was prepared
which went almost through the centres of two interlocking
helices. Since the thickness of the slice is 80 pm, and
the diameters of the helices ~ 700 um, the short segments
of dislocation line run almost perpendicular to the (110)
surface. The lines visible in the series of topdgraphs in
fig. 5.6.19 are the section through the helicoidal surface.

Figure 5.6.20 shows the same sample viewed by polarised
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light. 1In this orientation the helical dislocation should
appear as a row of edge dislocations with the dislocation
line running normal to the plane of the slice and the
Burgers vector parallel to the rows. The dislocation
images in the x-ray and optical cases show complex images
which are very much larger than those previously observed.
The image would be complicated if the dislocation line
were. decorated by impurity atoms, particularly if the
magnitude of the Burgers vector were n%, [11;] with n:>1
or there were a very close bundle of dislocations. Some
of the x-ray images look similar to those obtained from .
inclusions.: |

The topographs show an apparent double fault surface.
This is. not a diffraction effect as this is also seen
optically when the line is at 45° to the polariser direc-
tion. The contrast is zero when parallel or perpendicular.
In the topographs the contrast from the surface is at a
minimum when the line is parallel to the diffraction vector.
A 'sandwich' of impurity atoms would have its fault vector
parallel to the growth direction and since this layer has
a smaller lattice parameter than the matrix, as determined
previously, this layer is likely to be gallium-rich,
gadolinium-poor. Analysis by electron beam x-ray micro-
analysis on .this sample did not find any change in the
gallium to:gadolinium ratio over that dué to. growth banding
in the region containing the fault surface, but there‘was
a very slight increase in the Ga/Gd ratio at the dislocation.

Before considering reasons why a dislocation of this
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type shodld.form, the defects which appear as.a?straight
line in fig. 5.6.13 will be examined more closely. A
particular éroup of these is shown for various double
crystal and tranSmiseion topograbhs in fig. 5.6.21. Many
similarities'with the helices are immediately apparent.
The lengths ofAthe lines, which run in {110 directions,
are approximately equal to the radius of the helices.
There is a dislocation at only one end as shown by x-ray
and etch-pit studies. Figure 5.6.22 compares the etch-pit
diétribution, meaeured using the vernier x-y stage of a
microseope with the defect distributien obtained by a
topographuof the same sample.and corrected for distortiohs.
There 1is only one etch plt per 'tadpole' and there is a
one-to-one correSpondence between the p031t10n of the etch
p1t and the head of the’ tadpole. It is 1nterest1ng to note
that no etch plts were formed at the shallow intersection
of the helical dislocation with the surface.

ihe 'tail' is a planar fault surface,-simiiar to that
in the heiix; which does not run exactl& parallel to the
growth‘direcfieh. This can be seen from the relative move-
ment of the defects from slice to slice. The double tail
image and fhe variation of tﬁe spacing with orientation of
the diffraction vector will give the planevof fhe fault if
it is assumed that the two images come from the top and
bottom surfaces of the'crystal. This gives {lll} as the
plane of the fault. |

The dlslocatlon would appear to have a large edge.
component as it is readily visible in polarised light.

Unfortunately, a thin (110) slice was not obtained
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containing one of these dislocations and so a direct
determination of the Burgers vector was not possible. The
51m11ar1ty of the images would suggest that the Burgers
vectors were all of the same magnitude. The images in the
symmetric {8 8 O} reflections are small and most of the
- images in the donble crystal topographs are small, which
would Suggest the-<111> directions not parallel to the
growth axis as 1ike1y Burgers vectors.

Only screw dislocations will form a helix if there is
a supersaturation of point defects and‘in forming a helix
the line Will become mostly pure edge.“ If the Bnrgers
vector 1s large then there will be a 1arge compre551ve
stress on the extra half plane and a tens11e stress near
the core of the dislocation. The hollow region at the edge
of the half-plane is a site for oversize impurity atoms.
The stress on the extra half plane can be’ relieved by
housing an excess of small atoms there. In this case this
can be achieved by hou31ng an excess of gallium on the
half plane and eJecting gadolinium to the surrounding
matrix. This also relieves stresses at the dislocation
core. The greater the strength of the dislocation the
more favourabievthis replacement by galiium will be and the
greater the distance over which this will take place. Thus
if initialiy all dislocations had the 1ines parallel to the
growth direction and had all possible Burgers vectors of
the <111>’type then the left-handed and right-handed screw
dislocations would climb into right- and left-handed helices

in the presence of point defects. The mixed dislocations,



already having a large edge cémponent, would be unable to
climb and so would propagate as straight lines. In both.

cases stressfrelief occurs with the fault surface.

5.7 Other Substrate Materials
- A éloser match between the lattice parameter of Ga:YIG

films and the substrate material may be Qbfained by sub-
stituting'dy5prosium for some of the gadolinium in GGG.
Onelboule, of nominal compositiqn Dy. Gd, Gag 612, waé
received which had a lattice paramefer as determined by
powder methods of 12.341 + 0.001 R. This confirms the
compoéition of the boule if it is assumed that the lattice
parameter varies linearly with‘composition between the
limits of GGG at a = 12.383 & and Dy GG at 12.320 A.(°°)

Mixed rare-earth'gallium garnets are mdre difficult to
grow than those of a single rare earth due to the dangerof
interface breakdown due to constitutional supércooling if
the growthffate becomes too high. This is reflected in the
imperfections in the crystal boule. This boule was subject
to stresses sufficient to form a large crack in the interior
of the crystal which runs through the centre parallel to
the growth direction. The plane of the crack was close to
(1107 and is seen in fig. 5.7.1 surrounded by a'very high
density of dislocations. Thg outerx regionxis fairly good
and shows growth bands. The defects are shown more
clearly in the transmission topograph of-approximately
half of the slice in fig. 5.7.2.

Rare-earths are difficult to purify free of other

rare-earths. This difficulty is compounded if a mixed



Dysprosium gadolinium gallium garnet,

Scratch Crack Dislocations Growth bands

Lang reflection (16 16 16) Mo Kx 1 mm

Fiqure 5,7,1

Dislocations Crowth bands
Lang (4 4 4) o Ka 1 mm
r c -
Figure 5,7,2
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rare-earth garnet is required, particularly if one of the
rare-earths 1is less commonly used. Figure 5.7.3 shows the
identification of the elements present using x-ray energy
determination (EDAX). There is substantial contamination
by other rare-earths. This does not matter if the lattice
parameter is that required. Reproducibility becomes more
difficult since different batches of raw materials are

likely to have different amounts of impurity.

'

;WinclusiOn parallel to the growth interface were found to produce

'Conclusions | |

The folIOW1ng defects were found to have been formed during
the growth of GGG

‘1. Triangular plates of iridium metal with the plane of‘thé:

fflittle strain. Some matching of crystallographic-orientation-With'

[

- the host material was indicated;

.. 2. -Elastic distortions due to composition variations were

*{meter ‘Aaq= 0.0002 X), core and/or facets in most crystals

‘ﬁ(Aa. 0. .001 X) and a strained rim in one crystal.

' '3:-"Plastic distortions, i.e. dislocations, were found in

‘all but one crystal. The main type of Burgers vector, b, was

. and for dislocations of mixed type were approximately straight.

“The dislocations with b parallel to the growth direction had the

' found. One was of diameter ~100 pm, the other with diameter .
: ~700 pm. - The larger helix had a helicoidal fault surface of
ﬁ:impurityiassociated with it. The mixed dislocations in this:d'

sample also had a plane of impurity attached.

e - P A U S R — e e _____I_____.‘__ S S S N P,
. 3

i

i

PR

:jfound.in growth bands in all crystals (variation in lattice para- -

% (111). The dislocation lines were ¢lose to the growth direction

"dislocation line in the form of a helix. Two types of helix'were:'

it
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6.1 Defects Formed During Growth

This section considers the defects formed in an
epitaxial garnet film as a consequence of the growth pro-
cess and particular growth conditions. Similar classes of
defect occur in films grown by both liquid phase epitaxy
(LPE) and chemical vapour deposition (CVD) but may differ
in detail and severity. The main types of defect considered
_are variation in thickness, variation in composition,
inclusions, cracks and dislocations. Section 6.2 investi-
gates the effect of defects, in the substrate, on the

epitaxial film.

6.1.1 Variation in thickness
a) . LPE films
i) . Effect of methods supporting the substrate

The substrate must be held in, or on the surface of,
the melt and rotated during growth of the film. The growth

(59),(60) and. if there 1is a

rate depends on temperature
variation in the temperature of the substrate across the
slice then there will be corresponding variations in thick-
ness. The vacuum chuck method of supporting the substrate
involves a large mass of platinum, a good thermal conductor,
in coﬁtact with the substrate. The platinum tube is-about.
5 cm long and so the top of the tube is in a colder region
of the furnace than the sample end and thus will act as a
heat sink. This effect will be accentuated if insufficient

pre-heating time had been allowed and if the temperature

drop up the furnace had not been minimised by a system of
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baffles.

An annular region of thicker film in the céntré of the
sample will be pfoduced-and the thickness contours can Be
seen by optical interference in fig. 6.1.1. A film of
uniform thickness is required. A thicker region occurring
in the centre of the film is troublesome and may introduce
some extra strain.:  If it is ﬁot possible to remove this
ring by improved thermal gradient and pre-heating the
thicker region may be removed by polishing, bgt>this ihtro-
duces an unwantéd extra step.

Another méthod of supporting the slice is by small,
platinum claws gripping the edge of the sgbstrate. If the
'platinum wire is sufficiently massive then there may‘be
similar problems of chilliﬁg as found with the vacuum-
Cchuck. The claws protrude over the surface of the subsfrate
which has several effects on the growing film. Immedi#fely
under_the'claw there will be a region wheré the growth‘df
the film is very reéstricted, if it can grow at all. The.
sample will be rotated so in the lee of the claws theré
will be less frquent renewal of the melt material. If
the rotation rate is too high there may be»asbreakdown'of_
the flow pattern in the melt at the claws thus giving
different rates of growth. |

The strain produced in the region of the claws is
seen in the topographs of fig. 6.1.2. One §f them, (a),
shows strain which is exceptiénally large, the other shows
a more usual amount which is éonfined to the region close
to the edge. This effect would become less troublesome

as the size of the substrate increased. This means'that



-ty

Thickness variation in L,P,E, viewed by optical interferenc

>amples supported by vacuum chuck during the growth of the film,




1

Topographs of strain in L,.P,E, films which were supported by claws

during the growth of the film,

Double crystal (8 6 4) Cu Ka Position of claus
| .
) 4 m
e




the edge of the substrate cannot be used for devices but,
since this region is also subject to handling damage,- there

¢

is little extra loss.

ii) ‘Retention of flux

Some of the molten flux, containing_garnét in solution,
is retained on the surface of the slice in droplet form as
the sample is withdrawn from ﬁhe melt.  If these drops of
flux are not removed the material in them will solidify to
produce a thicker layer of gérnet covered by a skin of

lead-rich oxide.(l46)’(l47)

This oxide skin can be dissolved
off by solvents such as glacigi acetic acid.. A garnet film
with thicker regions approximate}y circular in shape 1is
left. These thickér regions, known as 'mesas' produce
strain at the bounda;y between the thin and thick regions,
as seen by the black/white contrast in the topograph in
fig. 6.1.3. |

The fetained flux can be.removed, or.at least confined
to tﬁe edge of the sample by spinning the horizontally
mounted samples very rapidly just after-they‘have been
withdrawn from the melt. Vertically mounted samples should
drain the flux off the surface though there is likely to be
a drop retained at the bottom. For either method to be
successful there should not be too steep a témperature
gradient above the melt. There should be time for the flux
to be spun off before it cools too much and the flux becomes

viscous.



