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1. Introduction
1.1 Justification gnd Reguirements
Magnetic bubble technology is essentially capable of higher bit

. 0 densities than_is cutvently available. The resolution of li-
‘ thography empluized for circuit fabrication limits the devices
} presently in use. A variety of modified technclogies have been

studied which would relax the lithographic resolution require-
ments, such as semi-disks, contiguous disks, and bubble lattices.
In a multilayer self-structured bubble design, domain structures
in one layer replace all or part of the control circuitry for
the data bubbles in a second layer. This design reduces the
technology restrictions imposed by the lithggraphic process,
thereby allowing the ful) capability of the magnetic material

to be utilized. b

1.2 Multilayer Structures

Multilayered  garnet structures offer a new degree of freedom,
which promises to eliminate many problems assoicated with present-
: day devices. These structures; by allowing tailoring of the , ]
. naterial properties of two or more layers, can optimize the
parameters of each layer to serve a specific function. A
periodic domain configuration can be geénerated in one layer and
. used to structure the data in a second layer. This implies
that all structuring circuitry can conceivably be removed from
the storage area. As the memory chip becomes larger, the re-
duction of circuit complexity becomes dramatic if the storage
area circuitry is eliminated. Stable periodic domain configura-
tions can be made to propagate coherently, thereby propagating
bubbles in a data layer. This use of pepiodic domain configura-
tions allow bubbles to move in a potential well of nearly constant
depth, thereby improving device operating margins and upper ‘ 4
. frequency limitations. The use of natural garnet magnetig’ '
7 dwuain phenomena in. place of lithographically configured features
for structuring and propagating implies higher yields and lower
costs for these devices. ‘

™

i e tiiar

1.3 " Purpose of Report
' % ]

This report describes the research leading to a practical
multilayer self-structured memory device concept. Initially, the
reasoning is presented leading to device selection. The theory
of various concepts is described next, followed by experimental
. investigations of several current accessed circuits. Subsequently,
the test vehicle design and evaluation are reported, in addition
to a recommended memory storage area configuration.

J
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Multilayered self-stpructured lattice files have two or more
couplad magnetic garnets grown on a commen substratae. One layer,
referred to as the data layer, supports data bubbles. One or
more garnat layers, the carrier layers, contain arrays, of stripe
domaing or bubble domaing, and also determine the position of
bubblas in the data layer. Propagation of the data is accom-
plished by wmoving the domain arrays in the carrier layers.
Structuring can be accomplished by employing confinement ralls

o channels in the garnet, and/or a lattice of carrier bubbles.

Through incorporation of selﬁ-struetu?ﬁﬁ.multilnyév degigns, the
goals are to greatly reduce the total number of propsgating ele-
nents, and to make the minimum%eaknra size of the propagating
elements consistent with conventional photeolithography, .while
maintaining high bit density.

‘A list of self-structured multilaysr bubble f£ile designs was
prepared for device consideration( This list is most sasily
represented in a f£ive dimensional matrix, figure 2.1, because
there are fiva differont independent characteristics for
classification. These are (1) the type of carrier used to
convey the data bubbles (e.g., stiipe carrier, wavy wall carrier;
or bubble carrier), (2) the means by which the carrvier is
propelled (e.g., T-hars, ete.), (3) the type of fences or
guidance channels, (4) the type of coupling between carrvier
film and the data £ilm-{e.¢., exchanga, etc,) and (5) the type
of bilasg field used. The total nunber of combinations is

540, This is too large to be represented in a two dimensional

natrix. A reduced two dimensional matrix has been congtruoted,

figure 2.2, and contains only 120 items. The diffoerent methods

“of bias are not represented on this list for simpliecity,

bocause for most structures the bias type will be determined
by the rogquirements of bubble stability and stripe stability,
and therafore, there will be little freedom of choice.

The two dinensional matrix of figure 2.2 still contains too
many candidates to be experimentally evaluated for a self-
structured multilayar memory system. The candidates in esach
of the sactlons for carrier type, means of propulsion, and
coupling type must be individually evaluated, and objective
deeisions nmade whether they are a viable tachnology for device
application.
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The wavy wall application for carrier propagation does not appear
to bera serious candidate. Since its description in the litera-

ture, there has been very little interest or work throughout

the industry associated with its development or application. The

gubble carrier and the stripe carrier remain as excellent candi-
ates. ‘

Angelfish and T-bar type propagators place strigent requirements
on the photo-lightography processing of devices. Since successful
propagation of bubbles requires a complete array of propagation
features, this limits both the element density and device yield.
Control of stripe or bubble propagation by automation;Proved to

be most difficult because of irregular displacement.

Conventional bubble memories employ a rotating magnetic field
for access purposes, generated by externally mounted field coils.
Field access requires the excitation of a large volume of the -
memory, requiring high voltage at the coils, and results in a
system penalty for power. The memory aperating frequéncy is
limited by the inductance of the coils, which require excessive
power at high drive frequencies. These coils also represent a
significant fraction of the total weight and total cost of the
memory. Through incorporation of current accessed techniques,
the coils can be eliminated.

Table 2.1 lists the advantages and disadvantages of a

current accessed bubble memory, as compared to a field accessed
memory. For these reasons, an effort has been placed in invegti-
gating current accessed techniques for domain propagation.

Exchange coupling between mq iple layers of magnetic material
generally requires intimate contact of these layers for adequate
interaction. Variation of .the coupling strength can be accom-
plished with very thin non-magnetic intermediate layers, but .the
results are very difficult to control accurately. Magnetostatic
coupling between layers appears as a suitable candidate, since
its magnitude can be controlled quite easily by geometrical con-
siderations. i

Structuring of the memory design can be accomplished in one of
the two directions by providing an energy barrier to the bubble
or stripe domains. Barriers such as a magnetic rail on the gdr-
net surfagte, an ion implanted region of the garnet, or a groove
etched in the garnet will provide an energy well to restrict
domain 1océtlon. All three of these barriers appear to be ac-
ceptable’ candidates, and their spec¢ific application will depend
on the individual circuit requiremqnts and physical layout. A
magnetic domain fence is less desirable, since it is not a
permanent feature of the device, and can contribute to device
failure if eradicated.
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TABLE 2.1 CURRENT ACCESSED BUBBLE MEMORY FEATURES

Q

1. current access x | ’ J%>
2. large propagation features _ X ,

3. nultilayer construction ‘ X
4. self-structured ‘ X

5. coherent propagation X

6. high denﬁ’fhy X

7. high frequency operation X ,

8. propagation circuitry connections ; A
9. no wall state storage X >§¢//

10. medium Q materials ~ X

11. heat generated by current lines’— .x
12. low access time | X

The number of combinations that are serious-candidates for the .
multilayer self-structured memory design has, therefore, been
reduced to six. Current access; bubble or stripe carrier pro-
pagation; and barriers of magnetic rails, ion implanted areas,

or an etched groove are the salient design features.

2.4 Device Desiqn ., a«\
/

Based on the above reasoning, a theorebicai\;;d experimental
effort was initiated on a self-structured memoi'y device. The
design consisted of a multiple layer garnet with the magnetic
layers coupled by magnetostatic dnteraction, magnetically-
assisted current accessed stripe domain propagators, current
accessed bubble and stripe domain generators, and magnetic bars
for stripe domain end pinning. Propagation of bubbles in the

Q

data layer is controlled by current accessed domain propagation &

in the carrier layer, Detection and readout of data were not
necessarily included in the device design.

3
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' 3. Theoretical Investigations S

3.1 QObjectives

The behavior of bubble domains and stripe domains in single layer
garnet materials, and their interaction in multiple layer garnet
materials, depends upon many geometrig l and material properties,
It is the object of the following thepgretical invstigations to
describe these interactions and couplings, and to employ the re-
sults in selecting device designs for development of a multi-
layer lattice ﬁili These calculations, and the resultant for-
mulas, allow prediction of bubble and stripe behavior before
fabrication of test circuits.

