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Review

The design of single crystal materials for
magnetic bubble domain applications

J. E. DAVIES, E. A. GIESS

{BM Thomas J. Watson Research Center, Yorktown Heights, New York, USA

The criteria for the existence of stable magnetic bubble domains and their potential in
data storage applications are outlined. The development of single crystal materials capable
of supporting such domains is reviewed. Particular emphasis is given to both the static and
dynamic properties of bubble domains and to how, by careful materials design and pre-
paration, the optimum balance of these properties can be attained.

1. Introduction

The concept of magnetic domains was originated
at the turn of this century by Weiss [1] and has
become one of the most important principles in
magnetism. During 1967, Bobeck [2] proposed
that small cylindrical magnetic domains (the so-
called magnetic bubbles), supported in thin single
crystal platelets, could be manipulated to provide
a method of data storage. The relative merits of a
magnetic bubble memory have been discussed and
compared with conventional data storage methods
by Bobeck and Scovil [3]. In short, magnetic
bubble memories offer an attractive trade-off in
cost, storage density and access time. Being solid
state they should have a greater long term reli-
ability than the mechanically-driven discs and tapes
they seek to replace. In addition, there is the ex-
citing potential that logic functions can be per-
formed on the bubble memory chip itself, thereby
greatly increasing the flexibility and rate of hand-
ling data.

Of course, the first stage in such a technology is
to find a class of materials which can support stable
bubbles and allow their rapid manipulation. This
article reviews the development of suitable single
crystal materials and critically discusses how the
properties of such materials are designed to obtain
maximum performance from the magnetic bubble
memory. We have not included the new class of
amorphous materials which differ significantly
from crystalline materials in both chemistry and
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structure but which nevertheless obey the same
laws of bubble physics.

The opening section describes the bubble do-
main and presents the material requirements for
the existence of stable bubble domains. Following
sections trace the development of bubble-support-
ing materials and methods for the preparation of
thin single crystal films of the most attractive of
these materials, the garnet family. The static and
dynamic behaviour of bubble domains and the
engineering of garnet materials to give the optimum
blend of these properties are then described in
detail. Finally, a section is devoted to small
(<1 um in diameter) bubbles, which will be receiv-
ing more attention in the future.

2. Bubble domains

If a thin single crystal platelet of ferrimagnetic
material has a unique easy axis of magnetization
perpendicular to the plane of the platelet, then
the material may exhibit magnetic domains
bounded by 180° domain walls, as shown in Fig.
la. These domains can be observed since they
rotate the plane of polarized light in opposite
directions, depending on their magnetic polarity,
and so by correctly adjusting the analyser there is
optical contrast between adjacent domains. The
application of an external bias field parallel to the
easy axis causes the domains whose net magnetiza-
tion is aligned with the field to grow at the expense
of those antiparallel to the field (Fig. 1b). On in-
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Figure 1 Generation of bubble domains [3].

creasing the bias field some of the smaller domains
contract (“run-in”) to cylindrical (bubble) domains
as in Fig. lc. Raising the bias field still higher
causes the bubbles to shrink and finally collapse
when their diameter has shrunk to ~ 1/3 its ori-
ginal value. When all the bubbles have collapsed
the platelet is completely magnetized in the direc-
tion of the bias field and is said to be saturated.
Since bubbles are stable over a moderate range
of bias field conditions, circuits can be envisaged
in which the presence or absence of a bubble de-
fines the binary coding for data storage. In order
to operate the simplest data storage circuit, the
shift register, it is necessary that five basic func-
tions can be performed with individual bubbles:
nucleation; propagation; transfer between propaga-
tion tracks; detection; and annihilation. These basic
functions are the subject of extensive literature
(see, for example [3-8]). AT and I bar permalloy
overlay circuit for propagation is shown in Fig. 2.
Clearly the density of data storage depends on
the bubble diameter and the packing pattern in the
device design. The latter influences access time
along with data rate, which depends mainly on the
spacing between bubbles and the velocity at which
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Figure 2 T and 1 bar bubble propagation track. The
bubble has its magnetization pointing into the plane of
the paper and consequently is attracted to the north pole
of the permalloy T bar, deposited on the surface of the
film. As the in-plane field is rotated, the direction of the
permalloy magnetization follows that of the field and the
bubble moves along the track in the sequence shown.

they can be moved. For an economical mass
memory device, a minimum storage density of
10%bits cm ™ and a megabit data rate are desirable.
Since the typical spacing of bubbles in a T-1 bar
device is four times the bubble diameter, 6 um or
smaller bubbles with domain wall velocities of at
least a few hundred cmsec™ per oersted drive
field are required.

The theory of bubble domains has been deve-
loped by Thiele [9, 10] and may be summarized
as follows:

(1) For the existence of stable isolated bubble
domains, the material must have a unique easy
axis of magnetization perpendicular to the plane of
the platelet, such that the stability factor, ¢, is
greater than unity, where

2aM?

q (1)

K,, is the uniaxial perpendicular magnetic aniso-
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tropy, and M is the magnetization. Alternatively
this may be expressed in terms of the uniaxial
anisotropy field, Ay

Hy

Ly 2)

so that as long as the anisotropy field is greater
than the saturation magnetization, 4nM, the
material may support stable bubbles.

(2) A bubble has its maximum stability when
the film thickness (1) equals approximately § of
the bubble diameter (d) which leads to (3).

(3) The bubble diameter is given by

8 (:1]‘1;;)7 3)

where A is the exchange stiffness (a measure of the
force acting to keep adjacent magnetic moments
aligned) and / defines the characteristic length of
the material. The quantity 4(AK,)''* is the energy
of the 180° domain wall.

(4) In order to move the bubble as an entity
and with relative ease, the material must have a
low coercivity, H,, preferably less than 1% of its
4nM.