Strain at 'mesa' in an L,P,E, film,

Lang reflection (16 16 16) Mo Ka Mesa
1 mm
Figure 6,1,3

Stress relief by faceting in an L,P,E, film.

Lang reflection (16 16 16) Mo Ka 5 mm

Figure 6,1,4
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1ii) Faceting

One sample only was grownlwith‘abfilm of lattice
parameter considerably greater than that éf the substrate.
The stress bent the sample sufficiently to show éeparate
bands diffracted by k«; and kas in a Lang reflection
topograph, the sense of which confirms that the film was
of larger lattice parémeter. Stress relief was obtained
to a certain extent by'the phenoménon known as 'faceting'.
Instead of smooth epitaxial growth the surface consists of
a large number of approximately triangular.hillocks which
form by rapid growth around a dislocation but slower growth
over the dislocation jitself. Several authors give a figure
of 0.018 X as the maximum amount the lattice parameter of
thg film can exceed that of the substrate without faceting

(60),(148) The existence of a smooth region in

3
)

_'the midst of the faceted region, see fig. 6.1.4, shows
A .

\ ' : : :
that this particular film was just on the limit. The film

was td@ thick to measure the lattice parameter mismatch

1

\dfgeétly. The faceted region diffracts strongly, except
where péfts of the film are shadowed by the hillocks and

so this is an epitaxial layer, not a collection of ran-

r oriented crystallites.
N .

doml

b) \ CVD films

With fﬂg CVD system there is an asymmetry imposed by
the ditectioq'of gas flow over the slice. Ideally, there
should bé smoéth gas flow across the slice and a uniform
reaction rate\?t all parts of the gas stream. The presence

of edges tb the substrate will disrupt the gas flow, -



Thickness variation in C,V.D., films viewed by optical interference.

Direction of gas flow 1 cm

Figure 6,1,5

Pendell8sung fringes in a reflection topograph of a thin film,

Double crystal (8 8 8) Cu Ka 1 mm

Same sample and orientation as in fig.6.1,5c

Figure 6.,1,.6
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particﬁlarly if the substrate is not recessed into a sample
holder. These changes in flow will produce corresponding

changes in thickness.(70)

Figure 6.1.5 shows examples of
the éontours of variation in thickness seen by interference
in monochromatic light. Thé direction of gas flow is
marked in each case. Tilting the specimens in the holder,
as shown in the schematic diagram of the CVD furnace, fig.
'2.7.2, produced an improvement in the uniformity of thick-
ness as did using larger, more reguiarly shaped samples.
-In thin films the Qar;ation in thickness near the edge
of the sample can be seen in double crystal topographsnas

(149) These can only be

Pendelldsung interference fringes.
seen if the crystal is both thin and perfect. Figure 6.1.6
shows part of one of the samples seen in fig. 6.1.5. The

x-ray and optical interference fringes may be compared.

6.1.2 Variations in composition
"a) LPE films |
| The variation within a slice is considered here.
Variations in composition from slice to slice as a meit
becomes depleted, tgoughvof undoubted importanée for a
pfbduction ruh,(lso) will not be considered in‘detail here.
As Wwith substrate materials, the purity of the starting
materials to form the meit is important. Non-reproducible
impurities will produce uncontrolled changes in lattice
parémeter which is required to be a close match to that of
the substrate. Table 6.1.1 gives the values of Aal as
determined from double crystal rocking curves for different

melt batches.



Melt

20.2.73.

23.2.73.

1.3.73.

3.5.73.

26.6.74.

6.4.73.

22.5.73.

22.8.73.

23.8.73.

Film Compn

YIG

YIG

YIG

spec pure
YIG

spec pure

YIG

spec pure

- GGG

GGG

Dy :GGG

Grbwgh Tenp

C

899
912

896

970

905
896

892

930

200
900

900

977

970

1020
1025

1030

1000

1000

TABLE 6.1.1

No of growth
run

17

18

110

A aX_LI

0.012
0.014

0.015
0.021

0.005
0.014

0.012

0.0025

0.0075

0.0047
0.005
0.0047
0.005
0.006

0.009

0.0082

0.0055

0.0058
0.0025

0.0009
0.0088

0.0140



|03 counts Elemental identification by X-ray energy determination, EDAX,
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Figure 6.1.7 shows the EDAX analysis of a film of nominél
composition, Eu, Er;, GO.7 Fe,.3 0,2, grown on a GGG
substrate. There is evidence of rare earth impurity. The
gadolinium may be a signal from the substrate but this
would be accompanied by gallium signal. There is also a
peak showing the presence of lead in the film, a fact which
is hardly surprising since ~90% by weight of the melt is
lead oxide. The amount of lead incorporated in the film
has been found to increase as the growth rate increases

(60) , (65)

and as the growth temperature decreases. The

lead composition varies through the film.(;SI)’(lsz)

To minimise the lead content in the films high
growth temperatures and slow growth rates are needed. The
growth conditions must also be kept constant if a film of
a single lattice parameter is required. .Double crystal
rocking curves have revealed the presence of accidentaliy
produced double film layers iﬁ some samples, see fig; 6.1.8.
The thicker the film is required to be the more important
such control begomes if multiple layers in the film are
to be avoided.

Film growth at lower temperatures and at an effective
rotation rate of zero occurs in the mesas at the end Qf the
growth cycle. The double crystal topograph in fig. 6.1.9
shows a mesa and the chillgd region under the vacuum
chuck giving slightly lighter contrast. The topograph was
taken on the high e Qide of the rocking curve and so the
lighter contrast corresponds to regions of slightly larger

lattice parameter. Thus there is a variation in the
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Topograph of L,P,E, film,

Mesa Chilled region under Helical Tadpoles
vacuum chuck dislocations
Double crystal (8 8 8) Cu Ka 1 mm

Figure 6,1,9
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composition of the film across the chilled region and the
possibility of a double, lead-rich film forming at the

mesa.

b) CVD films

Films of pure YIG and Ga: YIG were grown by chemical
vapour deposition. As for ,LPE films, the composition of
the film will depend on any impurities in the starting
materials. _High purity reactants were used throughout and
so this point will not be considered further.

A single iayer film is required which is uniform in
composition throughout its area. A similar problem to
that of thickness‘variation along the gas flow direction
occurs for compoéitién variations, as can be seen in

table 6.1.2.

Sample AdL Aa*' % Difference
Upstream Downstrean
R3C 0.0173 0.0179 + 3.4
NO . 0.0188 0.0187 - 0.5
UC10 0.0195 0.020 + 2.6
B9 0.0154 . 0.0141 - 8.4
B1O 0.0101 0.0112  +10.9
A1l 0.0160 : 0.0165 .+ 3.1

" TABLE 6.1.2

Lattice parameter mismatch measurements were made using a
 small x-ray beam at two points in the sample corresponding
to positions upstream and downstream relative to the

~centre of the sample. The change in lattice parameter mis-



Lattice parameter mismatch versus the HCl gas flow over the Ga metal

10'2 Léttice‘parametqr
mismatch Qdal §

HC1l Flom_rate

ml/min

Fiqure 6.1.10
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match of up to 10% over a distance of, at most, one
centimefre reflects a similar cﬁange in galliqm content.
The samples with a large variation in lattice parameter

of the film also had a fairly large variation in thickness.
Positioﬁ in the gas stream and the amount éf tilt are also
important since there is also a large variation in the
lattice parameters of the films grown in the same run. The
brackets in table 6.1.2 indicate which samples were grown
together. Conditions of growth which produced a film of
uniform thickness qlsé give uniform composition.

The amount of gallium available to re;ct énd hénce_
the amount of'gallium incorporated in the érowing film
will depend on the rate of fléw of the HCl carrier gas.
The graph,'fig. 6f1.10, shows the lattice parameter mis-
match, Aa%ﬂlmeasuxedAin 47 samples of Ga;YIG‘vérsus the
HC1l gas floﬁ ratg. The'genergl trend is for the‘lattiée
parameter gismatch, and hence the gallium contént, to
increase as tbe HC1l flow rate increases. There is con-
siderabie variation in gallium content for a particular
measured flow rate. These variations are measured on
different samples but may occur within one film. In the
long growth timesuof about 1 hour required for a 5 um
film the flow conditions may change sufficiently to pro-
duce multiple layers of different composition in the film.
Figure 6.1.11 shows a rocking curve of one such film and
the several layers are clearly resolved.

Table 6.1.3 gives the lattice parameters and number
of layers found in!CVD films. Where several peaks are

indicated all values of lattice parameter are listed and



TABLE 6.1.3

Lattice Parameter Mismatch in CVD Films

Sample Date of Number of Composition Ga HC1 Thickness Cracks
C growth layers. in .- ' flow rate pm X
film ml/min
B4 27.9.73 1 YIG 0] 0.0105 -No
B Y, 11.9.73 E YIG o 0.0047 No
0.0040
0.0030
R10B 25.8.73 2 Ga:YIG 4.5 - 4.7 0.0237 Yes
0.0228
R19C - 16.8.73 1 Ga:YIG 3.5 4.8 -0.0220 No
R12B 20.8.73 2 Ga:YIG 3.5 5.9 0.0245 Yes
: 0.0230
\
¥4 16.8.73 1 Ga:YIG 3.5: 5.7 0.0216 . No
R8C 14.8.73 1 -Ga:YIG 3.5 5.6 0.0213 Yes
R7B 14.8.73 2 Ga:YIG 3.5 0.0237 Yes
0.0227
"E4 "10.8.73 3 Ga:YIG 3.5 3.4 0.0198 No
0.0224 <
1 0.0236
R18A °8.8.73 8 Ga:YIG 3.5 3.6 0.0215 Yes
0.0145
A7 10.8.73 3 Ga:YIG 3.5 7.1 0.0217 Yes
‘ 0.0193
0.0165

Y11



R4B

R3C

. A26

R10C

P7

R9B .