3.2 Coupling Between Multiple Layers of Bubble Domgin5§3
3.2,1 Interaction Between Eubbles in Adjacent Lavers 0

Bubbles in different 1ayers exert forces on each other. These
forces are exerted by the stray field emanating from a bubblep
which affectes the bubbles in the- ouqg-uuL. J.uyuf in two waysy;

1) it exerts a foxce tending to move the bubble directly over the
center of the first bubble; and 2) it opposes the bias field and

tends to increase the size of the bubble. To evaluate the inter-

actions between bubbles, it is nﬁcessary to calculate this stray
field. This can be done exactly* for both the radial component
Hr(r,z) and the normal component, H,(r,z). See Table 3.1 for
symbol definition.

K i //,(391)

o2l t (G- D) k(K - B(K))
Ho(r, 2) =)= Ry

(1 ~ BK5IKR(K,) - E
i S)K(Ky) = B(Ky) ] ‘in
Ky

&

H (r,z) _ 1 . , ,
inm - Znr, (7205 [zklﬁ(xl) - (h + 2)KyK(K,)]

_ Ao(alﬁ;) - A (ay8,)

@ zr I

a ,
v
2wr (rr )™
+ Ac(“yﬁg) - Ao(“2f2) for r > rg
# o - 2r ’ oo

Q

for r < Ey oo xf&;,ﬁ_

AN




TR T TRDRSET W oogmoieees o

e i

\

o S ST mmemmm s eme e e T I 1= T o e g g+ o e,
. P N
Q
.q <
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where K(K), E(K), and A, (a,8) g:avthe complete elliptic %/te—
grals of the first, second, and third kinds, respectively, with

-1 Va P (3.2)

Ky = drro [22 + (r¥+ ro)z], g —

-

K

N N

= 4rr, [(h+z)2 + (¢ + Pa)z]z
Lo 0
a, = sin” Kl’(& )

af ot « 2174
B, = sin”l(z [(h + z}3®+ e - 29)2] lllﬁnd

sin”l{(h‘+ z)

>
B

Equations 3.1 and, 3.2 a pl\tted in Figures 3.1 and 3.2. Note
that the field is a large fragtion of 4rnM; the coupling field is
more than enough to trap and move bubbles, which has been observed
experimentally. Note also that the coupling field extends beyond
the radiug of the bubb e when the spacing between layers is
significant, so that thé\qlustar of trapped bubbles can even ex-
tend somewhat beyond the\outside a bubble. The coupling field is
(1) larger for thicker bupbles, (2) larger for larger diameter
bubbleg, and (3) large when the distance from the bubble is small
compared to the radius of the bubble. These three observations

‘show that while the large bubble in the ucttom,layer has a large

effect on the small bubbles in the upper layer, the bubbles in
the upper layer have almost no effect on the large bubble. This
simplifies the investigation considerably.

Table 3.1 presents a list of definition of symbols used in this
section. : o o

)
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TABLE 3.1. DEFINITIONS OF SYMBOLS -

Exchange constant, ERG/CM

width of an isolated stripe domain, m

Magnetic f£field normal to film surface, OB

Normalized normal magnetic field, H/4sM

Coercive force, OE

Anisotropy field, 2K/M, OE

Bubble collapse f£ield threshold, OE

Normalized collapse field, Ho/an

Run~out field threshold, or strip-out field threshold, OE
Normalized run~out field, H o/de

Stray field on the wall of an infinitely long isolated
stripe, averaged over f£ilm thickness, OF

Stray field on the wall of an infinitely long isolated

stripe, averaged over f£ilm thickness and strip width, OE

Stray field at the tip cf a rectangular isolated stripe,
averagf:cx over Tilm thickness uncx m;m.pa wn.acn, OE

Film thickness, m

Uniaxial anistropy constant, 3MHk, ERG/CM
Length of an isolated stripe domain, m
Characteristic letigth of garnet, Tw/4vM2, m
Normalized characteristic length, &/h
Magnetic moment, EMU, GAUSS

Bubble domain radius, nm

Normalized bubble domain radius, r/h (
Bubble domain radius at collapse threshold, m

Normalized Bubble domain radius at collapse threshold, Fo/m

Normalized anisotropy field, Hk/an = K/°mM
Wall energy per unit length and thickness 2f“§, DRG/CM

Co N -
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3.2,2 _Mgtefial Parameters for Multiple Layers of Bubbles

Multiple layers of bubble supporting materials provide increased
flexibility in design considerations for self-structured applica-
tions, Listed below is a set of equations which relate the -°
material parameters, bubble size, and various magnetic fields to
each other. “

(reference number)

) ¢
X =l=om 0=/t H)? - A]F @ (3.3)
S 34 z 3" - 3H
P ‘ )
H, =1+ 3)/4 - (3x) 7% o (2) (3.4)
E % 3 —" 1 - s ;
X, = (37 - 972 (2) & (3.5)
v o= (Y3 a-ombam) “ - (3.6)
o) + o] N%) *
(Inversion of equation 3.4)
Hpy = Xp - (L + ma '—’HRO) (3) . (3.7)
A = (Hpgy - lmHpy - 1)/ ‘ (3.8)
(Inversion of equation 3.7)
p o= (106.7)1'231. = 313.8(4mm) "L+ 231 (3.9)
47M S x

Equation 3.9 is an empirical relation found to hold true for large
and small bubble garnets, both Ga and CaGe garnets (see section
4.5.2). There may be garnets for which equation 3.9 is not true,
but garnets can be-found that fit equation 3.9 over the full range
of % and M. .

In one type of multilayer self-structured bubble memory, a large
diameter carrier bubble ddmain in one layer carries along with '
itself a number of small data bubbles in a second layer. Both
the large bubbles and the small bubbles, in their own layer, must
have wide operating regions that overlap. The run-out, or' strip-
out, field of one layer must not be higher than the collapse
field of the other, and vice-versa. The following calculation

[¢]

9

11
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generatas the proper paranmeters of the two layers so that the
bubble sizes are different, yot the collapse field s the sane.

A\ ) :
As an examnple, consider the applitation of two magnetic layers
with 4¥M = 125 Oe and 300 Oe, with a bubble. collapse threshold
Ho = 83 Oe for both layers.

To,ccnvmé& Oarstads into ampere turns per meter, multiply byﬁ5
1000/4n, which equals 79,5775. What is the proper thickness, h,
fior each layer, and what are the values of &, A\, Xo) Yoo Hpo?

From equation 3.9, the characteristic length & is 0.823um for .
41M = 125 nDe, and ,2804um for 4xM = 300 Qe. From the definition
g ® Ho/d4uM, Py = 0,6639 for 4wM = 125 Qe, and 0.2767 for 4nM =
300 Oe. From equation 3.6, A = 0.04572 and 0,2996 for 4uwM = 125
Oo and 300 Qe, respectively. From the definition A = i/h, the
thickness of the layer with 4xM = 125 Oe nmuast be L8um, and the
thickness of the other layer mugk be 0.9359um. From equation 3.5,
Xo is 0.1515 and 0.6008, respectively, From the defiinition

Xo = re/h, Lo ks 2,727 wm and 0.5623um, respectively, TFrom
equation 3.7, the normalized run-out f£ield is 0.5552 and 0.5623,
respactively, so that Hp, = 69.4 Oe and 51 Oa, respectively. If
the cpaprating bias fileld ™ = 76 D&, Erom eguation 3.3, X is

0,2118 and 0.965), which corresponds to a bubble radius of 5.6lum \w%%:
for the large bubble film and 0.903um for the &mall bubble £ilm. R

This procedurd illustrates how such calculations can be performed,
for a variety of values of 4wM and Hy.