In addition to satisfying Thiele’s criteria, a
bubble material must be capable of being manu-
factured into large area slices with reproducible
magnetic properties and a high degree of crystal-
line perfection.

d~8l =

3. Materials search

3.1. Approach

Although it is obvious today that large area single
crystal slices of a few microns thickness are most
successfully prepared by epitaxial deposition onto
a suitable substrate, the exploratory work to find
suitable bubble materials was based on slices cut
from bulk crystals grown mainly by the fluxed
melt technique. This offered the most direct
approach since it was not dependent on the deve-
lopment of epitaxial crystal growth techniques,
neither was it limited by the lattice parameter nor
the orientation of the substrate.

When discussing the development of bubble
materials it is instructive to refer to Fig. 3, which
was first published by Bobeck and Scovil [3] and
shows the state of art at the time of its publication
(June, 1971). The preferred material region is pri-
marily defined by bubble diameters small enough
to offer attractive storage densities yet not so small
that their manipulation becomes a serious problem.
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Figure 3 Analysis of Potential Bubble Materials [3]. The
upper diagonal dashed lines denote constant bubble dia-
meter. The lower diagonal dashed line is the limit where
wall width = bubble diameter.

3.2. Orthoferrites

The first materials to receive interest were the rare
earth orthoferrites. These are of general formula
RFeQ;, where R is a rare earth or yttrium. They
have a distorted perovskite structure making them
essentially orthohombic. There are four crystallo-
graphically equivalent Fe®* per unit cell.

The magnetic properties of this class of
materials can be adequately described in terms of
two magnetic Fe®" sublattice strongly coupled
antiferromagnetically and canted at a small angle,
producing a net ferromagnetic moment perpendi-
cular to the antiferromagnetic axis. Typically
4nM ~ 100G at 25° C. Since the room tempera-
ture Hy is much larger than 4nM, they have a large
g and support stable magnetic bubbles. There is
extensive published literature on the magnetic pro-
perties of orthoferrites and their application to
bubble mass memories [2, 11-16].

For optimum thickness slices, the bubble dia-
meters of unsubstituted rare earth orthoferrites
proved to be too large, typically 100um. Since
bubble mobilities were of the desired magnitude,
attempts were made to reduce the bubble diameter
by increasing 47M or reducing Hy. Since all of the
Fe* are on crystallographically equivalent sites,
increasing 4mM by selective substitution into only
one of the Fe®' magnetic sublattices appeared
most unlikely. Robbins ez al. [17] reported that
the partial substitution of F~ for 0%~ (0.2 to
0.3 atoins per formula unit) with charge compen-
sation occurring by Ni?* or Fe®" sites, altered the
antiferromagnetic canting angle so as to increase



4nM. However, the preparation of suitably sized
crystals with uniform magnetic properties was
never achieved.

A more successful method of obtaining smaller
bubble diameters was by reducing Hy. Upon reduc-
ing the temperature of most rare earth orthoferrites,
the anisotropy field first decreases in magnitude
before passing through zero at the reorientation
temperature where the magnetic easy direction
changes from the ¢{001) axis to the a{(100)
axis. Further reduction in temperature results in
an increased Hy along the a axis. For most unsub-
stituted orthoferrites, except SmFeQj;, the reorien-
tation temperature is below room temperature.
Therefore, by using Sm-substituted rare earth
orthoferrites reorientation temperatures in the
vicinity of room temperature were obtained. The
reduction in Hx gave bubbles as small as 20 um in
these systems. (In Fig. 3 the uppermost dashed
diagonal lines represent bubble diameter.) Bobeck
et al. [12] operated shift registers with
Smy.55Tbo.45Fe03, which supported ~ 25 um dia-
meter bubbles. However, because of the proximity
of the reorientation temperature with room tem-
perature, the magnetic properties such as the
bubble diameter and collapse field were strongly
dependent on the device operating temperature.
Since orthoferrites only support larger bubbles they
have been largely replaced by garnets.

3.3. Hexagonal ferrites

The hexagonal ferrites based on the magnetoplum-
bite structure are mainly ferrimagnetic and usually
contain more than two magnetic sublattices. Their
complex layered hexagonal structure was estab-
lished by Braun [18]. Generally, their magnetic
easy axis is either the hexagonal axis itself or lies in
the hexagonal basal plane. In 1960 Kooy and Enz
[19] showed the existence of bubbles in magneto-
plumbite platelets.

Magnetoplumbite (PbFe;,09) and its Ba and
Sr analogs have a 47M ~ 4000 G and Hx ~ 10*G,
the hexagonal axis being a unique easy axis of
magnetization. Consequently, platelets parallel to
the basal plane support stable magnetic bubbles,
whose diameters are <1 um and typically ~ 0.2 ym.
Although 4nM has been reduced by the partial
substitution of Ga®*, AI**, Cr3 or Rh?* for Fe®*
[20] to give bubble diameters as large as 10 um,
these materials all had extremely low bubble
mobilities. Bobeck [21] reported initial domain
wall mobilities of only ~ 1 to 10 cmsec™ Oe™! and

limiting velocities in the range 100 to 600 cmsec™.

It is not clear if these inferior dynamic properties
are intrinsic or were the result of defects. The ad-
vent of garnets for bubble applications has over-
shadowed the hexagonal ferrites and no further
work on their bubble mobility limitation has been
reported.

3.4. Garnets

The rare earth iron garnets were first reported by
Bertaut and Forrat [22] and, independently, by
Geller and Gilleo [23]. Rare earth iron garnets
are of formula R3Fes0,,, and belong to the cubic
crystal class (space group /a3d). In each unit cell
there are eight formula units with the 96 oxygen
ions packed in such a way as to create 24 inter-
stices which are 8-co-ordinated (dodecahedral), 16
which are 6-co-ordinated (octahedral) and 24
which are 4-co-ordinated (tetrahedral). The rare
earth and yttrium ions occupy the larger dodeca-
hedral sites and the Fe* occupy the smaller octa-
hedral and tetrahedral sites. Consequently, the
garnet unit may be written as {R3}{Fe,](Fe3) 045,
where {}, [] and () signify dodecahedral, octa-
hedral and tetrahedral sites respectively. Because
of their size, the larger rare earth ions (Pr®*, Nd*")
and also La* and Bi®* can only partly substitute
on dodecahedral sites.