B1l9

PO

- UC9

uc3

~ ROA

E20

R3C

B9

3.8.73: -

26.6.73
2.8.73

27.3.73
29.3.73
12.3.73

23.8.73

23.8.73

20.7.73

..5.10.73

~25.8.73

26.7.73

26.7.73

21.6.73

Ga:YIG
Ga:YIG
Ga:YIG
Ga:YIG
Ga:YIG
Ga:YIG

Ga:YIG

Ga:YIG

Ga:YIG

YIG
Ga:YIG
Ga:YIG
Ga:YIG

Ga;YIG

TABLE 6.1.3

(continued)

3.5

8.4->4.4

6.4-54.0

5.2

0.0042
0.0047

- 0.0187

0.0177

0.0169
0.0154

0.0484

0.0362

0.0358
0.0354

- :0.02859

0.0256
0.0250

0.0263
0.0250

0.0191
0.0053

0.0228

..0.0193

0.0176

- .0.0148

No

No

+Yes
Yes
“Yes

“Yes

Yes

No

"No

Yes
No
Yes

No

CTT



B10O
No
All

UC10

-ROA

R16A

~ R19A

R20A

R4C

R18C

R20B

N9

21.6.73

22.6.73

21.6.73

22.6.73

-11.5.73

13.5.73

13.5.73

11.5.73"

-17.4.73

17.4.73

23.4.73

26.3.73

Ga:YIG

Ga:YIG

Ga:YIG

Ga:YIG

Ga:YIG

Ga:YIG

Ga:YIG

Ga:YIG

Ga:YIG
Ga:YIG
Ga:YIG

Ga:YIG

TABLE 6.1.3

(continued)

3.0
3.6-2.1

5.5-3.3

6.62.6

10.84.1

7.2->8.3

2.5 2.8

- 11 = 17

"9 4.4

.0108
.0116

.0129

.0153

.0188

.0162

.0174

.0196
.02545

.0232
.0248

.0259

O Ol0oO0O0 O O O O 0OPOoOo

© O O O 000

.0275
.02439
.0174
.0195
0211
.012
017
012

.038

No

No

No

< No
-No

Thick
side

Thick
side

Thick
side
No

Yes

- Yes

oOTT



R258B

R14A
R8A
B19
B20
R3A

R3B

26.3.73

27.3.73
5.3.73

30.1.73
30.1.73
26.2.73

26.2.73

Ga:YIG

Ga:YIG
Ga:YIG
Ga:YIG
Ga:YIG
Ga:YIG

Ga:YIG

TABLE 6.1.3
(continued)

20
15
12

10

2.9 1.5
3.7 1.4
8.3 5.5
1.1
1.2
1.2
3.7 2.1

© O O o o o

.042

.040

.013

.078

.075

.055

.0346

Thick
side

Yes
Yes
Yes
Yes
Yes

Yes

LTT
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that of the dominant peak is underlined. Evidently, the
gas flow meters were not sufficiently sensitive to detect
small changes in flow rate. Changes in the arrangement of
the furnace and any leaks wouyld produce long term changes.
Note that the sample B'Y,, which is supposedly of pure YIG,
has three discrete layers in the film. This suggests
contamination from deposits on the walls of the furnace.
The early films had very broad rocking curves. Later
films had narrow rocking curves which indicates a general

improvement in the qQuality of the films with time.

6.1.3 - Inclusions

a). LPE films

The composition of the mélt should be chosen to pro-
duce garnet as the primary phase. After several growth
runs the composition .of the melt will change. .If there is
a reduction in the PbO content by evaporation, or in Fe;0,
by depletion, then the melt will approach the:garnet/
orthoferrite phase boundary. This increases the possibility
of formation of orthoferrite crystals. These will form
readily if the temperature of the melt is more than 5°
below saturation temperature in the orthoferrite region,
or if there are sites for crystal nucleation such as dust
or particles from the furnace lining. These small ortho-
ferrite crystals float on the surface of the melt and will
be incorporated into the growing film, particularly with
the vacuum chuck method of support. Some of these
inclusions are seen in fig. 6.1.12. These crystals are

only loosely attached to ‘the film and may fall out,



In¢clusions

Lang reflection topograph of film
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leaving a crystal-shaped hole in the filﬁ., The topograph
(b) of the same crystal shows that the crystallites do not
diffract and so are not related to the substrate. They
have affected the film by making the area of film
immediately rouna the inclusiqn much thinner, thus the sub-
strate reflection immediately by the inclusion shows
stronger since the absorption is less. The crystailite was
picked up from the beginning of growth and has upset the
flow pattern of liquid over the surface of the rotating
sample, as can be seen in the 'trails'.of topograph of

fig. 6.1.12(c).

b) | , ”CVD films

Phases other than garnet are produced at'different
points. in the gas stream. The region immediately prior to
the garnet freld produces orthoferrite. _If small particles
of orthoferrlte are produced in the gas stream, or become
detached from the surface on which they formed, they can be
swept onto the garnet substrate by the gas flow. A sub-
strate‘put rnto the region which gives orthoferrite on the
fused quartz surface w111 stlll have garnet dep031ted on

(70) (153) but any perturbation such: aS(hBt or scratches
will encourage the formation of orthoferrite.

The growth of the garnet.filmlaround the orthoferrite
crystallite is prevented. The crystaliite will continue
to grow,.thus extending its adverse influence further. This
can be seen in fig. 6.1.13. The variations in thickness
of the film are seen by the changes of absorption of the

subétrate reflection. A few large crystallites have formed
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! : ‘ .
with an extensive ring of thinne; material around thenmn.

6.1.4 Elastic strain

A film which Wbuld have a free lattice pa£ameter less
than that of the substrate will grow with tensile stresées
in the plane of thé film. The strains produced will mean
that the film is no léngef cubic. This is whét produces
the magnetic anisotropy in CVD films and is also important
for LPE films. This strain has been assumed to be eléstic
and this was demonstrated in the following way. Figure
6.1.14 shows the schematic arrangement of crystal planes
when an epitaxiai film is grown on a substrate. All of
the strain is located in the film and there is perfect
matching at the interface of the crystal planes normai to

the sliqef

Angle between planes

"

Planes normal to surface dS = df” O
Planes llel t f gt at o)
anes parallel to surface < >» £ |
. -
Any other set of plames = . d_ > d. - ‘f>o

Doublefcrystal rdcking curves show, in general, two

peaks, one from the substrate and one from the film.(82)

For.reflections from.planes parallél to the surface the

spacing Bétween the peaks should be_independent of the

drientation!of the samplé. Any other reflecfién will give

a differéntlseparation”aé the crystal is rotated about the

diffraction vector and‘this differehce will aepend oﬁ the
" (84),(154)

amount of strain in the film.

A sample of Ga:YIG grown by CVD was chosen which was
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a single layer film of fairly constant thlckness and
comp051t10n and of good quality. The reflectlng planes
used were (8 8 8) symmetric, three §{8 8 O% and three
$12 4 4} asymmetric reflections. The (8 8 8) symmetric
rocking curves were measured four times for four dlfferent
orientations of the crystal. The asymmetrlc reflections
were each measured twice in the non-diSpersive eetting but
in two different orientations, so that the effects of plane
rotations and dilatations could belseparated. The settings-
are described ae>type 1 where the (111) surfaces of the
sample‘and rererence crystals are parallel, and type 2
when the.reflectingvplanes are parallel but the (111)
surfaces are nct. Table 6.1.4 summarises the results. The
arrow rn the column marked 'orientation' shows the
dlrectlon of gas flow across the crystal when the measure-
ment was made. The larger angular separatlon between the
peaks correSponds to AG +\I’ , the smaller gives AO \f’
where ngd 1s the change in Bragg angle due to change in
d-Spacrng. The f1nal column in the table gives the value
of Aa calculated for the model shown in fig.:6.1.14.-»The
agreement is within the limits of experimental error, |
partlcularly ae comp051t10n gradlents in the frlm are not
entlrely absent |

The symmetry in the.angles between the planes of the
substrate and the f11m indicate a rhombohedral distortion
of the basic cubic lattice. Instead of the angles between
the (iOO} directions being 90° they are all «>90°. An

estimate of oL was obtained from the angles between the



Reflection Orientation Angle Rad | Af4 Rad k// Rad A Oy \{z” A a Ao model
12 4 4 ) 2 0.002199
0.001563 | 0.000636
- 1 0.000927 . '
A 0.001218
'~ 0.001814 | 0.000595 +8'88(§; 130 | ,0°9L8 +8'8C1)Z
2 0.002408 . ¥0. 0.
y 2 2 0.002309
- 0.001645 | 0.000664
4 1 0.000982 :
8 88 ) 1 0.002763
' - 0.002695 | 0.000068
- 1 0.002627 * 0.0026 17 0.019 0.019
+0.0001 +0.001 +0.001
Y 0.002691 ~
- 0.002591 | 0.000010
A 1 0.002491
8 80 ) | 0.000545 - o
' 0.001210 | O 000754
-« 0.002054
4 2 0.001963
0.0012 0.015 0.016
v 5 000273 0.001118 | 0.000845 +0.0001 164 +0.001 +0.001
g > 0.001963
0.001172 | 0.000791
y < 1 10.000382

— p— T

TABLE 6.1.4
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f110f and (111) planes in the film since these planes are

more sensitive to changes than the {3113} planes

2 + 4C05 a =*
(2+2cos a *) (3+6 cos a *)

110 /\111 CoSs ¢

Cos a* _ 1
2 .
2 cos oy

Results

A . In-cubic . Expt in film a = 90°3% a= 90°4¢
110 111 C ‘ - o
35.264 . . 35.219 = . 35.229 35.217

Thus in this sémplg for alda of 0.0192 the film is
rhombohed;al with an angle « = 9064'_ahd1a11 distortions
are elastic and Can‘be considered confined to the film.

This experimént, performed on an LPE film before and
after annealing:to-remoye the growthfinducgd anisotropy,
would be interesting.

The previous anélysis has assumed that the lattice
parameter mismatch for planes perpendicular‘to the surface
is zero. .This assumption can be.checked by zebra patterﬁs
of a thick film on a substrate which has been cut normal
to the (111) plane. A sample with a YIG film 70 pm in
thickness was cut on a (110) plane in this way.. Zebra
patterns of the polishéd edge were taken using Si (440)
as reference and GGG (880) -on the sample. The stripe was
photographed for two known pasitions of the sample. The

t
i
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Figure 6,1,15
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effects of dilatation and rotation were separated by
repeating the experiment with the sample inverted.