Pigures 3.3, 3.4, and 3.5 are graphs of the proper film thickness
as a function of 4wM for layers having a collapse threshold of

83 Oa, 57 Oe, and 198 Oe, respectively. The radius ry of the
bubble at the collapse threshold is also plotted, as is the
radids at a suitable operating bias.

To illustrate the use of figures 3.3, 3.4, and 3.5, assume a two
layer bubble memory. The carrier bubbles have a chosen diameter
of 7um and operate at a bias field of 76 Oe. Figure 3.3 indicates
that the 4vM of the carrier layer should be 150 Gausg, and that
the thickness of the carrier layer should be”7.5um. If the diam-
atey of the data bubbles is to be one fourth of the carrier |
bubbles, or L.75um, then each carrier bubble may carry up to

seven data bubbles. Pigure 3.3 indicates thak the 4wM of the

~~ data layer should be 315 Gauss, and the thickness of the data

£ilm should be 0.88um. In actual practice this data £ilm would
be made by gradually thinning a thicker layer, moniltoring the

bubble collapse threshold batween thinnings until the operating
ragiona of the two films coincide.
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From these figures we see that large variations in bubble radius,

a factor of 20 or more, can be obtained with compatible operating
. ranges. A practical difficulty is that the small bubbles require
; the films to be very thin. This, in turn, presents two problems
! which all small bubble memories have: a fabrication problem and
s « a road-out problem. The fabrication problem is to grow thin

enough layers. Using the usal lead oxide flux, initial growth
rate is exceedingly fast, so that a one micron film ¢grows when one
just dips the £ilm into the melt and pulls the f£ilm out. The
problem can be solved either by using a lithium molybdate nelt
in which £ilms have a very slow growth rate, or by thinning a
£ilm grown in the conventionazl lead melt by ion milling or chemi=
cal etching. The read~out problem is aneliorated somewhat by the
fact that the small bubble £ilms have higher 4«M; however, read-
out is still a problem for all small bubble mamories and not just
multilayer structures.

3.3

TR T CRESRATTY R e

ripe and Bubble Layers
One class of multilayer bhubble lattice file uses stripe domains

iy one .m’&"““‘ 1o pnf\nhmmkm hubbj_mn in »a sacond 1&\?«1‘]:‘ A ealeultie =

tion of the couplinq strength due to both the exchanga forece and
the magnetostatic field is presented herein.

- Because the stripe f£ilms that respond best to in-plane fields have
high 4vM values and very narrow stripes, a mismatch in size be-
tween bubbles and stripes is likely. The calculations=show that

the coupling strength decreases in a.non-monotonic fashion as the
stripe width decreases, relative to the bubble diameter, The
coupling is never zero unless the stripe width is zero, and there-
; : fore, stripes can be used to propagate bhubbles even though they
; © are not matched in size,

B, S0

Exchange coupling and magnetostatic coupling are roughly of equal
. importance i1f no separating layer is used. Magnetostatic coupling
P decreases as the thicknéss of the bubble layer increases, de-
3 creages as the width of stripes decreases, and, if a separating
layer is used, decreases as the separation increases. }

2 3.3.1 pExchange Coupling

Exchange coupled double layer garnet £ilms are made by epitaxially
growing a magnetic garnet layer directly on another magnetic gar-
net layer with different properties. There is no non-magnetic
;ayar between then. o

In the past, such double layer garnet f£ilms have been grown for
the purpose of having one layer replace the external normal bias
field required to sustain bubbles. For this application, one

&
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layer is always saturated, while the other layer contains bub-
bles. Exchange energy causes the saturated layer to exert a
torque on the spina of the bubble layer that tends to saturate
the second layer, and thereby emulate a bias field. The mag~-
netostatic field from the saturated film is negligible for the
same reason that the electrostatic field of a parallel plate
capacitor is negligible outside)the capacitor.

The strength of the exchange coupling is experimentally measured
by measuring the difference in the bubble collapse field in one
layer with the other layer saturated in two opposite states.
Half of the difference between the two collapse fields is the
coupling strength in Oersteds. It is conventional to report the
strength of the exchange coupling in Oersteds for that reason,
although the exchange coupling is not a magnetic field. The
experimental value ontained will depend strongly on the thick-
ness and aspect rati¢/ of the bubble. An exchange bias of 31
Oersteds on a l.6umffthick bubble f£ilm of (¥Sm)3 GalG exerted by 7
a bias layer of (EuZr)3 GaIG has been reportad.4 Therefore, for

the theoretical calnnlatinns, an exchange coupling of 31 Oersteds

is assu;aa. It is also assumed that there is no domain closure

shruchu Q.

3.3.2 Mismatch Between Stripe Width and Bubble Diawmeter

Wwhen the diameter of &) bubble is equal to or less than the width ‘ﬂ
of a stripe in a double layer structure, the bubble will be held
by the exchange force over the area of the surface of the bubble
that is in contact with the stripe. When the bubble diameter is
larger than the stripe width, the bubble will intersect two or
more stripes. Those stripes in which the spins in the iron sub-
lattice are parallel to those in the bubble will attract the
bubble; those with oppositely oriented spins in the iron sublat-
tice, repel. The net exchange attraction is proportional to the
difference in area of those portions of attracting and repelling
stripes enclosed by the bubble.

/The bubble will position itself in order to maximize the area of
- contact with attracting stripes and minimize the area of contact
with repelling stripes. TPigure 3.6.a shows the equilibrium posi-
tion when the diameter of the bubble is only/,lightly larger than
the width of the stripe. Figure 3.6.b shows/ the equidibrium
position when the width of the stripes is decreased further.

Note that the bubble is non-symmetrically arranged with respect
to the stripes. Equilibrium occurs when the condition

P
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is fulfilled, with hj, hy, and hj defined as in figure 3.6.b.
Regardless of the width of the stripe, there is always some posi-
tion where the bubble has lower energy; that is, there is always

a positive coupling. Figures 3,6.c and 4 show stable configura-
tiayé in which the stripe width is decreased further.

The strength of the coupling is easily determined by calculating
y e difference in area of those portions of attracting and re-
elling stripes enclosed by the bubble. The result is shown in

¢igure 3.7. Coupling strength decreases in a non-monotonic

fashion as the stripe width decreases, and is zero only when the
stripe width is zero.

It is necessary to determine how much coupling is required for
propagation. Conventional garnet bubble films for memories have
coercivity of approximately one tenth offone Oersted. Thus, a
coupling field greater than one tenth of one Oersted should be
sufficient to propagate a bubble.

3.3.3 Magnetostatic Coupling

Coupling betwegen stripes and bubbles alsc cocours by magnetostatie
interaction. /If stripes are of equal width, the dependence of
magnetostatic coupling upon the relative stripe/bubble size is
similar to that of exchange coupling, as shown in figure 3.7.
The "full scale" magnitude of the magnetostatic coupling, the
magnitude of coupling when the width of the stripe is.larger °
than the bubble diameter, depends strongly on the thickness of
the bubble film and on the intensity of magnetization 41M of the
stripe field.