The magnetic properties can be des-
cribed by a three sublattice Néel model;
{R3t{}[Fey1](Fe3l) 0y,. The magnetic moments
of the tetrahedral Fe® are all aligned and anti-
parallel to those of the octahedral Fe®*. The align-
ment of the rare earth magnetic moments depends
on the rare earths, being parallel to the tetrahedral
Fe3* for Nd> and Pr®* and parallel to the octa-
hedral Fe®* for the ions Gd** through to Yb*.
For diamagnetic R-ions (La®*", Lu®*, Y®") the net
moment of the garnet is 5 Bohr-Magnetons at 0° K
since each Fe3" has five unpaired electrons.

Initially the ferrimagnetic garnets were not con-
sidered as magnetic bubble materials because gar-
nets are intrinsically cubic with four equivalent
(111) magnetic easy axes. (A bubble material
must be uniaxial.) However, during 1970 it was
reported [24] that in garnet crystals containing
two or more R-ions, the R-ions can show a non-
random distribution on the six inequivalent types
of dodecahedral sites. Thus the material is no
longer perfectly cubic, but is uniaxial instead. One
of the (111) axes is then a unique easy axis and
appropriately oriented slices of certain garnet com-
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positions are capable of supporting stable bubble
domains.

Since the garnet structure is stable over a wide
lattice parameter range {~ 11.5 to ~ 13 &) it can
support a wide variety of substitutional atoms,
allowing these materials to be designed for specific
properties. When Ga®* or Al substitute for Fe3*,
they show ~90% preference for tetrahedral sites
and therefore are efficient in reducing 4nM. Aniso-
tropy Hg depends on the combination of rare
earths, the crystal growth conditions and the
orientation of the slice. In addition, many of the
garnets have relatively temperature insensitive mag-
netic properties at room temperature and have high
domain wall velocities as well. Consequently, a
great deal of effort has been directed to the appli-
cation of garnets for bubble mass memory devices,
and indeed, the garnets are probably the most
widely studied bubble materials today. The re-
mainder of this article concentrates on garnet
materials.

4. Crystal growth

4.1. Substrates

For small diameter bubbles to be stable, very thin
crystals are required, and for mechanical strength it
is necessary to support these magnetic garnet
crystals on non-magnetic substrates. Nearly all
garnets for device or physical studies are made
epitaxially in thin film form on rare earth gallium
garnet substrates [25]. Because of its close lattice
parameter match with Y3Fes04, (2o = 12.376 A),
the material upon which most of the garnet bubble
materials are based, Gd;GasOy, (@o=12.383 A) is
the most commonly available substrate material.
Sm3Gas0q, (gp=12.437 A) and Nd3Gas04; (a0 =
12.506 A) are also used for substrates, although to
a far lesser extent.

Rare earth gallium garnets, unlike the corres-
ponding iron garnets, are congruently melting and
can, therefore, be grown from the pure melt by
directional freezing. Fortunately, when the need
for substrates arose, crystal growers already had
several years experience in producing Y3Al50,, for
both jewelry and laser applications. Although the
lattice parameter of Y;Al;O, itself (g = 12.02 A)
is small to be used as a bubble substrate, the crystal
growth expertise for Y3Al;0, is directly applicable
to Gd3GazO4s.

Gd3Gas0,, melts at >1700° C and is grown

from 1f heated iridium crucibles under an atmo-
sphere of nitrogen and a few per cent oxygen.
Single crystal boules are pulled from the melt by
the Czochralski technique. Provided the correct
growth procedures (see [26-30] for fuller details)
are adhered to, up to 2 in. diameter, dislocation-free
boules with extremely low levels of residual strain
can be grown routinely. The boules are then cut
into oriented slices which are lapped smooth with
diamond or alumina abrasive and finally given a
chemical-mechanical polish with Syton*, or some
other alkaline colloidal polishing medium. Highly
perfect substrates with a good degree of surface
free of damage are essential since any defects will
be replicated in the bubble film during its epitaxial
deposition and will impair the motion of bubbles.

4.2. Film growth
Single crystal garnet films have been grown by
chemical vapour deposition (CVD), hydrothermal
epitaxy (HE), and liquid phase epitaxy (LPE).
Originally CVD was a strong contender for the
garnet film growth process both because of the
apparent ease with which it could be adapted for
large scale film production and because the films
produced were free from solvent contamination,
which is not the case of LPE. The various stages in
the CVD process are shown schematically in Fig. 4.
Essentially it involves the vaporization of the rare
earth, iron and gallium chlorides, which may have
been prepared in situ, their transportation with an
Ar or He carrier gas into the growth chamber where
at temperatures ~ 1200° C they are reacted with
oxygen to deposit garnet epitaxially on the sub-
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Figure 4 Chemical vapour deposition process (schematic).

* Syton is a registered trademark of the Monsanto Co, St. Louis, Mo.
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strates according to the reaction

3RC13(g) + (5 - X) FeCl2(g) + x GaCl3(g)

Ar
+ 60,(g) — R3Fes_Ga, 013+ 3(19 —x) Clygy.
“)

A more complete description of the CVD process
is given by Mee et al. [31], Stein [32}, Robinson
[33], Wilkins [34] and Taylor and Sadogopan [35].
Recently, interest in the CVD process has de-
clined because the high growth temperatures re-
quired produce films with little or no growth-
induced uniaxial anisotropy, limiting the process
only to systems with substantial stress-induced
anisotropy (see Section 5.1). Presumably high
growth ternperatures and long growth times miti-
gate against growth-induced anisotropy which can
be annealed out by diffusion processes. In addition,
defect densities are significantly higher in CVD
films than in comparable films grown by LPE.
Cowher et al. [36] have shown that the use of
organometallics as transporting agents allows lower
growth temperatures which may help lower defect
densities and allow growth-induced anisotropy.
However, much work remains to be done before
CVD can reemerge as a contender to LPE.
Hydrothermal epitaxy has been used by Kolb
and Laudise [37] and Ferrand et al [38, 39]. The
rare earth, iron and gallium oxides are dissolved in
concentrated (20M) NaOH at 500atm and
~ 500° C. Garnet is deposited on substrates at the
cooler end (~450°C)of the autoclave (Fig. 5).
With certain modifications of the growth pro-
cedure, attack on the substrate prior to growth by
the alkali can be minimized. Although HE has pro-

duced highly perfect films of the pure iron garnets,

notably Y3Fe;Oy,, uniform gallium substitution is
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SILVER BAFFLE