Figure 6.1.15 shows the set of photographs. Photogfaph (a)
shows the effect of A0d++ and (b) shows A@d -f’. These
give a value of Aa of 0.00128 and a rotation of one
minute of arc in a film for which.Aag' is 0.018. Such a
large rotation of the planes was not indicated by the
rocking curve measurements which were made in the centre
of the sample. This rotation can occur by relaxation of
the stresses at the cut edge of the sample and this will
allow the small change in lattice paraﬁeter in the (110)
planes near the edge. This is illustrated in fig. 6.1.16.
Therefore these Zebra pattern measurements do not contra-

dict the model in fig. 6.1.14.

6.1.5 | Cracks

If the tensile stress is sufficiently large the film
will crack.(45) This may be aided by a notch of some sort
in the film. The cracks will produce a change in spacing
and tilting of the crystal planes as occurred for the edges
of the slice. This means that cracks will be readily
visible by x-ray tépography, as can be seen in fig. 6.1.17.
This shows two saméles, one grown by LPE, the other by
CVD. In both cases the cracks tend to run in straight
lines in particular directions, except where influenced by
scratches or the proximity of othér cracks. The positions
of the cracks visible in topograph (a) were measured using
the micrometer stage of a ﬁicroscope and corrected to

remove the distortion inherent in the topograph. The
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- angles betweén the cracks are marked on the topograph.
These éhgleg are consistent with the cracks being mostly
along the fZiiS and fild} planes which lie normal to the
plane of the slice. Laﬁe photographs confirm £hat the
crack marked A is in the (110) plane. B

The x-fay images of the cracks exténd a large dis-
tance either side of the cracks and comé from the combina-
tions of rotations»aqd dilatations. ' The sample as a

whole is bent into a éauéer—sﬁape, as can be séen by the
keoy and ko, bands.v Immediately by the cracks the rotations
of the planés are so great that there can be no diffraction.
Furthér fromithe crack the rotations will be:smalle; buf
the lattice parameter Aa>™ will be larger than in the un-
crackéd region of the film since it is more néarly cubic.
The horizontal cracks show contrast away fiom the craék
which depends jdst on these.changes in lattice parameter.
The horizontal éracks in the non-diffracting region between
the k&, and ke, bahds show two dark stripes either side of
the white stripe. This is;where the curvature of the
sample allows the Bragg coﬁdition for diffracfion in the
regions of larger Aa“L , 1.e. smaller 9, to be satisfied.
This effect is seeﬁ in cracks running in other directions
but the dark imageé are displaced due to fhe rotations of
the planes.

The vapour phase grown films of Y3G%Ee5;¥p12 require
a fairly high gallium confent, with 2 about oné, to pro—'
duce magnetisations  -of the required values. This amount
of gallium produces a large mismatch. Cracking occurs if

the fracture stress is exceeded. Cracks are propagated
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from a notch if the thickness of the film is greater than
half the Griffith crack_length.(45) Table 6.1.3 includes
data on the thickness of the film and the presence or
absence of cracks. These data are summarised in the
graph in fig. 6.1.18. Matthews(45) gives a fheoretical
expression which predicts that the thickness at which
cracks are propagated is proportional to 14&a2. This
theoretical curve is marked in fig. 6.1.18 and is
supported by the experimental points. Below the line none
of the samples was cracked. Above the line most of the
samples were crackgd as this is the region whe;e cracks
will propagate. None of the samples was near the region
where spontaneous cracks would occur.

In one early LPE sample the film was in compression
and the'stressésvwere sufficiently great(lss) to fracture
the film at the film/substrate interface. No ﬁéasurements

were made on this sample.

6.1.6 Misfit dislocations

According to.the amount of mismatch found in the YIG
and Ga:YIG fil@s it would have been energetically more
favourable for misfit dislocations to have formed to re-
lieve the stress rather than c;acks.(45) ~That cracks
have formed andAmisfit dislocations were absent in all but
one film, as observed by xX-ray topograbhy, would indicate
that such dislocations are difficult to generate.

In just one sample, what appears to be a network of

misfit dislocations was formed in a YIG film grown by

CVvD. A topograph of this sample is seen in fig. 6.1.19.



Misfit dislocations in a C,V,D, film,
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This-samplé was of rather poor genéral appear;nce and had
a very high density of émall crystals of orthdferrite in
the film. These would'bé sites of étress éoncentration,
particularly if there were large thermal fluctuations.
There is a symmetry in the direction of the bands which'
run in the {110) directions in the plane of the slice. In
a few places individual dislocation lines éan bé‘resolved.
These dislocations appear similar to misfit d;slocatipns
observed in P-diffused silicon.(156)
Misfit dislocations, fo have the maximum effect in

relieving stress, Would be pure edge with.béth the dis—.
location line and the Burgers vectof lying‘in the plane of
the filﬁ. No fﬁrther x-ray work was done on this film
because of its genefal poor quality. From this-éne topo-
graph the'following inéérmation is avéilable. The dislo-
catién line runs aléng {110). A Burgers veétor of £211>
type in the plane of the film is ;nlikely but fhere is‘a
4111 direcfioﬁ norﬁal to led>'énd not normal to the plane
of the film: This would give an edgé dislocation of the
~smallest, and enérgetically most'favourable,lBurgers

yector lying at only 200 to the plane of the film, which
would be nearest the optimum configuration. - The low

dislocation contrast would help to confirm this.

6.2 Effect of Substrate Defects

In the previous section the type of defect observed
in the film depended on the method of growth of the film.
In this section the effects of the defects in the substrate

on the epitaxial film are considered. In general the
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effects are independent of the method of growth except in

a few cases which will be indicated.

6.2.1 Preparation of surface

The flatness, or otherwise, of the subsfraté.does
not affect the growth of the film. The film will follow
the shape of the substrate. Scratches and dirt on fhe
surface have a bad effect on fhe film.

At the high temperatures involved during>growth dust
and organic material on the substrate will.becoﬁe charred
and firmly attached to the substrate. Tﬁis wili have the
effect of masking, partly or complétely, thebsubétrate
from the melt ér gas flow. The particle Jwill be a
nucleation site for unwahted phéses such’as orthoferrite

(65) It

and large iﬁclusibns may form as seen previously.
would seeﬁ to beia matter of common sense tﬁat géod films
will not grbw on dirty substrates. |

| ‘Scratcﬁes are regions of high local stfain and for.
deep scratéhés the misorientations can be'vefy large and
extend sévefal hundred microns. An epitaxial film grown
over a scratched régioﬁ will tend to match the local
variations in ofientation and in extreme cases may form
nucleation sites eifher for isolated islands of garnet or
for orthoferrite.“ The continuation of miéorientations in
the film means that scratches will be visible in topographs
of films and can be seen in figs. 6.1.2, 6.1.5, 6.1.9,
6.1.17. 1In figure 6;1;17 some of the sératchés have caused

cracks to form and these parts can be identified as being

less straight and the contrast of the parallel black bands
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either side of the crack is rippled instead of smooth.
This is marked S on the topograph.

If thick, crack-free films are requirgd then scratches
must be eliminated since the thickness and likely mismatch
bring the‘sample into the region where cracks, once formed,
will propagate even from 'shallow scratches. This also
means that scratches must not be introduced by the handling

of the slice after the film has been grown.

6.2.2 Inclusions

No defect invthe films directly attributable to
inclusions in the substrate Qas observed here. Pitting in
the film due to_inclusions near the surface have been
observed by scanning electron microscbpy.by Gill and

Fairholme.(157)

6.2.3 Growth bands

In the discgssion on tensile stress in the film it was
found that the film is strained elastically. The planes
normal to the film/substrate interface are continuous and
straight across the boundary. If the spacing of these
planes in the substrate varies then the variation will be
matched_by the planes in the film and thus produce a
complementary change in the spacing of the planes parallel

to the interface. An increase in d;’

i

will give an eqdal

(158)

increase in df and thus cause dé‘ to decrease. The

local value of‘Aa{L will increase. Thus if growth bandé in
the substrate cause variations in ds” then the growth
band pattern will be replicated in the film.

The analysis of topographs of growth bands in substrate
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materials showed that the variation in d parallel to the
lamellae was much less than the value of d perpendicular
since the growth bands are constrained by the neighbours.
The amount of variation in d parallel to the (111) slice
depends on the angle at which the growth bands intersect
the surface and on the amount of composition variation.
Thus for growth bands in the form of a spherical cap, the
variation in d parallel to (111) would be greatest‘near
the edge of the sample and almost zero at the centre.(lsg)

Epitaxial films, both CVD and LPE, grown on slices
from the two boules which had almost flat grthh bands did
not show an9 replication of the growth band pattern. This
is seen in figs. 6.1.9, 6.1.12, 6.1.17 and others from the
same boules: For the other substrates the effect of sub-
strate growth bands was much more pronounced for CVD films
than LPE films. ' The contrast from growth bands was
reduced in the film since the film is only sensitive to
part éf the lattice paiameter variations of the substrate.
Figure 6.2.1 compares topographs of films and substrates.
The L?E film in this figure showed the greatest growth
band pattern ofithe LPE films; for most LPE films the growth
bands were barely visible.

There should be no difference between the sensitivity
of CVD and LPE films to growth bands in the substrate if
the model of elastic strains described above were the
only mechanism operating. One major differénce between
CVD and LPE films is the rate of growth which is approx-
imately an order of magnitude greater for LPE films which

also tend to be thicker films. There may be time for. a
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redistribution of components in CVD films(l6o) but this
would mean th#t pure YIG films ghould show no banding,
which is not the case. High gallium content CVD films
will have a much greater mismatch than LPE films which
can be more easily designed to low ﬁismatch. Since the
contrast comes from the elastic strain in the film if -
there were zero mismatch theré would be no strain and fhus
no replication of growth bands. Conversely, the greater
the mismatch the greater the contrast seen in the film

from growth bands.

6.2.4 Coring and faceting

The effect on epitaxial films from a core is equi-
valent to a IAIge growth band, of gréatly increased
lattice parameter, running perpendicular to tﬁe (111)
slice. Thus the full effect of thé core should be found
in the film. .The value of d parallel to the slice is
greater in the céred region that the métrix and this
causes e#tra tensile stress over the facet in the film of
smaller free lattice parameter.(lsg)’(léo)

Figure 6.2.2 shows topographs of film and substrate
for cored samples and fig. 6.2.1 shows ‘a sample with an ‘
edge facet. One éample of fig. 6.2.2 is bent into_a
saucer—shape and the cored region is diffracting even
though the k«, diffracting band doéé not pass through it.
The core is set at a higher angle of incidence to the k&,
beam and.so, for it to diffract, the ldttice parameter ot

must be smaller over the core than for the surrounding

film. This confirms the above argument.