The field from a stripe domain is calculated by considering a
stripe domain layer of thickness h. Let the wavelength of the
stripes by A, let the distance parallel to the film surface and
perpendicular to the stripes be x, let the point x = 0 be in the
middle of a stripe, and let the distance aboge the top surface of

the f£ilm be z. Starting with div 0 and + 41,
div (H + 4rM) = 0 (3.10)
div H = -47 (VM) = 4npm (3.11)

where py = VM is the magnetic charge per unit volume. Consider
a narrow strip, running along a stripe at the film surface, uni~
formly charged. Surrounding this with a Gaussian surface, the
result is o ‘
22AnS - (3.12)

S
4

H=
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where s is the distance from the narrow strip/ XW 15 the magnetic
charge per unit length, and & is a unit vector. The stripe .
domain garnets under consideration have a low anistropy field Hj -
so that they may be aligned with a magnetic field. If the aver-
age z component of magnetization in the stripe film is assumed

to be given by _

M, = M cos -ll o ‘?‘(3.i%)

»”

then the z component oﬁ the stray field is given by

0 @

2 x cos gﬂzz . cos 2%5(2 +"h) i
H, = 2Mcos 5= f 73 - - T Ax (3.14) ~
z¢ + x (z " h)® + x

This equation yields . , o

e

., ~2ig ' 2rfz + h 5 21X

-

T

n

Let the thickness of the bubble film by hg and let the spacing
between the, bubble f£ilm and the stripe film be hg. The full scale
magnetostatic coupling field, Hpg, from the Stripu £ilm to the
bubble film is found by averaging equation 3.15 betWeen the

limits hG and hG o hB‘

Hp 2A [exP (“2“hG)~ exp (’2"(hG + hB))-i-
B . A A (3.16)

2n(h +’h +h) ~2wth+h)“
exP Y — |~ exp 5y _

L

When the thickness of the sﬁacer layer is zero and when the thick~

ness of the stripe film is greaﬁ@gathan the stripe wavc;ength A
equation 3.16 reduces to

M —thB" 1 T ‘
Hpg ® By 1 - exp T )J (3.17)

s Flgures ‘3.8 and 3.9 show how this full scale coupling depends on
the thickness of tle bubble film, the wavelength of the stripes,
and the thickness -of the Gadolinium Galium Garnet (GGG)- layer

>
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sepzrating the ahripa and bubble £ilms. As thickness of the bub-
ble layer increases, the coupling decreases; as the width of the
stripes increases, the coupling increases; and, as the thickness
of the separation layer increases, the coupling decreases. A
47M value of 1500 Oe was assumed for the stripe £ilm; if gallium
is used to substitute for some of the iron, the 4wM will be less
and the coupling proportionately reduced,

3.3.4 Stripe-Bubble Interachion

Stripe domains in one layar can trap bubbles in another layer, so
that when the stripes are moved they move the bubbles along with
them. The interaction is due to the magnetic stray £ield from the
stripes. Therefore, knowledge of the strength and spatial depen-
dence of that field is of importance for design cqnsiderations.

Bquation 3.15 is plotted in figure 3.10 as a function of distance
above the garnet layer. Note that the interaction can be made as
strong as 21M, which is £ar more than needed for strong coupling.
Also, the stray-fiefld value can be adjusted to whatever value de-
sired simply~by choosing the proper spacer thickness, Note that
the thickness of the stripe domain film is immaterisl for thick-
nesses greater than the stripe wavelength, A.

3.3.5 Stripe and Bubble Material Selection

\)\\

" In this section theoretical relationships are derived that provide

the crystal grower with knowledge of the proper f£ilm parameters
for a coupled strip-bubble multilayer.

The styfpe layer in a multilayer self-structured bubble menory o
should have wide, rather than narrow, stripes if chevrons or cur-
rent conductors are used to move the stripes. The properties of
the stripe £ilm and the-bubble £ilm should be similar, but since
both must operate in the same external bias field, their charac-
teristics must be different enough so that one is above the run-
out threshold and the other is below. Explicit relationships are

)wderived for the % change in run-out threshtixid due to a % change

in: (1) thickness, (2) magnetization, (3) charactéristic length,
(4) anisotropy constant, and (5) exchange constant. Various
stray field formulas for isolated stripes are: also given.

‘Consider a double layer £ilm in which one layer supports stripos

and the other supports bubbles. The purpose of such a structure
is to move the bubbles by moving the stripes. Since most stripe
propagation schemes being investigated require small structures
(conductors, chevrons, etc.), the'stripes must be wide. Such
wise stripes are found in high Q, low 41M films of the type used
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for bubbles rather than in the low Q, high 41M films used for

light deflectors. Therefore, the stripe and bubble films should
be not too dissimilar,

3.4 Stripe Domain and¢Material Parameters

At the edge, /f an infinftely long stripe, the normal component
of the stray field averaged over thickness was first derived by
Kooy and Enz:

i

w

2 o
~1 [(h W , h e
[tan. (w) ~ 2R 1n (l + —5)] (3.18)

we

=3 Ino

where wyis the width of a stripe.

A useful approximation to'equation 3.18 is given by O'De_ll:6

By 4y | | o | . ¢
M 1+ ™/h

Wt
L
Pt
O
it

Let the x-axis lie in the film plane and let the walls of the
stripe domain be at x = 0 and x = W. The 2z compongnt of the
stray field, H(x) at the point x, can be calculated” from Hy by
considering the field to be due to tWO stripe domalns, one of
width x and the other of width W - X3
“ H(x) = Hy(x) + Hy(W - x) - 4nM.
. - (f

Note that 47mM has been subtracted so as not to add twice the
field from She saturated film in which the stripe is superposed.
field over the whole domain is

&

— _lW
Hw-—-wé

H(x) dx. o ' | (3.20)

When the O'Dell approxlmatlon, equation 3.19, isiused, the result

lS
0

E .
o 8h Ut I . -
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Derivation of the field at the tip of an isolated rectangular
stripe, averaged over both x and thickness, is similar to the
derivation of equation 3.20, except that two rectangular strips
joined end to end are considered:

If the 0'Dell approximation, equation 3.19, isvused, then

(=]

g&ip * 4 (1 * %?) (3.723)

ANota that fxom equations 3,19 and 3.21 the following relaticn~
ship holds. 4

Oi' all

' w

W

=y 4vM] = H - (3.24)

3.4}1 Run-Out_Threshold

Consider an isolated stripe domain of width W and length I, in a *
£ilm of thickness h, The total energy is the sum of the applied
field enerqgy, the stray field energy, and the wall energy:

o

E= By + By + By =

= 2WhLMH + Whn(ﬁk,u 41M). + 2(L + W) oph.

Assuning that L>>w, and requiring that at the run-out threshold
the domain neither shrinks or grows, so that SE/3L = 0, leads to

_h‘__‘ oy , N "‘l-__ R o, e
0= H~ % (Hy + 41M) 4 uwM Tt s3.~5)0
The condition dE/OW = 0 resuits in a second equation: .
) ; 17 ) B |
j 0= 208 b“g : AM, (3.26)
ﬁ'/ ’ ," L o mTMs - [ /
. N |
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From equation 3.24, aquatiéﬁ 3,26 becomes:
L0 = H -y © o)
| ? . and with equation 3,19 this becomea:
t | . o AaM ki) 4_1!&! -
- o g on . or l + I8 }1 TQJF {, (3.28)
; ; Substituting equation 3,21 into equation 3.25 qivaa{
b : ” '
o &
| 0-H~5‘$1n(1+~‘%‘-)+3ﬂ (3.29)
b MW g
Using equation 3,28 to snbstituta for (1 + wD/h) in aquation
3.29 yields .
e w _ Ah . sldx M) SOyt [ H_
1 0 =H - In & WMh L dwM - ® cme (3.30)
b
: Rewriting equation 3.30, using
a, ) \ o
41M™h ‘

h

~and noting that, by definition, when 3B/3L = 0, the appliad bias‘
“field, H, is the run-out field. ‘glves:

H . ' .
41M '
o = Lok k= 1n(gm) | (3.32)

3.4.2 lLaver Thickness
The percent change in run-out thrashold as a result of chanqinq

the thickness, h, by one percent is presented below. Taking the
partial derivative of equation 3.32 with respect to h gives:

GH SH ‘
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Differentiation of equation 3,3)1 ylelds:

ﬁ—l-gg - A [
: Dhow 2 (3.34)

k substituting equation 3.34 in equaﬁ%ﬁ 3.33 gives:

4 o )\ ' L *
| (3.35)
HRO / 1 - H o/4'lrM

o

t

]

i g When equation 3.32 is used to remove A from the equation 3.35,
) _

i

the result is:

3G :
3 f4nM ¢
\J‘n(a Dl

; .....,.B.Q RO -
Lo Tre / .y " T Hpg/ AT ) (3.36)

AN X LTt Rt 2 - i B

. »Equation 3.36 is plotted in figures 3.11 and 3.12. Note ‘that the
2 T right hand side of equation 3.36 is always positive, which means
that as £ilm thickness increases the run-out threshold increases. *

3.4.3 Magnetigzation : .

: The derivaticon of the ratio of the percént changa in run-out f£idld
to the percent change in 4tM is similar %o the derivation of the
thickness dependence in the previous section. The assumption is

‘ made when 41M is changed (for example, by the substitution of more
' iron oxide for gallium oxide), K, the, anistropy constant, remains
E . unchanged. The result is:

SH‘ |
RO/ aM . .2 in (3.1!!1“.) (3.37).
Hro /// Mo Lo- Hpg/amM ™ \Hgg o

[a)

3

E i Equation 3,37 is always positive, so increasing 4vM always in-
creases the rud-out threshold. Moreover, the change is very large. *
Equation 3.37 is plotted in figures 3.13 and 3.14. :
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3.4.4 Characteristic Length

The characteristic length, %, is one of the fundamental parameters
measured in garnets, and is defined as o,/47M2, The percent
change in run-out threshold due to a one percent change in char //
acteristic length (for example, due to a change in wall enerqy)

N is given by: T//
* /4““ {
98 _ 4ﬂM) ' ‘
ln (3.38) | 3
HRO / =1- H o/ A (HRO !

This is plotted in figures 3.15 and 3.16.

3.4.5 Uniaxial Anisotropy and Exchange Constant

i The wall energy per unit length and thickness is oy = 2AkK%. The
dependence of the run-out field on exchange constant and anisot- .

1 ropy constant can be calculated as in the preceding section ;

: : knowing that o

S 2 ]
. ¢ LR ' 0 o

. W _ 13K and —W 1 3A

: o 2 K ¢ 2 A g [

The resulting equations are:

/r>

aH H 41M

H ( 2 - H 741M ‘
,, RO Hro
and

- EEE%//éﬁ = . X HRO/4WM 1n (4"M) (3.40)

ﬁ i These«@;e plotted in figures 3.17 and 3.18. \ gi
% “\\\X The most important film parameter affecting bﬁe run~out: threshold §
& , is magnetization, followed by film thickness, characteristic |

( length, and exchange energy and anisotropy constant, in that or- i
der. For example, in a film with Hgn/47M = 0.2, a 10% change in i
47M causes a 40% change in run-out threshold a 10% change in i
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thickness causes a 10X change in run-out threshold, a 10X change
in characteristic length causes a ~4X change in run-out field,
and a 10X change in either anisotropy constant or exchange con-
stant causes a -2X% change in run-out threshold.

One of the intriguing possibilitids emerging from this treatment
is that a magnetostatically coupled stripe~bubble .combination is
pessible in which the bubble and stripe films have the same com-
position but different thicknesses.

3.4.6 Stripe Domain Curvature

When a group of stripe domains are propagated between two rows of
chevrons or other structures, they bow or curve backwards. Figure

3,19 displays the case of an isolated stripe. When an oscillating’

normal field commonly called a tickle field, is applied, the
stripes straighten out. The bowing is caused by coercivity; the

straightening out is caused by three factors: (l) The coercivity

is effectively reduced because the oscillating normal field
causes the width of each stripe domain to oscillate somewhat,
helping that stripe to move past micro-defects, (2) The stripes
repel each other magnetostatically, and (3) The oscillating field
plus the bias field exceeds the strip~out threshold at least part
of the time, causing the stripes to be in tension. If the ends
of the stripes were not/pinned to the -chevrons, the stripes would
contract to bubbles when the strip-~out threshold is exceeded.
However, when the ends are pinned, the stripes can only reduce
their length, and therefore, lower their energy by straightening
out. This third cause is the subject of this section.. Note that
a stripe near other stripes may see a local field higher than the
strip-out field, although the external applied field is less than
the strip-out threshold for an isolated strip, bkecause of the
stray field from nearby stripes. Therefore, this section will
consider ths case of an isolated stripe only.

Figure 3.19 shows an xsolated stripe domain contracting under the
influence of an applied field H that exceeds the strip-out or run-
out threshold, Hgrg. The stripe is in the form of an arc, with
height 2 and width Y. The question to be solved is the mathemati-
cal dependence of Z on H, Hgp, Y, and W, the w1dth of the stripe.

/
Consider an isolated non-~pinned stripe of length L. Let the ap-
plied normal field, H, be equal to the strip-out threshold, Hgg.
At this field the stripe is free to contract or expand without
loss of enerqgy. However, when the bias field is raised so that
it is higher than the strip-out field, the stripe contracts. When
the stripe becomes shorter by a length AL, the energy per unit

thickness changes by an amount AEy :
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To determine the domain energy associated with a curved stripe,
consider the case of a stripe that forms a circle, as shown in
figure 3.20., When the applied normal field H exceeds the strip-
out field, the radius of the circle becomes smaller. The change

in energy is AEp, which in analogy to equation 3.41, ie given by:

DE, = 2M (H-Hpo) W+ (2m6R) T (3.42)

This change in radius ig resisted by the coercivitya: Each moving
wall of a stripe domain has to overcome the coercive field, Hg.

The corresponding change in energy is AE3: i -
AEy = 2 M H, (27%) 6R » 2 (3,43)
where the last factor of two is included bacause there érL two
walls that move. Set the two energies equal £or the casejof
equilibrium: o
AE2 = AEB . -

(Hwﬁgb) W (2%8R) = Hc {(27r) R+« 2

"H -~ H .
..._.._&QH = LWR o (3.44)
C " )
. Y

The case of interest is that of figure 3,19, where the stripe

forms an arc rather than a full circle. The radius of curvature,

R, of the arc can be shown to be given by:

o 2 2 .

22 '

Whan this is ihsegted into equation 3.44, the result is:

2 2

" H - B
. 27 HRro Yo 4 7° N
= = E- (3;46{

c
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Energy Associated with Stripe Curvature.
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Equation 3.44 or equation 3.46 relates the curvature of the stripe

to the separation between chevron rows, the bias f£field, and the
coercivity. These equations indicate that the higher the bias
field, the smaller the curvature, or the larger the radius of
curvature, R, or the smaller the ratio of Z to Y.

As an example, consider a garneg film with stripe width W = 3um
and a coercivity of 0.1 Oe. Let the blas field exceed the strip-

out field by 10 Oe. The radius of curvature according to equation

3.44 indicstes that R = 150um. Equation 3.46 indicates that when
Zz = Y, they both are equal to 150um.

As a second example, consider that the same garnet f£ilm with an
applied normal rf tickle field that reduces the coercivity by a
factor of 10. The radius of curvature is now 1l500um or 1.5 mm.

‘As a final example, suppose the chevron rows are placed 1 mm

apart., In this case, Y = 500um and 2 = 86yum.