POLYCRYSTALLINE
NUTRIENT

STAINLESS STEEL
AUTOCLAVE

450°C 500°C
( EPITAXIALY NUTRIENT
DEPOSITION /ADISSOLUTION

Figure 5 Hydrothermal apparatus for growth of garnet
films [39]. Left hand side of diagram shows temperature
at corresponding position in autoclave.

a problem because of the high solubility of Ga,;0s.
In addition, the slow growth rates (~ 0.1 umh™)
are a limijtation for the growth of most bubble
films used today.

At the present time, LPE is the most successful
growth process since it is suitable for a wide range
of garnet compositions and can routinely produce
films with extremely low or even zero defect den-
sities. Film growth occurs by immersing the sub-
strate into a supersaturated solution of granet by
either dipping [40-42] or, less commonly, a tip-
ping method [25, 43] as shown in Fig. 6. Generally
the solvent is PbO-B,0;, although the
BaO-BaF,-B,0; system has aiso been used
[44-46]. Growth takes place isothermally and
typically at a rate ~ 1 um min~!. Blank and Nielsen
[47] have shown that smooth continuous films
can be grown when the unstrained room tempera-
ture lattice parameter of the film is between
0.013 A smaller and 0.018 A larger than that of
the substrate. Fortunately, mixed garnets obey
Vegard’s rule so that their lattice parameters can be
interpolated from those of the pure garnet con-
stituents. Small amounts of Pb** from the flux are
incorporated on dodecahedral sites in the garnet

-
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—~—+—SUPERSATURATED
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BOAT

o
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Figure 6 Liquid phase epitaxy geometries.
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lattice, increasing the lattice parameter. However,
this can be allowed for since the characteristics of
Pb?* incorporation have been well studied [48-50].

For further details of the LPE process the
reader is referred to a recent review by Giess and
Ghez [50].

5. Design of garnet bubble compositions
5.1. Magnetization and uniaxial anisotropy
Although it is realized that the uitimate aim of
bubble technology is to produce devices utilizing
submicron diameter bubble domains, so far most
of the development has been with ~ 5 um diameter
bubbles. These are small enough to be economically
attractive yet large enough to be seen in an optical
microscope and to be manipulated using permalloy
overlap patterns generated by conventional photo-
lithographic techniques.

Ideally, bubble materials should satisfy Thiele’s
criteria (see Section 2) of d ~ h/2, where

8(AK,)'?
nM?

u

2aM

d~38l = and q = s = 1.
Therefore, for a given bubble diameter, the film
thickness is specified. The exchange constant, 4,
essentially depends on the film Fe* content and
for garnet systems of interest has values in the
narrow range 1 X 1077 to 4 x 10~ "ergcm™ at room
temperature. Consequently, the main design vari-
ables are 4nM and K, and even these are subject
to restrictions since for a given device design there

is an optimum value for g. For T-I bar propagation

TABLE I Iron garnet physical constants

mechanisms, a ¢ =5 is necessary to prevent
spurious bubble nucleation at high drive fields. A
Sum bubble in a system with g ~5 requires
4nM ~ 130 to 200G and K,~3000 to
8000 erg cm™>. For some gapless propagation struc-
tures such as the contiguous disc [51, 52] or the
bubble lattice file [53] a lower g value may be
acceptable; although this has yet to be demon-
strated.

The properties of the pure rare earth iron garnets
are given in Table I. (The values for the hypothe-
tical garnet LasFes0,, were estimated.) For mixed
garnet systems these properties are approximately
additive. Generally, to reduce 47M to the deisred
range of 130 to 200G, ~ 1 Fe*" per formula unit
must be substituted by Ga**. Fig. 7 illustrates how

3 T
% = l2.383 4

N

Y ATOMS

Q
0.0 05 1.0

Ga ATOMS
Figure 7 Magnetization and lattice mismatch in the
(Eu, Y),(Fe, Ga);0,, system [63].

M Ao K, 4rM Ty T a, A

(X 1079 (X 1079 (X 10%) ©) () K A (x1077)
La — 2.4 — 1.4 none 12.767 0.52
Sm — 8.5 +21.0 —20 1675 none 578 12.529 12
Eu + 1.8 +21.0 —37 1172 none 566 12.498 2.1
Gd — 3.1 0.0 — 6 56 286 564 12.471 0.52
Tb +12.0 — 3.3 — 6 198 248 568 12.436 48
Dy -— 59 —12.6 — 6 376 225 563 12.405 26
Ho — 4.0 — 34 — 6 882 140 567 12.375 42
Y — 2.4 — 14 — 5.7 1767 none 553 12.376 0.52
Er — 4.9 + 2.0 — 6 1241 83 556 12.347 7
Tm — 52 + 14 —11 1397 none 549 12.323 1.2
Yb — 4.5 + 14 -7 1555 5 548 12.302 4.2
Lu — 24 — 14 — 5.2 1815 none 549 12.283 0.52

Magnetostriction coefficients (A,,, and X ,,,) are from [55] and [56].
Cubic anistropy constants (K, in erg cm™®) are from [57] and [58].

47M are from [58].

Compensation temperatures (7,) are from {59].
Curie temperatures (7¢) are from [60].

Lattice parameters (a,) are from [61].

Rare earth damping parameters (A’ in Oe? secrad ™') are from [62].
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in the Bu,Y;_.Fes_,Ga,0,, system both the 4nM
and the lattice parameter requirements can be
simultaneously satisfied (the lattice parameters
12.383 and 12.437 A correspond to Gd;GasOy,
and Sm3Gas0,, substrates respectively).