Effect of coring on films,
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In thick epitaxial films the film over the core is
thinner. This suggests that the extra strain makes the
film more difficult to grow. This should apply even to
facet-free films in that the growth rate would be dependent
on the lattice parameter mismatch. Thus for fast growth
of films zero mismatch would be best. This effect is not

s . (147) i .
due to crystal orientation because the slice is cut

parallel to (111).

6.2.5 Strained rim

The rim has a smaller d¥ than the bulk of the crystal
and so the film would be given a slightly larger dl’than
the rest of the film in a process similar to that for coring
and giowth bands.v'The effect of the rim is observed in

fig. 6.2.3 which compares topographs of film and substrate.

6.2.6 Dislocations

A dislocation cannot terminate inside a crystal and
so a disloqatioh intérsecting the substrate surface will
propagate_intofthe film unless it interacts with another
dislocation or én inclusion.

Figure 6.2.3 shows the high—density'band of straight-
line dislocations ﬂext to the strained.rim of the crystél.
The imageé of dislocations can be identified in both the
film and the substrate topograph. Figure 6.2.4 is of the
centre region of_the same crystal containing helical and
straight-line diSlQ;ations which also appear in the topo-
graph of the CVD film. Even though the diffracted peaks
from the film and substrate were qQuite distinét it 1is

possible that the dislocation images in the film are due
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just to the strain in tﬁe substrate and the dislocation
itself has not propagated. A thick film of YIG was grown
by LPE on a similar substrate cut from the same boule. The
substrate was then mostly removed by taper polishing.

Figure 6.2.5 shows the transmission topograph of the
free part Qf the film. Although the sample is slightly
bent the distribution of dislocations can be recognised
as containipg helical dislocations fairly evenly distri-
buted_and the.high density band of straight dislocations
near the dislocatiqn-free‘rir_nf Thus these dislocations
pr0pagate.into the film.

Toppgrgphs 6f films.growq on substrates containing
the veryfia;gg helicalvdislocations have already been seen
in figs. 6.1;9,_6.1.17,_6.1.19. These show that the
helices appear to -grow into the film for both LPE and CvD
films. Figure 6.2.6 compares topographs of a particular
helix in the substrate with'its appearance in epitaxial
films. The dislocation lines appear in the film topographs-
but the wedgg~shaped contrast is missing éince the con-
ditions er'fhe formation of a fault_éurface,of impurity
are not met.:‘Similarly, for the 'tadpoles' the head
pr0pagates‘but not the tail. Figure 6.?.7 shows a trans-
mission topograph of a thick film withrthg substrate re-
moved and this is compared with a topograph of the
substrate before the film was grown. Again, it is clear
that the dislocation hgs grown into the film. it is
interesting to note that in this topograph the magnetic
stripe domains show faint contrast. This would not be

expected for 180° domains.
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The only differences in the films grown by LPE and
CVD is the tendency in CVD growth for these large Burgers
vector dislocations occasionally fo be etched preferen-
tially by the HCl1l gas with the formation of an etch pit.
The high concentration of stress near the surface over
the helix due to the shallow pitch of the helix encouraged
the film to crack.

In thin films generally there is no observable effect
on the surface relief due to dislocations. Any additional
stresses around the dislocation can be aécommodated
elastically. Thick LPE films, of order 50 pm or greater,
grown on (111) GGG substrates have triangular pits
associated with the point of emergence of the dislocation
line. The [111] direction is a fast growing direction and
a dislocation in the substrate, possibly assisted by
slight etching by the flux, will reveal slow growing

directions and thus a pit will form.(l6l)

By the same
argument, hillocks should form over dislocations in {2113
and §110} oriented slices and this has been observed.

The relationship between dislocations and surface -
relief for dislocation lines nearly normal to the (111)
plane is shown in fig. 6.2.8. A transmission topograph
of one quarter of a boule slice is compared with a photo-
graph of a thick LPE film of YIG under oblique incidence
illumination. This slice is from the same boule and there
is a correspondence between the distribution of the growth
pits and the dislocations. The shape of the growth pits

is clearly seen by phase contrast microscopy in the

figure. This is from the same sample in a region of high
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dislocation density. Evident in this photograph are
"tails' of thickness vafiation arising from local dis-
turbapce of the liquid flow as the subsfrate Qas rotated.

The large helical dislocations with their large
radius and small pitch bave 5 significantllength of
dislocation line close,land nearly parallel, to the
surface. Figure 6.2.9(a) shows a topograph of a substrate
showing a single helix with a complex arrangement of
'rays' ;nside. ;A film of YIG, 40 pm in thickness, was .
grown by LPE on this substrate. Figure 6.2.§(b) shows the
variation in thicknesslpf this film by phase contrast
microscopy. This change in‘thickness was fpund to be
approximately O.2um. The Talysurf trace across the helix
is shown in fig. 6.2.9(c). The sample as a whole was

tapered, which gives the background slope in the trace.

Conclusions

" Cracks, inclusions, misfit disiocations and variations in’

;fhickness (Ad = ~1 pm) an§ composition (Aa =~0.005 X).can be

 formed‘during théﬁgrpwth of LPE and CVD films. These defects

'éan belélimiﬁated or confined to the edge of the sample by

-careful growth and choice éf cémposition.

Elastic.stréins in the substrate will produce corresponding

{strains in the f;im. This effect is reduced if the lattice .

-parameters of film and substrate are approximately métched;

.Dislocations of all types propagate into the film from the

substrate and perturb the growth of thick films. These can '

'

.only be eliminated by using a'dislocation-free .substrate. . .
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The way in which imperfections in-the film affect the
static and dynamic behaviour of stripe and bubble domains
is considered in this chapter. The static properties
include the zero field pattern and the alteration of this
pattern when a D.C. bias field is applied. The range of
field over which the bﬁbbles are stable is of particular
importance; The movement of stripe domains and bubbles in
the plane of thé film is investigated by the applicatién_
of bias field gradients in addition to the D.C. bias field.

These éxpériménts weie performed on a limited number
of samples._ None of the home—grown CVD films was found to
support bubﬁles.' Five LPE films and two CVD were examined
and between_thém had examples of all of the defects
previogsly discussed. The two CVD films were grown else-
where. The:resulfs will»be presented in sections, each
section dealing With one magnetic property and‘the effect
of defecté dpon it. Since many of the defects have a
similar effect on the magnetic properties subdividing this
chapter by defect, as was done in chapters 5 and 6, will

lead to unnecessary repetition.
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i

7.1 Static Properties

7.1.1 AZero field stripe pattern

In bubble domain materials the domains should form a
serpentine pattern with no preferred direction when there
is no external field applied. The domains in pure YIG or
Ga:YIG with a low concentration of gallidm form domains
which are straight over long distances and change direc-
tion sharply to form a chevron-like pattern. The
direction and width of the straight and serpentine domains
are influenced by the imperfections in the magnetic fi}m
in the manner described below.  Except where indicated, -

the effect is the same for both LPE and CVD films.

a) - Edge:
The boundary of the sample can be classed as a
~defect and will influence tﬁe pattern of domains. A
domain at the centre of the sample is at a'lqwer energy
than a domain nearé; the edge. Thus there is a force
tending to fepel a domain from the Eoundary., If a stripe
is joined to the boundary it will remain atfached unless
extra energy is supplied to form theidomain wall to close
the end;(162) A domain not held by the boundary and re-
pelled by it_will have an equal force along its length if
it lies parallel to, but some distance from, the boundary.
The domain joined to the boundary at one end can minimise
its energy by running perpendicular to the boundary until
this effect becomes weaker than domain-domain interactions.
The total patterxn wouid.thus tend to congist of

sections of domain running either perpendicular or parallel
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to'the edge near fhe boundary. This pattern will become
modified by tﬁe seréentine pattern nearer the centre of
the slice. 'Examplés of this behaviour can be seen in
fig. 7.1.1. Except for the film which was thicker the
serpenfine domain pattern becomes established quite
quickl& close to the edge.

For pure YIG films the effect of the boundary is
less than that of the.underlying crystallography. This
gives straight domains or a chevron pattern with the domain
walls on {110} planes. This type of péttern can also be
produced in bubble films by perturbing the sample with
varying in-plane fields(162) but it occurs spontaneously
for YIG. Figure 7.1.2 shows the domain péttern in YIG

and a chevron pattern in a bubble film..

b) Craéks:

A crack acts as a boundary in the film in the same
way as the édge‘sf the éample does. Thé important differ-
ence is that the magnetic field at the érack, due to the
film's own magnetisation, is very smalllinstead of the
large value found at the edge. This means that the crack
is important since, as well as acting as.a physical
barriei which a domain cannot cross, the stress relief in
the film pfoduced by the crack changes the amount of
stress-induced uniaxiai anisotropy in the film. This is
particularly important for CVD films sincé stress is the
only source of magnetic anisotropy in the film. Cracks
tend to break the film up into islands of different sizes

and thus each island will have a different amount of
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' (14
stress-induced_anisotropy.(1’7)

The étripe domains tend to run parallel to the érack
except wheh one end of the doﬁain is pinned on the crack.
Then the domains run normal to the crack. The domains are
encouraged to lievparallel sinée 5110} is a low enerxrgy
plane for the domain walls and also a plane on which the
film is most likely to crack. Examples. of thé domain

pattern near cracks are shown in fig. 7.1.3.

c) ~ Scratches:

Scratches in fhe substrate Qrow through to produce
disordered regions'in the film. Additional scratches can
be producéd when h#ndling the film. These disordered
regioné act as regiqns of higher coercivity and changed

(163) The effect of this is for a domain wall

anisotropy.
lying along the scratch to be in a state of lowér energy
than if it were in a damage-free part of the film. 1In
very sevefe cases the domains will be unable to cross the
scratch which acts as a physical barrier similar to a
crack. 1In iess seéere cases there will be a tendency for
the domains to liné up aloﬁg the crack. This paftern can
be modified by the serpentine pattern of the other domains
and the domain can cross the scratch. The effect of

scratches, of varying severity, on the domain pattern are

seen in fig. 7.1.4.

d) Variations in thickness:
The width of a stripe. domain depends on the thickness
of the film, as discussed in section 4.1. Gradual changes

in the thickness of the film produce corresponding effects
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in the domains and this is most visible in the domain
pattern of pure YIG films. The straight domain pattern
becomes 'dislocated' and a stripe terminates in the film
when there are more thick stripes than is energetically
favourable. Such a domain pattern is seen in fig. 7.1.5.

An abr;pt change in thickness occurs at '‘mesas' in
LPE films. This would be expected to produce a local in-
crease in the width of the stripe domains. There is also
strain at the mesa boundary which was revealed by x-ray
topography. This strain acts as a partial barrier to the
domains which, particularly in the thinner region, lie
along the boundary{ Figure 7.1.5(b) shows a sample where
the film was thin and the relative change in thickness
large. Thicker‘films, where the difference ip thickness
was th so great, show similar, but less;pronqunced,
effects.