Stripe domains with pinned ends can be made to reduce their curva-
ture by application of a normal field higher than the strip-out
field. The curvature becomes much less if a tickle field is unsed
as well. Unless the coercivity is zero the curvature will not be
zero; this means that the read out track in a multilayer memory
will probably have to be similarly curved,’

3.5 Strige Domain dnd Mggnetic Feature Cougling

» In order for stripes in a high Q material to be straight in a

multilayer self-structured menmory, they must be biased above the
run-out threshold. The ends of the stripes must be pinned in or-
der to prevent the stripes from shrinking into bubbles. One

- method of keeping the ends of the stripe pinned is with a permal-

ey gt

loy strip at each end of the stripe, as shown in figure 3,21.
The permalloy must supply enough normal field so that the end of
the stripe is below the run-out threshold, otherwise the stripe
end will shrink. The purpose of the following calculation is to
determine the pinning field from a permalloy strip with no ap-
plied horizontal bias field., This field is a function of %he
separation, %, between the garnet and the permalloy, as shown in
figure 3.22, as welljas the thickness of the garnet £ilm, h, and
the stripe wavelength,

It is assumed that the permalloy has infinite permeability for
horizontal in-plane fields. This implies that the permalloy has
zero anisotropy and coercivity, and that when a stripe end ex-
tends under the permalloy strip, the magnetization configuration
in the permalloy sets up a stray field that, inside the permalloy,
exactly cancels the horlzontal component of the field from the
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stripe. The normal field from the permallny can then be calcula-
ted by the method of images. The image shown in figure 3.22 can- »
cels out all stray fields in the plane of the permalloy film,
The normal component of the stray field from the permalloy is

) then calculated by evaluating the normal field from the image.

The normal field from a stripe domain f£ilm having

‘ 3
! ; (#]
. E] * ” '
;

. o ()
M, (X) = 2 a_ M cos 2135

n =0 (3.47)

t

was calculated in a Sperry Univac paper presen;ed at thgj19?8
Conference on Magnetism and Magnetic Materials’. N

; '
The field Hyg from this stripe is given ip equation 5 of that

!
l
l
! paper as"”
{ Hz (X) = 2 M(n - l)an l exp (~2§nz) -
. Lo K- S M e R
, “exp (~2mn (2 + h) } cos 2mnx (3.48) . ~
A ( A .
where, as shown in figuré 3.22, A is the wavelength of the stripes, k
~and h is the thickness of the stripe film. The distance from the
nearest surface of the stripe film is 2.

The normal field from the image is found from equation 3.48, and
by noting that the separation between film and image is 2Z. The’
quantity of interest is the average of the field from the image
over the thickness of the stripe domain f£ilm, and provides the
‘effective bias from the permalloy. The amplitude of this quantity,
Hp, is found by integrating equation 3.48 and suppressing the X
dependence: ‘ -

2

SIS B Hy =1 a M [ exp [~4rmnz)\ - 2 exp (-4mn (2 + h/,) : ,
i A ) n . 2 . o
= i v n=) e A , — -
i nh AL
i . ’ . ©(3.49)
. + exp (=4mn(Z + h) — _
>\ 1
’ i
) |
?
' a 41
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3.5.1 Symmétric Stripe Domains

| ~ Equation 3.49 is plotted in figure 3.23 for the case aj = 1 and
anp = 0 for n » 1. This is the case of symmetrical atripe domains

* in which the 2 component of magnetization varies sinusoidally as

a function of distance in the £ilm plane: Mz (X) = M sin 2mx/A.

The physical meaning of Hy is: when the normal bias field is
raised above t\e run-out threshold, all unpinned stripes contract

to bubbles.\‘g,ripes that are pinned at the ends bysthe two ‘ :
permalloy“sﬁei es do not pull loose and contract to bubbles until

« ” .the bias field is raised by a value equal to Hyz above the run-out

; threshold. At this point the total field under the stripe, the

i sum of the field from the permalloy and the bias field, equals
l

:

)

S 2 o<l o

the run-out threshold. This is how Hg is measured experimentally.
Figure 3,23 showé”several interesting and important relationships:

(1) The pinning field from a permalloy strip, with no in-
A plane bias,. can be as large as 2.55M, where M is the
\ magnetization of the stripe containing garnet. For
. example, if 4xM is 200 Oe, then Hp can be as high as
© 41 Oe, \
(2) It is important that the space, A, between the permal-
; loy and the top of the garnet be as small as possible.
For example, i1f X = lOum, 2 is luym, and h = 2um; then
Hy is only 12 Oe instead of 41 Oe, as it would be if
2 = 0.

(3) The maximum value_of Hy occurs when h/)_= 0.2. If the
v film is thicker, Hyz is smaller because Hp, is the aver-
‘ age Hyg over the whole film thickness. If the film is
thinner, then H, is smaller because Hyz is smaller for
the same reason as that the electric field outside a
parallel plate capacitor is nearly zero. . %

3.5.2 " Asymmetric Stripe Domainiéﬁ?‘;)“

L p—

‘ Wwhen a normal field is applied to an array of stripes, they be-

3 \ come asymmetric, i.e., the even numbered stripes have a differant
width than the odd numbered stripes. This case is treated math-
ematically by first finding the Fourier components of the asym-
‘metric magnetization distribution to £it in equation 3.47. These
are then inserted into equation 3.49 to yield Hgy. g

§
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~ As an example, consider the case in which the stripes are biased
| so that the width of the odd numbered stripes is A/4 and the width .
é of the even numbered stripes is 3A/4. This is illustrated in '
’ figure 3,24. The Fouriler components of the magnetization are:

r a, = _é sin 2mnx -
™ A (3.59)

o alll

(n > 1)

The zeroth term does not contribute_to Hy. Equation 3.50 is in-
serted into equation_3.49 to yield H,. In the case that 2z = 0 and
h/\ = 0.2, yielding Hy = 1.88 M. Ths is lower than the 2.55 M
of the symmetric case. The following are numerical examples:

(L) A = l6um, 4uM = 200 Oe, Z = 0, h = 3.2um, stripe width =
A/4. Then Hy = 30 Oe. This is a case of zero separa-
tion between the garnet and permalloy. '

(2) A = l6um, 4wM = 200_Oe, Z = 0.16um, h = 3,.2um, stripe
width = A/4, Then Hy = 25.6 Oe. This is a case of very
small separation between the garnet and permalloy.

CRE T T T R R TR TR TR e

T

(3) X = 16um, 47M = 200 _0Oe, 2 = 1.6um, h = 3.2um, stripe
width = A/4. Then Hy = 6.15 Oe. This is a case of
large separation between the permalloy and garnet.

Here the higher a, terms in equation 3.50 do not contri-
bute.

! (4) X = léum, 4vM = 600_0Oe, 2 = 1.6um, h = 3,2um, stripe

4 : width = A/4. Then Hp = 18.4 Oe. This is the same as
: ; case 3, except that %wM has been increased by a factor
of three.

(5) A = 4um, 4xM = 200 Oe, 2 = 0, h = 3.2um, stripe width =
luym, then Hyz = 15 Oe. This is a case of very high
density stripes. ) o

3.6 Field Calculations for Current Accessed Propagation Structures

) 3.6.1 Average Field Gradient From a Stripline

The force that a current accessed propagation circuit (stripline)
exerts on a magnetic bubble or a stripe domain is proportional to
the in-plane component of the gradient of the normal field from
the stripline. The geometry is displayed in figure 3.25. The
force in the x direction is proportional to:

BHZ

X . L \ | (3.51) 3

[t H
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Figure 3.24

Asymmetric Magnetization Distribution in Strﬁps

with Stripe Width A/4.
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where ﬁz is the normal component of field averaged over the film
thickness. hese quantities are calculated below.

Consider an infinitely small diameter wire carrying a current di.
By Ampere's law, the field from that wire, dH, at a distance $ is:

ag = 2 -‘lS’L (3.52)
P

in electromagnetic units, and the normal component is:

2xdi 2x di
Z S2 x2 + 22

If.-this infinitessimal wire is placed a distance g above a garnet
£ilm of thickness h, then the average field over the film thick-
ness is: .