In garnet films the uniaxial anisotropy, K, may
be derived from two mechanisms; growth-induced
and stress-induced anisotropy. Stress-induced aniso-
tropy arises when the unstrained lattice parameters
of the film and substrate are not perfectly matched.
Because of the large garnet lattice parameter, and
consequently the large Burger’s vector, it is diffi-
cult to generate dislocations at the film/substrate
interface which, therefore, remains perfectly cohe-
rent; i.e. when viewed along the perpendicular
direction, film atoms are in register with the sub-
strate atoms. To accommodate the mismatch the
film relaxes in the direction perpendicular to the
interface [31], distorting its cubic structure. The
stress-induced anisotropy, Kg, is given by;

KS - _%O.A (5)

where o is the biaxial (planar) stress in the film and
Ais the magnetostrictive coefficient. Values of A
for the (1 11} and (1 00) garnet planes are given in
Table I. The biaxial stress in the film can be
written in terms of its elastic constants and the
lattice mismatch with the substrate

E Aa

o = 22

1—va,

(6)

where E is Young’s modulus (~ 2 x 10'2dyn cm™?)

and v is Poisson’s ratio (~ 0.29). Consequently,

K is approximately given by Klokholm’s expres-

sion [54]

Ko~ 10774 o
ST 29

so that for positive values of Aa (i.e. film in biaxial

tension) the film must have a net negative A to ex-

hibit a positive (uniaxial) Kg.

Growth-induced anisotropy (K,) is more com-
plex to treat quantitatively. As previously sug-
gested, rare earth ordering appears to play a major
role [64]. However, other mechanisms have been
suggested [65-68] and the experimental evidence
indicates that more than one of these mechanisms
may be responsible. Qualitatively, rare earth ions
which have a net orbital angular momentum
(especially Sm**, Eu3*, Pr**, Nd* and Tb*) pro-
vide a large contribution to K whereas those with
no net orbital angular momentum (Gd3*, Lu®,
Y*, La®) have a lesser effect. In addition, there

is a tendency for K, to increase as the difference
in ionic radii of the rare earths increases [24].

The total uniaxial anisotropy is given by the
sum of the Kgand K, components which, depend-
ing on the system, may act with or in opposition
to each other. Giess and Cronemeyer [69] have
experimentally verified this using the same film
composition grown onto a series of substrates with
a wide range of lattice parameters. Without growth
induced anisotropy the range of useful garnet com-
positions would be severely limited. Also it should
be noted that cubic (magnetocrystalline) aniso-
tropy, K, can contribute to the effective K.

For bubble materials’ with 47M ~ 130 to
~ 200G, the required magnitude of K, can be
generated by many combinations of rare earths
using appropriate growth conditions and lattice
mismatch. Since those R-ions which have no net
orbital angular momentum provide very little
resistance to domain wall motion, most 5um
bubble compositions are based on these.
Compositions of the type R,Y; .Fes_,Ga,O;,
(0.9<y<1.2) are of particular interest where
R = Eu [41], Sm [42, 70] or La [42] since lattice
matching with Gd;Gas0O¢, can be achieved with
x <0.6. Compositions involving three R-ions are
also popular, allowing an extra degree of freedom
in materials design at the expense of a more com-
plex growth system. Gd—Y-Yb |71, 72], Eu—Y—
Yb [73] and Eu—Y-—Tm [74] are examples of
such systems.

5.2. Temperature dependence of
magnetic properties

In a bubble device the operating margins will be
significantly reduced if the magnetic properties of
the material, in particular the bubble diameter and
collapse field, are sensitive to temperature fluctua-
tions. Both the bubble diameter and collapse field
depend on 47M, A and K, all of which are com-
plex functions of temperature and in turn depend
on the garnet composition. Therefore, the approach
to temperature insensitive properties is semi-
empirical and is based on the material not having a
magnetic transition temperature in the vicinity of
room temperature.

Table I gives the Curie temperatures, T, of un-
substituted rare earth iron garnets. Typically these
are ~ 280° C. However, T, depends on the garnet
Fe® content so that when ~ 1 Ga* atom is sub-
stituted to reduce the 4aM, T, is lowered to
~ 140° C. Ga® substitution is not the ideal method
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for reducing 4nM since only ~ 90% resides on
tetrahedral sites. The remaining ~ 10% resides on
octahedral sites thereby partly counteracting the
tetrahedral Fe3* dilution. Bonner et al. [74] have
grown films containing Si** and Ge* . These reside
~99% on tetrahedral sites and are, therefore, al-
most 20% more efficient in reducing 4aM. Charge
compensation occurs by Ca®** or Sr** occupying
dodecahedral sites. Bonner’s films have T, ~ 190° C
and consequently the temperature dependence of
their magnetic properties is relatively small. A
further consequence of the greater Fe3* content
in the Si**/Ge* substituted films is their higher
exchange constant which increases both the bubble
mobility and its critical velocity (see Section 5.3).
The advantages of Si**/Ge*" substitution are partly
offset since films are more complex to grow repro-
ducibly than their Ga3* containing counterparts
[70, 75]. The control of growth temperature is
especially critical.

In addition to a Curie temperature, some garnets
also exhibit a compensation temperature (7, in
Table I). This occurs when the rare earth has a
sufficiently large magnetic moment aligned with
the octahedral Fe®" sublattice so that the resultant
moment is greater than that of the tetrahedral
Fe®* sublattice at 0° K. Since the magnetic moments
of certain rare earths decrease more rapidly with
temperature than the Fe* moment, there is a
temperature (7, ) at which the opposing sublattice
moments are exactly equal and 4aM = 0. Garnets
with T, in the vicinity of room temperature, such
as DysFes;0,,, Tb3Fes0;, and, in particular,
Gd;Fe;0,, have magnetic properties strongly de-
pendent on the temperature, but they can some-
times be used to advantage in bubble film compo-
sitions because they give lower 4nM. This reduces
the level of Ga’* substitution needed, resulting in
higher Curie temperatures and exchange constants.