Crystallites of orthoferrite which form in both LPE
and CVD films mask the garnetf film growth. This produces
a small, thin region or even a hole in the film. The
domains become narrower and terminate at the inclusion.

This perturbs the domain pattern, as seen in fig. 7.1.5.

e) Growth bands:

In none of the samples studied here was the strain in
the film due to growth banding very large and the strain
gradients were small. No effect was observed on the
domain pattern.

Growth bands have been reported to affect the domain

pattern in one sample of a low magnetisation film.(164)
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f) Core:

The core is a region of different lattice parameter
which has, generally, a sharp boundary with the bulk of
the crystal. It has been reported(lss) that the zero
field domain width is greater inside the core than outside.
This is confirmed by the following measurements obtained on

one bubble film and two pure YIG films:

Sample Insids cors Outside cors
pn po
YIG ' 6.64 + 0.1 6.36 + 0,1
YIG ' 6.65 + 0,3 : 6.23 + 0.1
Bubble film- 21,5 + 0,2 20,3 + 0.6

The measurements were taken fairly close to the core
boundary and at the same distance from the crystal edge to
minimise the effect of variations in thickness of the film.
There is also a slight effect on the domain pattern,
~particularly for the pure YIG films. The straight,
parallel domains in YIG change direction at the core
boundary as can be seen in fig..7.l.6. The domains change
direction in other parts of the film but there the 'fold!
occurs on a straight line. The core boundary is curved
and this is followed closely by the point at which each
domain bends. The serpentine domain pattern in the bubble
film shows much less effect from the core boundary. There
are slightly more chevrons-with the domain lined up
approximately along the boundary than there are in the rest

of the sample, see fig. 7.1.6.
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g) Variations in surface quality:

One sample was polished and then given an etch in
phosphoric acid. The etch removed the surface damage but
the phosphoric acid or reaction products could not be
removed from the substrate at one corner. A bubble film
was grown which was smooth ewverywhere except in this one
corner where it appeared matt. The film in this corner
was highly strained. The domain patterns in the smooth
and rough areas of film may be compared in fig. 7.1.7.
The domains form a smooth, serpentine pattern in the
region where the film is of good qualityfbﬁt”form a jagged

pattern in the rough area.

h) Dislocations:

‘étraight.line dislocations running almost perpendi-
cular to the film do not have a long-range effect on the
serpentine domain pattern. The domain stripe terminates
at the point of'emergence of the disloéation, as can be
seen in fig. 7.1.8(a) and fig. 7.1.5, where the_head of a
'tadpole' emerges. There is no particular influence on
serpentine domains from a large helical dislocation or a
'tadpole' tail. In a thick film of pure YIG the domain
pattern is perturbed by the presence of the helical dis-
location, fig. 7.1.8(b). There are 'dislocations' in the
straight domain pattern at the helix boundary, initiated
by the change in thickness over the helix. This pattern
is emphasised if a bias field is applied. The discon-
tinuity becomés greater, fig, 7.1.8(c), round the edge of

the helix.
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7.1.2 ' D.C. bias field applied to stripes

a) Variations .in thickness:

The field at which a particular part of a film be-
comes saturated depends on:the thickness of the film.
Thus, in LPE films, mesas and the thicker regions under
the vacuum chuck will retain reverse domains at higher
D.C. bias fields than the surrounding film. This effect
can be seen in fig. 7.1.9 which shows thé variation of

"density of short strip domains with thickness. The dark
curved line was made by the vacuum chuck on the back of
the slice and indicates the position of the thickest part
of the film. As the bias field is increasea the small
stripes coliapse to bubbles and some of the bubbles in
the thinner areas collapse, fig. 7.1.9(b). The fields
for collapse of'stripe domains inside and outside mesas

is given below:

Thickness of lowlands . Ah Inside mesa Outside mesa
18,8 : 4 144 + 1 149 + 1
4.86 4 110 + 1 74 + 1

"The extra thickness due to the mesa is estimated to be 4
microns in each case. As might be expected, the film with
the greatest percentage change in thickness produces the

greatest change in the field required to saturate the film.
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b) Core:

The core had no significant effect on the field at
which the stripe domains disappeared. The field required
was 157 ¢+ 1 G in the core and 155 # 1 G outside. Com-

parable changes would be produced from more pinning points

in the core.

c) Growth bands:

No effect was observed.

d) Other defects:

In section 7.1.1 it was noted that a domain stripe
may be terminable on the edge, crack, scratch, inclusion
and dislocation. As a bias field is applied those
domains held at one or more points will persist to a
higher field than the domains in the regions which are
defecf frée. Thesélfield domains are said to be pinned

by the defect which stabilises the domain.

7.1.3 Static bubble properties

This section considers the effect of defects on the
fields at which buﬁbles collapse or run out into stripes.

a)' S Variation in composition - double

layer films:

A multiple layer film may be formed in CVD films by
a change in gas flow and in LPE fiims by the formation of
mesas. This may aid the formation of 'half-bubbles' or
'floating;bubbles'.(lés) Two types éf bubble domain were
observed in a CVD Ga:YIG film. One bubble, (I), was large

and gave ‘strong Faraday contrast. The other, (II), was



smaller; gavefless contrast and appeared less well-
defined at fhé edges. The two typés could co-exist over
a range of bias field. Either type of bubble could be
produced by applying an A.C. bias field. At a fixed D.C.
bias the type I bubbles were formed for the lower A.C.
amplitude or if the A.C. amplitude were fixed, a lower
D.C. bias produced the type I bubbles.

Figure 7.1.10(a) shows short segments of type I
domains generated with D.C. bias = 15.5 G and the mutual
interaction between them. 1In 7.1.10(b) the strips have‘
been collapsed to type I bubbles as the field is raised
to 23 G. Some stripes remain along the cracks and in
both photographs a few type II bubbles areivisible along
the edges of the cracks. Bubbles generated at D.C. field
of 23 G and displayed at the same field are seen to
consist'of type II bubbles except for a few type I domains
which appear to be pinned at the cracks.

The typé I bubbles transform abruptly into type II
as the bias field is raised. The reverse transformation
does not occur'as can be seen in the sequence of photo-
graphsfiﬁ figure.7.1.li. The bias field is gradually
incteaéed aﬁd theﬁ'decreased. As the field is increased
the type I bubblés decrease in size and then transform
to type II. These bubbles become larger as the field is
decreased but at lower fields, instead of transforming

back to type I, they fade away as type I stripe domains are
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nucleated at the cracks. Finally, only type I stripe

domains remain. The type II bubbles can be collapsed

if a high enough field is applied.

Collapse Field . Runout Field
G- , G

Type I : 31

|+
[}
)
N
+
=

Type II1 R 38+ 1 -

The variation of bubble diameter with field for each type
of bubble is shown in the graph in figure 7.1.12. The
two types of bubble appeéar similar to those of Braginski
- (165)

et al. It seems reasonable to suppose that the:

type I bubbles are cylindrical domains extending right
through the film and the type II bubbles are approximate

hemispheres floating at the free film surface.
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A related type of behaviour was observed in a mesa in
an LPE film of Smn, Ga:YiG. In this film the bubble
diameter decreased as the bias field increased until the
bubble apparently collapsed. However, if the field was
then reduced the same bubble pattern reappeared. The
pattern was destroyed only if the bias field was raised to

a much higher value.

In helix Outside helix
G . 'G
Apparent collapse - 118 + 1 120 + 0.5
Permanent collapse 4 127 + 2 :' 130 + 1
Run out o S 97 + 1 104 + 2

In this case a half bubble may be formed bounded by the
bottom surface of the film. This film in the mesa suppressed

the formation of hard bubbles.

b) Variation in thickness:
The_follpwing data were obtained for variation in
collapse and runout fields with thickness for LPE films

containing mesas.

Thickness Ah Collapse Runout ° Rangs
pm Fm G G G ’
4,86 4 Inside mesa 128 + 1 100 + 1l 28 + 2

Outside mesa 95 + 1l 70 * 1 25 + 2
18,8 4 Inside mesa 167 + 1. 135 + 1 32 + 2
Outside mesa 165 + 1 133 + 1 32 + 2
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The range of field over which the bubble is stable 1is
essentially unchanged by the change in thickness but is
displaced to higher fields as the thickness of the film
increases. This shows that care must be taken, when.
making measurements at various points in the film, that
the variations are due to the defect under study and not

just variations in thickness.

c) Core:

MeaSurements.Were made at two points, one inside and
one outside the core. To minimise the effect of thickness
variations these points were not more than O.5 mm apart,
i.e. the core boundary was in the centre of the microscope
field of view. The bubbles inside the core collapsed andl

ran out at slightly lower fields from those in the matrix.

Runout Collapée
G G
Inside core 147,4 + 0.5 176.5 + 0,5
Outside core 150.4 + 0.5 178,5 + g.5
d) Growth bands:

No effect on collapse or runout observed.

e) Dislocations:

Bubbles are held at the point of emergence of dis-
locations and are smaller than free bubbles, as can be
seen from the graph in figf 7.1.13. It was found that the
bubbles on the dislocations collapsed and ran out at lower

fields than the other bubbles. The range of stability was

1
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increased.

Collapse .~ Runout

G G
Dislocation-free .. 179 + 1 147 + 1
Plus dislocation 176 :»1 135 + 2

The effect, particularly for runout, is greater than would

occur by .thickness variations alone.

f) Cracks and scratches:

Figure 7.1.11 shows that stripe domains remained near
the cracks at fields where the bubbles in the centre of
each fragment of film had collapsed. Where bﬁbbles are
formed they are'at'é much higher density and persist to
much higher fields. A scratch produces less extreme
behaviour but a'higher than average density of bubbles will

form along the scratch.

g) " Other films:

One sample of a CVD film was received half-covered
with'a film of SiO,. This may affect the magnetic
properties depending on heat treatment(lo) or due to
elastic strain. The history of this sample was not
available. A small strain gradient exists at the boundary
between the coated‘and uncoated parts since the bubbles
lie in a row along the boundary and the hexagonal bubble

pattern is perturbed. The following data were obtained:

Collapsse Runout
G G
Without Si0, 123 + 1 103 + 1
with sio, 122 + 1 108 + 1
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The change in the runout field implies a higher mag-
netisation under the film. This would suggest that the

effect is due to strain but more information is needed.

h) Variations in composition:.