5 =1 f.h"g,( 2xdi ) a
2 h g ,x2 +Z?

(3.54)

aH, = -2-1—1—4- ‘tan"l (l’—;“;g)- tan~* (&)}

For a stripline of width B as shown in figure 3.25, the field
should be averaged over the width of the stripline as well:

= _ 241 XB -1 (h+g 1\ ..
H, = 5 xf { tan ( " ) ~ tan x) dx (3.55)

8]

However, the gradient of that field is the item of interest:

-

’];.';E BHZ

3 X

hB S 3 X x X (
v/ “NS_) “
= _ 2i -1{h+g (gl ,..-1 (h+g) T | (g) .
P = 1B ‘tan (B+X)' tan (B+x) ~tan - + tan ”
47
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This is proportional to the force exerted by the stripline on a
stripe domain or a bubble. The units in equation 3,56 are ab-
amperes, centimeters and oersteds, where ten amperes equals one
abampere. , W

3,6.2 Nested Serpentine Conductors «

The single layer serpentine stripe propagation scheme discussed . &
in section 4.3.2 has conventional serpentine circuits side by
side and depends on the stripe stiffness in order that one cir-
cuit be able to move a’stripe past a "dead-spot" in an adjacent
circuit. An alternative method is to have the serpentine con-
ductors nested, as shown in figure 3.26. This scheme does not
depend on stripe stiffness and has the further advantage that it
will propagate bubbles as well. 5

Figure 3.27 is the force, or gradient, in the normal field, %§~'
exerted by one of the two serpentine conductors of figure

3.26. Note that there are four "dead spots" per period. Dead
spots are regiong in ‘'which the force (or field gradient) falls

to zero, or beloJ the wall motion. threshold for the allowable
current. A circuit cannot propagate & domain past one of its
own dead spots, and a‘'second circuit is required for that. Like-
wise, it is abswvlutely essential that the two circuits not have
dead spots that coincide. The dashed line in figure 3.27 shows
the level corresponding to the maximum coercivity that we have
experimentally observed in a garnet when 50 mA of current is
used. The dead spot in the center (X = 0) is then slightly less
than 4 microns wide, while the dead spots at X = + 5.lum are a
half micron wide. The dead spots at X = + 1llum have scarcely
any width at all. Figure 3. 28 shows where these dead spots are
located in relation to the pair of nested serpentine circuits of
figure 3,26. The dead spots of the upper circuit are on the top
of the picture, while those of the bottom are shown below. As
can be seen, the x-position of the dead spots do not coincide.
Tiius a stripe or bubble can be propagated by applying pulses of
alternating polarity between the two serpentine conductors. Each
pulse moves the stripe or bubble to the next dead spot.

This circuit can be used to propagate stripes by pulling on their
ends, or it can be used to insert or remove a column of bubbles.
The fact that only a single layer with only a single masking is
required is of considerable econoqic interest.” -

3.6,3 Non-Nested Serpentine Conductors

Figure 3.29 illustrates the type of serpentine stripe propagators
evaluated and reported in section 4.3.2. These have a low aspect
ratio and thus a low tolerance for stripe bending and bowing.
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Figure 3,30a shews a palr of non-nested serpeéntine circuits with
7~a large aspect ratio. These should be able to tolerate large
° amounts of stripe bowing, bending and tilting. The width of the
E "~ conductor is made as wide as possible in order that each circuit
have only two dead spots per cycle instead of four. As the as-
i pect ratio increases, the deviation of the current direction. from :
‘ the desired direction increases. This can be corrected by in- '
corporating slots in the serpentine conductors, as shown in fig-
' ures -3.30b and c. q

"\‘n

A

/
There are two adjustments to be made with the slots. One is to S
have equal current down each channel. The other is to ensure that S
the ‘gradient of the normal field does not change sign under the
slot, thereby creating a dead spot under each slot.

p

The problem oﬁ having equal current down each channel is one that o
is solved with an equivalent network of resistors, as shown in
figure 3,31, “for the case of a three slot configuration.” The
placement of the slots determines the resistance for éach current
; path, and the placement that ensures equal current in each channel
< N is shown in figures 3.30b and c.

T T

;Q . The other problem is to eliminate the dead spots below the slots.
L This is done by using a spacing layer between the garnet and the
conductors. Figure 3,32 shows the force on the stripe (the gra- ' b
dient of the average normal field) under the slot as a function
of the .separation between conductor and garnet for a 1l8um wide
line with a single 2um slot in the center. The [separating layer
; - must be at least 1.5um thick in order to eliminate the dead spot,
Y, 1 and 3um is optimum.

The use of slots thus permits the use of very hlgh aspect non-
nested serpentine stripe propagation conductors that are highly
tolerant of stripe bending, bowing, and tilting. » R

Se eIy g LAz

3.7 Summary and Conclusions of Theoretical Studies

The‘preceding diverse theoretlcéﬂ studies in this section give .
! : information necessary for the design of test circuits and informa- : y
i tion about the behavior gﬁ/édrlous multilayer devices. J

The interaction between bubbles in one layer and stripes or bub- '

bles in another layer was calculated for various geometrles A

: Coupling is found to be sufflcient between stripes in ‘one layer é

f . 'and bubbles in another so that moving, strlpes will cause the S

| . bubbles to move along with them. This is true for both magneto- -
static andsexchange coupling, and even when the stripes are- much :
narrower than the bubbles. o
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Explicit expressions were derived for the change in run-out

‘threshold due to changes in any of the following parameters:

thickness, magnetization, characteristic length, anisotropy

field, and exchange constant, It was shown that these param-
eters can be adjusted so that there are large carrier bubbles
in one layer magnetostatically coupled to small data bubbles

‘in another, such that both layers have the same run-out thresh-

old. e S

A particularly important result is the discovery that stripes
can be placed in tension when their ends are pinned and when

the stripes are biased above the run-out threshold. The stripes

can then be propagated by propagating the stripe ends. The
stripe curvature was calculated and the maximum track width was
found to be more than a millimeter. The pinning force between
magnetic features and stripe ends was 2lso calculated, as was
the propagating force on stripes due to various current ac-
cessed propagation structures.

The theoretical work indicates that a self-structured multi-
layer device with a carrier layer containing stripes or stripes
and carrcier bubbles magnetostatically coupled to data bubbles
in a second layer is a very attractive configuration.
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4. Experimental Investigations
4.1 Objectives

Conventional bubble memories require the presence of at least
one propagation feature for each bubble domain. As a result,
the entire memory area is populated with propagation features,
which have a strong influence on device yield. It is an object
of the following experimental investigations to reduce the num-
ber of propagation features, and to ultimately remove all such
features from the memory area, This will allow for higher bub-
bl@ densities, and higher device yields due to the reduced number

of | propagation features. A multiplicity of bubbles must, there-
foxa, be moved with each propagation feature, and the experimen-
tal investigations reported herein are directed toward this goal.
The designs must be compatible with current access techniques,
whose advantages over field access methods have been discussed
in section 2.3,

4,2 Experimental Egquipment and Methods o

Equipnent employed for the experimental ohservation of garnet
materials and propagation cireuits includes a Reichert micro-
scgope and a 200 watt mercury arc light source. The light beam

is polarized and applied at normal incidence to the sample, where
the Faraday and/or the Kerr effect provide for visual observation.
A television camera and monitor are utilized for ease of ohserva-
tion. The microscope stage is fitted with several coils to gen-
erate magnetic fields; normal ‘dec fields up to 120 Oe, in-plane

dc and rotating fields up to 150 Oe, and normal rf fields up to
10 Oe. One Oersted equals 1000/4% ampere turns per meter.