5.3. Bubble velocity

In a working bubble memory the rate at which the
data can be accessed depends on both the device
design and the speed at which the bubbles can be
moved. The velocity, V, of a bubble is given by {9]

y= ¥ (AH*%HC) (8)

2

where u is the domain wall mobility (cmsec™ Oe™"),
A H s the field gradient across the bubble and H, is
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the coercivity of the garnet film. The requirement
that H, be less than 1% of 4nM is met by most
good quality garnet films. Since it is desirable to
move the bubble rapidly using the lowest possible
drive field, the coercivity should be low and the
mobility high.

As yet there is no quantitative model for coerci-
vity and values vary according to the measurement
technique. For a given garnet composition it seems
that low coercivity is associated with high crystal-
line perfection and magnetic uniformity. Also co-
ercivity appears to scale with anisotropy. The fac-
tors which determine the relative coercivity for
different garnet compositions are not fully under-
stood.

Mobility, on the other hand, is better under-
stood. Vella-Coleiro et al. [62] have determined
the relative magnitudes of the rare earth damping
parameters, A, for most unsubstituted rare earth
iron garnets, both by bubble dynamics and by ferri-
magnetic resonance (the damping parameter is
approximately proportional to the ferrimagnetic
linewidth). Mobilities are inversely proportional to
the damping parameters, values of which are given
in Table I. As a rough guide, when the ions occupy-
ing dodecahedral sites have no net orbital angular
momentum (Gd*", Lu**, Y3*, La%, Ca®) the resis-
tance to domain wall motion is least.
Using these ijons, mobilities approaching
2000 cm sec™! Qe have been achieved [70].

When moving bubbles at high speeds there is,
however, a severe limitation. Bubble velocity in-
creases with increasing drive field until a critical
velocity, V;, is reached. Attempting to move the
bubble faster than V, by the use of higher drive
fields causes erratic bubble propagation. The
phenomenon has been explained in terms of the
domain wall structure by Slonczewski [76] and
Hagedorn [77]. Since the domain wall separates
two domains which are magnetized in opposite
directions, the magnetization must rotate by 180°
through the thickness of the domain wall. In Fig.
8, if the magnetization rotfates about the x-axis, we
have a pure Néel wall and if it rotates about the
y-axis we have a pure Bloch wall. Because the
bubble domain wall width is much less than the
film thickness, a Bloch wall is energetically more
favourable. However, the stray magnetic fields
from the poles at the surface of domains induce
Néel character at the surfaces of the domain walls.
As the domain wall is moved faster the structure
becomes less stable and eventually at the critical
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Figure 8 Section through a bubble domain wall [76].

velocity, horizontal Bloch lines* are generated at
the film surface. These can then move through the
domain wall and annihilate at the opposite surface.
The generation and passage of the horizontal Bloch
lines through the domain wall causes the erratic
bubble propagation.

The critical velocity for a planar domain wall is
given by
2444

Ve = hKL?

€))
where « is the gyromagnetic ratio (= ge/(2mc),
where g is the spectroscopic splitting factor, e is the
absolute value of the electronic charge, m is the
mass of the electron and ¢ is the velocity of light).
For almost all 5um bubble materials g ~ 2. K,
A and £ are only slightly variable since they deter-
mine bubble diameter and stability. Therefore, V, is
generally ~ 2000 cmsec ™.

For the EusFes_,Ga,0,, system, LeCraw et al.
[78] have shown that the effective g factor is given
by

g = Mgy+ Mp./(Mgu/8gut+ Mre/gre) (10)

where My, and gg, are the magnetization and g
factor of the Eu®" sublattice and My, and gp, are
the ner magnetization and g factor for the com-
bined octahedral/tetrahedral Fe® sublattices. Eu®*
has a J = 0 ground state but also has a moment
induced by the exchange field in the garnet lattice.

Since M is proportional to the product of g and J,
therefore gg,>2 as shown by LeCraw
and Blank [79]. For the case where x =0,
Mye~My16~1700G and Mg, ~(My1g —Mpuic) ™
500 G, where My1g and Mgy are the magnetiza-
tions of Y3Fe;0,, and EusFe;0;, respectively, and
consequently g ~ g ~ 2. An interesting situation
occurs when x ~ 1.2. In this case, 1.1 Ga®" reside
on the tetrahedral Fe3* sublattice, 0.1 Ga®* reside
on the octahedral Fe3* sublattice and so My, ~ 0
and g ~ gg, from Equation 10. The composition
thus has a high gyromagnetic ratio and a corres-
pondingly large critical velocity. It should be noted,
however, that the initial bubble mobility is inde-
pendent of the gyromagnetic ratio (see Equation
12).

LeCraw et al. [79] have very recently extended
this approach using Ge*'/Si*" rather than Ga®*
substitution because of the higher T, realized with
the former. Their exact composition was
Eu;.45Y0.45Ca . Fes 9Sig.6Geg.5012. Although this
appears to be a complex system, it is instructive to
analyse the reasons for their choice; the 1.1
(Si**+ Ge*") ions are needed for My, =0 and an
equivalent amount of Ca®* is needed to charge
compensate the tetravalent ions. The 1.45 Eu®*
ions give the material a 4nM ~ 200 G. The remain-
ing dodecahedral sites are filled with Y** since it
both enhances bubble mobility and does not con-
tribute to the 4nM. The Si**/Ge* ratio is chosen
so that the film has a good lattice parameter match
with the Gd3Gas0,, substrates.

For LPE grown films of this composition,
LeCraw and Blank [79] report g factors in excess
of 30. Corresponding critical velocities are as high
as 30000 cmsec™, an order of magnitude greater
than for other 5 um bubble compositions. It there-
fore appears as if this type of garnet composition
is very attractive for high speed devices. LeCraw
and Blank point out that the g factor itself is not
strongly temperature dependent and the T,
(~ 190° C) is high enough to expect good tempera-
ture stability of the bubble diameter and collapse
field.