The magnetisation of a film may be obtained from the
data on bubble collapse, runout and zero field stripe
period. Sources of error in obtaining these values are

discussed by Pierce.(lzl)

‘The main source of error,
particularly for thin films of high magnetisation is in
the measurement of domain widths. The average result for

each film, ignoring any effects of defects, is given below:

Sample Composition Fbms Range
G G
Eu 18 EqurlGa0.7F94.3012 246 + 20
A 4 " 241 + 15
RRE 2 " 255 + 15
R3C n o 168 + 10
uc 9 Sm0.25Y2.75G81F84012 176 + 50
A Ga:YIG 137 ?
B " 237 + 20
7.2 Dynamic Properties
7.2.1 A.C. field

By suitable choice of D.C. bias field and A.C. bias
field amplitude and frequency, bubbles or stripe domains
can be made to move in the film. 1In a perfect film the

domains move smoothly and uniformly and the contrast in
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the polarising microscope is uniform. If there is a
defect present which perturbs or slows the motion of a
domain.then, locally, the amount of light transmitted is
altered and the source of domain pinning is revealed.

Scratches, cracks, dislocations, rough areas of film
and inclusions all impede bubble motion. Boundaries of
elastic strain such as in the core, the edge of the mesa
and the SiO, over layer all perturb bubble iotion.
Examples of these may be seen in the sequence of photo-‘
graphs in fig. 7.1.14.

This method gives a qualitative overall picture of
the pinning of domains but some of the weaker pinning
points may be missed. This method will not show up
variations in mobility in different areas of otherwise
perfeét crystal such as the change in mobility.inside and

outside the core.

7.2.2 Bubble mobility

Bubble mobility was determined by a translation
method which gives a quantitative measure of variatiﬁns in
mobility and coercivity as might be encountered in device
operation. Bubble collapse methods were investigated and
abandoned as not being sufficiently sehsitive nor taking
account of coercivity. Measurements were made in regions
of varying elastic strain such as cored regions and near

dislocations. The qualitative effect of scratches and

cracks were observed.
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a) Cracks and scratches:

Bubbles could not be propagated across cracks of
severe scratches. Even very small scratches would turn
the motion of the bubble to go parallel to the scratch,
even if it were originally travelling normal to the
scratch. This would give an effective mobility of zero
-if the drive field is normal to the scratch. If the
scratch and field gradient are parallel then the bubble
will move faster than in the defect-free region. This
will occur even for hard bubbles ahd was observed in one
case to increase the velocity by a factor of 5 when moving
along the crack. This underlines the principle of grooved
track propagation in devices.

b) Variations in composition -

double layer films:

The composition of the top layer of a mesa is rich in

lead and may éontain small inclusions. This would tend to

impede the motion of a bubble,as is shown below:

Mobility Coercivity 8
-1 -1 ¢
ms G G
In film 1,85 + 0,1 0.31 + 0,04
In maesa v 1,17 + 0.14 0.45 + 0,1

The mobility is lower and the coercivity greater in
the mesa. Even if'a device over the mesa did not cross
the mesa boundary its performance would not be so good as

a device in the thin area of the film.
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c) Type of bubble:

One film of CVD Ga:YIG was a double layer film which
could contain two types of bubbles. Both bubbles were
mobile, one was cylindrical the other floated as a half—h
bubble. These two bubbles had different mobilities but

both were 'normalt' bubbles.

Mobility Coercivity B
-1 -1 ¢
ms "G G
Large bubble 0,19 + 0.08 .1l + 0.4
Small bubble 0.66 + 0,2 0.057 + 0,02

The film of Sm0.25 Yz2.725 Gay Fe, O,, had hard bubbles
in the thin areas and normal bubbles in the mesas. In

this case the double layer in the mesa has a beneficial

effect.
fMobility Coercivity B
- -1.-1 ¢
N ms G G

Mesa . 4asn 0.2 + 0,1
Lowlands - motion 0,75 + 0.7 0.2 + 0,5
parallel to field

gradient,

d) Core:

There is an adverse effect on the mobility in the

cored region, fig. 7.2.1 . Two pairs of readings are

given below: Mobility ms~1g™1 Coercivity G
In core 0.74 + 0,02 0,26 + 0,02
Cutside corse : 1,12 + 0,02 0.28 + 0,02
In core 0,82 + 0,06 0.19 + 0,05
Qutside core 0.93 + 0.1 0.25 + 0,08

ST
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eslr - Growthibands:

Since the core afféctsbmobility it_mighf‘be expected
that there would be a similarjeffect wi;h growth bands:
A bubblg travelling parallel to a growth band 'sees' a
path of constant strain. The bubble ruﬁning perpendicular
to the growth bands is in a varying strain field. Thus a
higher mobility along the growth band would be expected.

-lG-l

flobility ms Coercivity G

Perpendicular to growth

bands, . _ . :
All data ' 0.72 + 0.02 0.13 + 0,03
Omitting lowest point 0.75 + 0,02 0.14 + 0.03
Parallel to growth.bands :
ALl data 0.91 + 0.08 0.37 + 0,08
Omitting lowest 2 points 0,74 + 0.02 | 0.16 + 0,02

i+

These measurements were made over a very wide fange of
bubble diameters. The uncertainty in the smallest, lowest
velocity bubbles is great and so it is reasonable to omit
these values,_fig, 7f2.2. The.experiment!was performed

at the same position.on a film which was grown on a sub-
strate with fhe most severe growth banding available.

There is no significant change in the mobility or coercivity

with direction.

£) | Dislocations:
A bubble travelling within 10-15 pm of a dislocation

is liable to become pinned by the dislocation, particularly
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when the bobble is travelling at low velocities. Measure-
ments Were taken on moving bubbles only and stopped as
soon as the bubble_was pinned. ‘Measurements on the
mobility of:a.bubble at different distances from a disloca-

tion were made.

Distance/ﬂn Mobility ms-lG_l Coercivify Y
12 pinned ' 0 -
12 , " 1.00 + 0.06 0.30 + 0,04
30 | 0.62 + 0,06 6.25 + 0,09
150 0.93 + 0.1 0.20 + 0,09
300 7 1,17 + 0,04 . 0.42 + 0,03

The high.valne of mobility for the closest bubble to the
dislocation occurred as the bubble was attracted to the
dislocation. It deViated from a straight path and could
not be propagated past the dislocation. Otherwise there
is a systematic increase in the mobility as the distance
between the bubble and the dislocation increases.

Helical dislocations also affect the mobilities. The
mobility of a bubble inside the helix is reduced and a
bubble becomes pinned on the dislocation line. In this
sample there were also other sources of pinning, and in
the thin region of:film only hard bubbles could be

produced.
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l -1

Position " Mobility ms™ "G Coercivity G
Mesa  In helix 3.10 + 0.8 0.17 + 0,1
Outside helix 4,75 + 1.4 0.14 + 0,1
Lowlands In helix 0.41 + (.4 0.24 + 0,5
Outside helix 1.07 + 0.6 0.23 + 0.3
7.3 Discussion

From the previous results it is apparent that the

only type of defect which can be tolerated in the centre

of a substrate material is growth banding. Even for growth - -

bands it is preferable for them to be flat and parallel to
the (111) slice. The composition fluctuations should also
be small to maintain reproducibility. These stringent
requirements may be relaxed a little at the edge of the
sample. The edge is subject to handling damage and so
edge facets and a strained rim will cause little extra
loss of good devices, particularly if the diameter §f the 
substrate is large.

Dislocations of all types, although interesting in
themselves because of their large size and variety, must
be excluded. This means that the conditions of growth of
the boule must be carefully controlled. The atmosphere

must be controlled to prevent inclusions which may

nucleate dislocations. The interface shape must not become |

fconcave;so~it; and also the melt composition;:ggst;bgggQRf

trolled. Neither must the interface become too convex,

else a central core is formed.



Magnetic domains observed by x-ray topography and polarised light,
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Figure 7,.3.1
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Having produced a disiocation-free, core-free, strain-
free substrate the surface polishing must be of a similar
high quality with no scratches and the surface must be
clean. A clean, scratch-free high-quality substrate will
allow the growth of good films but no gxtra defects,
unless confined to the edge of the samplé, can be allowed.
The film should be flat and of uniform composition with no
inclusions. The lattice parameter should be tailored to
give good growth with no cracks or faceting but with
sufficient mismatch to produce the required stress-induced
uniaxial magnetic anisotropy.

This work has stopped short at considering the defects
and strain produced by the fabrication of devices. Any
strain so produced should be visible by x-ray topography.
There has also been no discussion on the effects of heat-
treatment by annealing of films, the temperature dependence
of magnetic properties, nor the effect of irradiation.
Irradiation by x-rays has been found to improve the
mobility of bubbles(166) but the mechanism of this
improvement is uncertain.

It was observed during the x-ray experiments that a
GGG slice placed close to the x-ray source suffered\radi—.
ation damage. The colourless GGG turned an‘orange:%%bwn
colour similar to that observed in x-ray irradiated
lithium fluoride. This suggests that colour centres of
some kind have been formed. They were rapidly bleached
by sunlight or ultraviolet light. The absorption specfrum
at room temperature showed the sharp bands characteristic

of gadolinium in the ultra-violet regidn and a broad
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absorption in the visible region due to thé colour centres.
Further investigation may produce some information on the
mechanism operating in bubble fi;ms if it assumed that the
damage is the same in each case, since examination of a
transparent material is easier.

It was also noted, as mentioned previously, that
supposedly 18Q? dpmains had been observed by x-ray topo-
graphy in‘a film.which had been removed from the substrate.
fhe optical and *—ray pictures can be correlafed, see fig.
7.3.1.. Most of the magnetic anisotropy must have been
growth_induced since the domain pattern was unchanged'
afte: the substrate wa$ removed. None‘of the bubble filﬁs
had bdbbles?lérge enough to be resolved on the x-ray plate
and‘were'too fhin to be removed from the suﬁst:ate.: A
similar experiment to that on the thick YIG film, performed
on a thick bubble film, wogld be interestiﬁg since the
. direction of magnetisation in the domains would be known
if the film caﬁ support.bubbles. An investigation of the
domain pattern, as observed by x-rays, as a function of

temperature would also be of interest.
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features are identifiable in both topographs but the change
in the relative positions shows that these defects do not
grow exactly along the [111] axis. .

Many differences from the helices of type I are apparent.
The diameter of each helix is much larger (~750pm) but the
pitch of the helix is not correspondingly large (~100um). The
pitch also varies considerably over a few turns,

The image of the dislocation line; seen in fig.3 nearly
end-on, is broad and complex which would suggest a dislocation
with a very large Burgers vector or a close association of
dislocations with a more usual size of Burgers vector.