5.4. Hard bubbles

One of the major problems in magnetic bubble
technology has been the existence of “hard
bubbles”. Hard bubbles are those which contain a
large number of vertical Bloch lines in their wall

* A Bloch line marks the transition between Bloch and Néel segments in the bubble domain wall. In Fig. 8, there is one

pair of Bloch lines.
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structure [80, 81]. Certain behavioural characteris-
tics distinguish these from normal bubbles, which
contain no vertical Bloch lines. In a drive field
gradient, hard bubbles propagate at an angle to the
direction of the drive field. The larger the number
of vertical Bloch lines, the greater is the deflection
angle and consequently the lower is the effective
bubble mobility in the direction of the drive field.
Furthermore, hard bubbles collapse at a higher
value of bias field than do normal bubbles. Al-
though in the recently-proposed bubble lattice file
mode of data storage, these Bloch lines may be
utilized for the binary coding [82], generally the
presence of hard bubbles is detrimental to device
operation.

Hard bubble suppression can be achieved by the
use of a double layer film structure [83]. Adjacent
to the upper or lower surface of the bubble film
there is a thin (~ 20% of the film thickness) cap-
ping layer whose magnetic properties differ from
those of the bubble film. The two alternative forms
of the capping layer, the 90° and 180° caps, are
shown in Fig. 9. In both cases the planar domain
wall at the interface of the bubble film and capping
layer prevents the formation of a large number of
Bloch lines in the bubble domain wall.

}

BIAS
T l T FIELD
180° CAPPING
BIAS
T l T FIELD
90° CAPPING

Figure 9 90° and 180° capping layers for hard bubble
suppression.

The 180° capping layer is simply comprised of
a garnet material whose 4nM is lower than that of
the bubble film. At the bias fields required for the
existence of bubbles, the capping layer is com-
pletely magnetized in the direction of the bias field
thus forming a 180° planar domain wall at the
interface with the bubble film. The 90° capping
layer can either be fabricated using a garnet com-
position which has in-plane anisotropy (i.e. K, <0)
or by ijon-implantation to a shallow depth in the
bubble film. Hard bubble suppression by hydrogen
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ion implantation is described by Wolfe er al.
[84, 85]. The implantation merely causes an ex-
pansion of the garnet lattice. Thus if the film is in
planar tension, sufficient implantation can cause
the surface layer to be in planar compression. For
garnet materials with a large negative magneto-
strictive coefficient, K, of the surface layer may
become negative and its magnetization then lies
parallel to the plane of the film. As in semicon-
ductor technology, the incident energy of the im-
planted species determines the penetration depth
and the dosage determines the degree of lattice
expansion. The use of larger implanted species
(e.g. neon ions) has the advantage of requiring a
lower dosage, thus reducing the processing time.

5.5. Smaller bubbles

Because magnetic bubbles are a solid state tech-
nology, 5um diameter bubbles have potential for
data storage, especially in systems where long term
reliability is a prime requirement (e.g. telephone
switching, space flight recorders). In the computer
industry there are different trade-offs to consider.
For optimum performance, large scale computers
utilize a combination of memory units, each with
different cost/access time/storage density charac-
teristics. In such a system, magnetic bubbles offer
faster access time than the conventional discs and
tapes they seek to replace. On the other hand, discs
and tapes can have storage capacities which can
only be matched with small (<1um diameter)
bubbles. Since the typical bubble spacing in a de-
vice is approximately four times the bubble dia-
meter, smaller bubbles have the further advantage
of having less distance to move than their larger
counterparts to achieve comparable data rates and
access times.

Recent advances in both electron beam [86] and
X-ray lithography [87] have made possible the
reliable fabrication of overlay circuits for the mani-
pulation of ~ 1 um diameter bubbles. In the near
future it seems possible that a technology with
even smaller (~ 0.5 um) bubbles can be realized. Of
course, to achieve such small bubbles poses a
number of materials problems, quite distinct from
those associated with ~ 5 um bubbles, e.g. thinner
films require special growth considerations [50}.
This section critically discusses these problems,
outlines the present state of the art and speculates
on possible future developments.

As was the case with 5um bubble materials,
Thiele’s criteria are the ground rules for designing
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Figure 10 Magnetization and uniaxial anisotropy for sub-
micron bubbles. Projected from data for EuYb,Fe O, ,.

smaller bubble materials. To obtain smaller bubbles
the garnet must have a larger 4nM. This in turn
requires larger values of K to satisfy the condition
g =2 1. To put this into the correct perspective it is
necessary to consider Fig. 10. Here, a bubble dia-
meter of 10 times the characteristic length, an ex-
change constant of 4 x 10 7ergem™ and a ¢ of
1.5 (which is probably the minimum g value that
any practical device can operate with) are assumed.
Clearly the smallest bubble diameter that can be
achieved for garnets is limited by 4aM. Rare earth
iron garnets have a maximum 4zM ~ 1800G
(Table I). Although substitution in the octahedral
Fe* sublattice (e.g. by Sc**) can be used to further
increase 4wM, spin canting occurs even at moderate
levels of substitution, limiting the 47M to ~ 2000 G
and consequently the bubble diameter to ~0.4 um.

More significant is that as the bubble diameter
decreases, the K, required to maintain a given g
increases rapidly, as the square of 4nM. Fortu-
nately, K, itself is not an absolute constant. For
the Eu,Tm,Fe;_,Ga, 0, system, Giess et al. [88]
grew a series of films using almost identical
growth conditions varying only Ga concentration
0<x<1.2. It was found that although K, does

increase slightly with 4nM, this alone is not
sufficient to maintain high g values when the sub-
micron region is approached as x = 0.

From Equation 7 it is clear that for most
practical bubble materials, even with the most
favourable lattice mismatch conditions, Kg~
10*ergem™. Consequently, the majority of K|, re-
quired for <1um diameter bubbles must be
derived from a growth-induced mechanism. Ex-
perience with 5 um bubble garnets has shown that
Eu* and Sm®' are particularly efficient in in-
creasing K. Bearing in mind that a Jarge difference
in the ionic radii of the rare earths in the film pro-
mote a large K, Giess ef al. [89] investigated film
compositions where either Sm*" or Eu® was
paired with Yb® or Lu®*. The Yb> substituted
films (e.g. EuYb,Fe;0;,) have 4nM ~ 1400G,
Ky~ 10°ergcm™ and support 0.5 um bubbles with
a ¢~ 2. The Lu* substituted films also support
0.5um bubbles, albeit with a slightly lower g.
When 4nM is reduced to ~ 700G by partial Ga**
substitution, these films support 1 um bubbles with
q ~ 4. Very recent work has shown that Tm®" can
be used instead of Yb3* in these film combinations
with virtually no loss in ¢ yet quite a substantial
gain in bubble mobility.

Plaskett er al. [68, 90] have grown films of
composition Eu,Y,Fe;0;, and Eu3Fe;0,, onto
Sm;Gas0y, and Nd;3Gas0,; substrates respectively.
At low growth temperatures (~750°C) these
films contain almost 6% by weight of Pb®* from
the flux. The presence of Pb?" increases K, in these
films, the effect being far greater for films of
(1 00) orientation than those of (1 1 1) orientation.
For Eu®*, N\, 40 is an order of magnitude greater
than A, ; ;. However this only partially explains the
large K, of the (100) oriented films. In fact,
these films exhibit the highest values of K|,
(~2 x 10%ergcm™3) yet reported for garnets and
support 0.5 um bubbles with a g of 3. However,
even this g value may not be sufficient for some
device applications and at present work is in pro-
gress to increase the ¢ in submicron bubble garnet
compositions.

These 0.5 um bubble compositions contain no
Ga** and have T,~280°C while 1um bubble
compositions contain ~ 0.5 Ga®" per formula unit
and have T,~220°C. Because of these high
values of T both the bubble diameter and collapse
field are less sensitive to the operating temperature
than is the case for Sum bubble materials.
Typically, for submicron bubble garnets both the
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bubble diameter and collapse field decrease by
~0.2% for each 1°C increase in the operating
temperature.

As previously stated, for a given bubble velo-
city the data rate increases and access time de-
creases with decreasing bubble diameter. Bubble
mobility is given by [62]

1/2
_r(4
u—aKu

where « is the Gilbert damping parameter (=
YN /M) and )\ is the Landau-Lifshitz damping
parameter + y2. Therefore, Equation 11 can be
rewritten as

M A 1/2 1 A 1/2
== =] === . 12
u R'(;h) k’(an) (12)

Although going to smaller bubbles increases A4, the
rare earths required to generate sufficient K, have
high values of \'. Hu and Giess [91] measured a
mobility of 800 cm sec™! Oe™ for the Eu,;Tm,Fe,.s
Gay. 501, system. The Sm>* analog has a somewhat
lower mobility.

As with 5 um bubbles it is the critical velocity
rather than bubble mobility that limits high speed
operation. From Equation 9, ¥, ~ 2000 cmsec™.
The approach of LeCraw et al. [79], to raise V by
increasing v, is limited by the 4aM that can be
achieved using only the Eu®" sublattice. The
Si**/Ge* substituted films can contain a maximum
of 1.9 Eu® which probably limits the 4aM to
< 300G and the bubble diameter to a minimum
of ~ 3 um. It is interesting to speculate here on the
design of a related garnet. Replacing Si**/Ge**
by Ga®*/AI* would eliminate the need for
charge compensation with Ca®*. The resulting
Eu;Fe; o(Ga, Al);.,04, system might have 4zM as
high as 500 G, a bubble diameter as small as 2 um
and could be grown on to Nd;Gas0,, substrates.
Sufficient K, presumably could be induced by the
incorporation of Pb%* from the flux. However,
since the T, for this system will be relatively low
(~ 120° C), the bubble diameter and collapse field
will be more sensitive to temperature fluctuations
than comparable Si**/Ge*" compositions.

Finally, we must consider hard bubbles and
their suppression in submicron bubble films. Be-
cause this topic is still in its infancy, this section
will be limited to a few general comments. Both
the translational and the static collapse behaviour
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characteristic of hard bubbles are observed in sub-
micron bubble films. Since the garnet composi-
tions supporting stable submicron bubbles have a
large K, it is as yet uncertain whether ion-implan-
tation can be used for hard bubble suppression.
One would certainly expect the dosage required to
create the in-plane magnetization of the surface
layer to be higher than for ~5um bubbles.
Whether this dosage can be achieved without
damaging the film remains to be proven. The
double layer film structure involving either a 90°
or 180° capping layer may be the more effective
approach to hard bubble suppression.

6. Conclusions

During the past seven or eight years, magnetic
bubble technology has progressed from a mere
concept to working hardware and engineering
prototypes. The low cost, high performance and
apparent reliability of the bubble memory make it
an attractive solid state alternative to mechanically-
driven discs and tapes. One of the major reasons
for this remarkable progress has been the rapid
development of suitable bubble materials which
can be controllably fabricated into large area, single
crystal films with a high degree of physical perfec-
tion. The methods of fabricating thin films from
the most suitable class of these materials, the
garnet family, are present and the engineering of
garnet materials to obtain the desired physical
properties is quite well understood. Emphasis is
being placed upon the static and dynamic behaviour
of bubble domains and the trade-offs that must be
made to achieve the optimum device performance.

As well as the benefits to magnetic bubble tech-
nology itself, much of the basic research performed
in developing this technology has greatly enhanced
our understanding of materials preparation, pro-
perties and device fabrication in general. In crystal
growth, for example, detailed investigations of the
LPE process have enabled the film growth
mechanism to be accurately described. Never be-
fore has this been achieved for any fluxed melt
crystal growth process.

Although the authors have restricted themselves
to considering bubble materials in the form of
single crystals, again it must be stressed that the
amorphous Gd-Co alloys [92, 93] and ternary
systems based upon these are also potentially
suited to magnetic bubble technology. These
materials are crystallographically quite dissimilar
to the garnets yet have remarkably similar mag-



netic properties so that much of the bubble
physics discussed in this article is relevant to these
alloys. A review of the Gd—Co system and its appli-
cation to bubble domain devices has been given by
Chaudhari et al. [94]. Finally, it is conceivable that
hexagonal ferrites [95], spinel ferrites [96]. or
some other magnetic material could be developed
as epitaxial crystal films to rival garnets.
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