By analogy with the helices of type I, a topograph taken
‘with a reflection in the zone normal to the helix axis should
show low contrast for the dislocation if the Burgers vector
is along this axis. Such a Burgers vector is suggested by
‘Matthews, Klokholm, Plaskett and Sadagopan (Physica Status
Solidi A 19, 671 (1973)) from optical studies of similar
dislocations and by Stacy, Pistorius and Janssen (to be
published) from x-ray work. However, for reflections of the
necessary type the dislocation image did not disappear but
remained strong which suggests that these dislocations are
more complex than those previously studied. The crystal in
fig.4 is viewed in transmission approximately down the_axes
of the helices. The diffraction vector is normal to [111]
but the diffraction contrast is strong. The thickness of the
slice is 150um and is such that at least one turn of each
helix is visible. The dislocation line is not smooth but .
hexagonal with the 'flats' along the 211) directions in the
(111) plane.

Associated with this complex dislocation line is a
"helicoidal fault surface which is confined to particular
crystallographic planes. Figure 4 shows 'rays' in the
centres of the helices, the rays running in {110) directions.
Figure 3 shows the turns of the helix linked by a double
surface which keeps close to (111). This surface would
appear to be in the form of a helical ‘staircase' with steps
every 60°. The nature of this surface is linked to the
nature of the boundary dislocation and is not yet completely
determined. However, it could be a double layer of stacking
fault or twin boundary stabilised by a change in impurity
concentration,

Other interesting defects are visible in fig.4 as lines
with dislocations at one end. This dislocation gives strong
contrast similar to that seen in fig.3. The line is a planar
defect which runs in the same direction as a ray inside the
helices and for the same distance. These could be helices
manque, dislocations and planar defects of the same type as
in the helices but foxr which the local conditions are not
suitable for growth as a helix e.g. the scnse of rotation of
the crystal during pulling could suppress the growth of
helices of one hand and allow the growth of helices of the
other hand.
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GIANT HELICAL DISLOCATIONS IN Gd,Ga;Oj,

S.J. Thornley and A.D. Milne
Wolfson Microelectronics Liaison Unit
Department of Electrical Engineering,

University of Edinburgh, Scotland

Gadolinium gallium garnet has become of great importance
as a substrate material for magnetic bubble domain and
microwave devices. As defects in the substrate have an
adverse effect on the performance of these devices it is
important to understand fully the nature of the defects. A
study has been made of these defects using Double Crystal and
Lang topography.

One defect of particular interest, which has been found
in the Czochralski-grown crystals, is a helical dislocation.
This type of dislocation is not uncommon and has, for
example, been observed by electron microscopy in Al-4% Cu
alloys (Thomas and Whelan, Phil.Mag.4, 511 (1959)) and by
Xx-ray topography in sapphire (Caslavsky and Gazzaron, J.Mat.
Sci. 6, 1139, (1971)). 1In both these cases the Burgers
Vector was determined by choosing diffraction conditions such
that the diffraction vector (g) was perpendicular to the
Burgers vector (b) giving zero, or near zero, contrast in the
dislocation image. The Burgers vectors were found to be
parallel to the axes of the helices which is to be expected
if the helix has been formed by condensation of vacancies
onto a screw dislocation.

A similar analysis was attempted on gadolinium gallium
garnet. Large helices were found which fall into two types.

Type I

These helices, fig.l, are typically 120pm in diameter
and are considerably larger than those found in metal systems.
Two helices (H-H) can be seen in this transmission topegraph
of a (110) slice which is 160pm in thickness. From the
section which shows complete turns the ratio of pitch to
diameter can be determined as approximately one to one. It
should be noticed that the pitch of the helix is constant
over the length visible. The same region of crystal is shown
in fig.2 where the diffraction vector was chosen to be
perpendicular to the growth direction. The images of the
helices have disappeared for this reflection and for others
in the [111 zone. The Butgers vectors of these helical
dislocations are parallel to the growth direction and to the
axes of the helices with a probable magnitude 3/, [T11].

Iype II

Figure 3 is a transmiésion topograph of a (110) slice,
80um in thickness, taken from a different crystal. It shows
a section through two interlocking giant helices. Figure 4
is a transmission topograph and figure 5 a double crystal
topograph of different (111) slices from the same crystal as
that shown in fig.3. Comparison of figs. 4 and 5 shows that
these defects grow right through the crystal. The same
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as growth banding can be suppressed if there is
sufficient difference between film and substrate lattice

parameters.

When the difference is small (e.g. Ad<

5 x 107%) lattice parameter variations are observed

in the film but do not appear to affect the mobility.
Faceted areas on the other hand are bounded by local-
ised regions of higher strain which allows the film to

adopt a modified lattice parameter.

Bubble mobility in

such regions will be modified to an extent dependant

on the difference of lattice parameter.

TABLE I

Substrate Defect

VPE

LPE

Inclusions

Pinning points

Pinning points

Dislocations

Pinning points

Pinning points

Surface
Microstrain

Pinning points

Pinning points

Growth Banding

Some correlation of
relaxed pattexrn, no
mobility reduction

Little effect

: Mobility Mobility
F ;
o i reduction reduction
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serpentine domains. This static pattern has been
compared with the strain contours demonstrated with X-
rays. Secondly, an oscillatory A.C. bias field was
applied to the sampples and the resulting domain patterns
observed. Geusic has shown that this is a highly
sensitive indicator of defects with impede bubble motion.
Finally, translation mobility was measured in selected
areas utilizing a pulsed uniform field gradient
generated by two parallel wires with equal currents,
after the technique of Cape . This technique provides
a direct measure of translational mobility, and is
highly sensitive to defects and imperfections.

We have found that the relaxed domain patterns
have shown that only in extreme cases of lattice para-
meter fluctuation in the substrate is the imperfection
reflected in the domain pattern. This has been observed
in one instance in a VPE Ga - Y1G film. Strain induced
anisotropy films of this formulation would be expected
to be more prone to this type of problem due to the
large variation of total anisotropy with lattice constant.
Liquid phase samples have not, in general, shown this
characteristic. =

The AC bias field domain pattern clearly shows
defects and pinning points. Fig. (5) shows the pinning
points at residual surface microstrain and inclusions
in the sample whose topographs are shown in Figs. 1, 2.
This technique provides an excellent method of studying
defects and reveals virtually all defects which impede
propagation. It has become clear from the study that
all localised regions of strain (inclusions, dis-
locations, etc.) which show in the topograph of the
substrate will act as pinning points in the film.
Detailed mobility measurements have been made in regions
where mobility reduction might be expected and in
"perfect" areas for comparison. In only one case has a
drop in mobility been observed in an area corresponding
with a structural defect in the substrate (in this case
a facet) which appears perfect by optical examination.
Topographs of the faceted region are shown in Figs. 3
and 4. The data from this set of measurements, Fig. 6,
shows a clear mobility reduction in the faceted region.

CONCLUSION

The results of the correlation of magnet defects
and topographic defects is shown in Table I. 1In general
there is a one to one correspondence between localised
defects in topographs (inclusions and dislocations) and
magnetic pinning points.

In the case of general lattice strain, the
situation is more complex. Slowly varying strains, such



415

In the case of liquid phase films, the lattice para-
meter of the films was 12.390 + 0.001 so that it was
possible to obtain topographs separately from film and
substrate after growth. Figure 1 taken through an 8.0
pum thick film shows a substrate which has been Syton
polished to remove surface damage. Residual strain, A,
not detected optically can be clearly seen as can the
dark images of inclusions, B, which form during the
growth of the film. The uneven background results from
gentle lattice strains associated with temperature
fluctuations during growth of the substrate. As can be
seen from the topograph of the film, fig. 2, the defects
with the exception of tne growth banding, appear also in
the film. The, loss of the small lattice parameter
fluctuations (Qggﬂvlo-s) due to temperature cycling is

d
however not surprising in view of the magnitude of the
difference between the lattice parameters of the film
and substrate.

Another crystal, shown in Fig. 3 before the film
had been grown, illustrates more clearly the growth
banding but in this case the periodicity is much greater
although the strain is similar. In addition, two
faceted regions can be observed. These result from
growth on (211) planes and they are important because
they hav$ a slightly different lattice periodicity
(%%==10- ). A liquid phase film of the same composition
to that above which was grown on this substrate also
exhibit the core although the growth bands are again
suppressed. Another important defect is the dis-
location which has an extensive strain field. They are

rarely found in good quality substrates due to their
- large energy of formation but when they occur they
propagate directly into the film.

In the case of vapour phase films with strain
induced anisotropy, the difference in lattice parameter
between film and substrate must be rigorously controlled
to generate the required anisotropy. A limited range
of samples have been examined in which the lattice mis-
match between film and substrate is small (4 d< 0.0073)
and it is found that all defects described above
propagate into the film.

MAGNETIC STUDIES

The magnetic characteristics of the samples which
were analysed topographically, have also been investi-
gated. For these studies three techniques have been
used. First the samples were annealed above the Curie
point to produce the minimum energy configuration of the
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THE EFFECT OF STRUCTURAL IMPERFECTIONS. ON MAGNETIC
PROPERTIES OF EPITAXIAL GARNET BUBBLE FILMS

A.D. Milne, J.M. Owens, B. Solomons and S.J. Thornley
University of Edinburgh, Edinburgh, Scotland.

ABSTRACT

X-ray topographic studies using the Berg-Barrett
reflection technique have been made on Gd;Ga;O0;, sub-
strates grown under various conditions. The crystals
exhibit coring, faceted growth, growth banding, iridium
inclusions and dislocations. Liquid and vapour phase
films have been grown on these substrates and the films
examined by reflection topography. In general the sub-
strate defects propagate directly into the films, how-
ever the degree to which general lattice strain appears
in the film depends both on film thickness and lattice
parameter mismatch.

The epitaxial films have also been examined to
study their bubble characteristics. Static relaxed
domain patterns have been correlated with the substrate
strain patterns. Dynamic measurements using AC field
gradients on a DC biased sample to provide domain motion
and point out defects have been correlated with sub-
strate and film defects.

INTRODUCTION

Since the earliest realisation of magnetic bubble
domain devices, people have been aware that a major
factor ¢ogtrolling device performance is material per-
fection™’ In the epitaxial magnetic garnet systemn,
there are two ways in which imperfections can arise”.
There can be discrete defects or strain gradients in the
substrate material which propagate into the epitaxial
film and there can be interfacial defects, such as
inclusions which produce growth defects in the magnetic
film. These different types of defects have been
studied and their influence on the magnetic character-
istics analysed.

DETECT ANALYSIS

The crystal perfection of the substrates and films
was assessed by reflection scanning Berg-Barrett topo~-
graphy using MoKw; radiation and 16,16,16 reflections.

The substrates were nominally Gd;Ga;04, and had a
lattice parameter of 12.382 + 0.00l. The films were
either Er Eu,Ga , Fe,, ;0,, and grown by liquid phase
epitaxy or Ga:YIG and grown from the vapour phase method.