Pulse generators with one amp output and l0 nanosecond risetime
are avallable for testing current accessed circuits. A video
tape recorder and a mlcroscope camera are used for visuwal rec-
ords of circult performance and garnet material behavior.

Processing steps in the preparation of experimental circuits on
garnet substrates include the thermal evaporation in vacuum of
silicon monoxide as an insunlating layer, aluminum-copper alloy

‘or gold as a conducting layer, nickel-iron alloy as a magnetic

feature layer, and sputtered silicon dioxide also as an insula-
ting layer. Standard photoresist techniques are employed with
chrome-on~glass artwork for circuit definition, and selective
removal of material is accomplished with argon ion milling.
Garnet dicing, mounting, and wire bonding follow standard inte-
grated circult procedures. ‘
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4.3 Experimental Circuits
4.3.)1 Early Current Accessed Circuits

The first current access circuit to be evaluated fg; propagation
of stripe domains is shown in figure 4.l. This is a scanning
electron micrograph of a serpentine pattern of the type success~
ful in propagating bubbles. Because this has the appearance of
a square wave on an oscilloscope, this serpentine structure is
also called a square wave conductor. The permalloy bars are
located to move the stripes off the regions where the field
gradient is insufficient to cause domain motion, and also to de-
termine which direction the stripes are to be propagated. The
experiments indicated that a more complete circuit is required
to propagate stripes, a circuit that includes a stripe generator,
annihilator, a barrier to isolate the stripes from domains out-
side the propagation area, and possibly means to prevent the
stripe domains from collapsing. ‘

Experiments were also carried out with a square wave circuit
without the permalleoy in order to provide information about the
current strengths required to overcome stripe coercivity in typi-
cal stripe garnets. PFigure 4.2 is a composite photograph of the
switching of a narrow stripe end from one potential well to an
adjacent potential well and back again using a 10 usec bipolar
current pulse with a field amplitude of approximately 100 Oe.

Instead of using magnetic features to move domains from low field
gradient regions, an alternative method of providing the offset
is to push by generating an excess of stripes on one end. The
stripes repel each other with magnetostatic force, so when a new
stripe is generated, it pushes on its nearest neighbors, which

in turn push on their neighbors. The stripes are pushed by a
generator and pulled at the stripe ends by square wave serpentine
circuits. An invention disclosure has been filed on this concept.

Figure 4.3 shows an experlmental version of the circuit known as
an asymmetric sine wave. This circuit was fabricated from gold
and permalloy on glass substrates, and tested on both high and
low Q garnets. Some preference of stripe ends was found for the
widest part of the pattern, provided the garnet is biased for
very narrow stripes. A stripe end will slide along the circuit
toward the wide part but moves only about one micron per current
pulse. Hence, many pulses are required to move the stripe end
along a quarter period of the circuit. It was not found possible
to observe stripe motion past the wide part with currents that ;
the circuit could safely support.
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Figure 4.1. Scanning Electrom Micrograph of a
Serpentine Circuit with Permalloy
Bars.
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Figure 4.3 Asymmerric Sine Wave ‘ircuit,




Stripes can be moved by long straight striplines parallel to the
stripes. An ar' ., of such striplines can be used to propagate
stripes, and su i an array has been bpilt and demonstrated. How-
ever, the first experiments were not conducted with such an array

k at all, but with a serpentine conductor. This conductor was

' - rotated 90° from the usual orientation so that it ran parallel

: to the stripes, and the distance a pulse of given emplitude moved

}L a stripe was measured. In this experiment, a high bias stripe

3 L. was initially set so that it was 12,5um from the conductor on one
side and 62,5um from an adjacent stripe on the other side. A
current pulse was applied to the line and the distance the stripe

i moved recorded. Another current pulse was applied, and so on,

i until no further change irn position could be observed. After
reinitialization, the process was repeated at a different current

i amplitude. Figure 4.4 is a graph of the maximum distance a

) stripe moves with multiple pulses as a function of pulse ampli-

, tude. Also on the graph are the number of one usec pulses at

| each current value required to maximize the distance. As the

| stripe moves, it eventually encounters the repulsion of the

t flanking stripe and a competition results. In all cases it was
observed that the moving stripe would cause bhe adjacxpt stripe

k ‘ to move in the same direction. The photographs in figure 4.5 :

~ ; show this behavior for a current amplitude of 140 mA. This shows
that pushing on one stripe in a lattice will push other stripes
in the lattice.

i A two layer conductor array was evaluated for stripe propagation.
f This is an array of long straight conductors in which the odd
numbered conductors are pulsed first, then the even numbered con-
ductors are pulsed, the odd numbered conductor again, and so on.
y The connections are made externally on this circuit, thus it can
| be used to study both two phase and three phase propagation.
!
P

The circuit was tested with biased stripes. It was found that
the stripes could be propagated reliably and repeatedly both for-
wards and backwards with pulse currents of only 10 mA.

: . , 4.3.2 Offset Serpentine Array
3 - N

@ L A two phase single layer structure involving just a single

‘ ) evaporation is -shown in figure 4.6, At one end of the structure
is a set of conductors used for generating stripes and for
pushing the stripes into the propagation region. . Once in the
region, the generated stripe is propagated by the offset serpen-
tine structures, pulling on the ends of the stripe. There are
four serpentine structures on each side, two of one phase and
two oriented one quarter wavelength from that phase. The sets
,are pulsed alternately. Conductor numbers 1, 3, 5, and 7 are

’k ) » ) : 6 3
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pulsed first:; the polarity of the pulses on conductors 3 and 7
is opposite to the polarity of the pulses on conductors 1l and 5,
because conductors 3 and 7-have-heen inverted to avoid current
build-up on the bus line “at the enﬂ% Next, the even numbered
conductors are pulsed, and so on. \§ach pulse should move the
stripe one quarter wavelength. To eliminate bowing of the wall,

an rf tickle field is-superposed on \he external normal bias

field.

This circuit was fabricated and_exeré&sed. The stripe generator
“ at one end generated stripes, and the\nyraight conductors expel-
led the stripes intc the propagation region. The offset serpen-
tine structure on the sides propagated those stripes even though
an rf tickle field was not used. The circuit in its present
form, however, has one important component missing, which cre-
“ated an unanticipated problem. A means for pinning the ends of
the stripes was not included, and as the stripes were pushed into
a neighborhood containing other domains, the stripes became
shorter, contracting into dumbbells and bubbles. This circuit
needs permalloy strips along the sides of the circuit' to couple
to the ends of the stripes and prevent them from contracting in
"length. A current conductor along the sides is an alternate '
method of accomplishing the same goal. A prime economical and
practical advantage of this circuit is that only one conductor
layer is required. : L

Figure 4.7 shows the test circuit with permalloy strips for the
single level two phase serpentine stripe propagator. A single
stripe is visible in figure 4.7. The stripe is pushed forward, -
or backward, one step at a time from alternate serpentine con- '
ductors. The ends of the stripe are pinned by permalloy strips
at the side. The circuit must be operated at a normal bias
field that is greater than the run-out threshold, which is
necessary in order that the stripe be under teg&ion and be rela-
tively straight. The higher the bias field, 5ﬂé higher the ten-
sion, and the straighter the stripe. ' ;
17 7 @
The pefhaﬁioy strips q&é an effective job of stripe pinning. The
bias field could be raised not only above the run-out threshold,
but approximately 10% above the bubble collapse threshold as
well, without collapsing the stripe. The margin can be expected
to increase’as the number of stripes under the permalloy is in-
. creased to normal operating levels, and with further improve-
‘ments in pinning bar design. oo
. - _ ) i v .
Stripe domains are easily and effectively nucleated by a set of
three conductors shown at the bottom of figure 4.7. A single
_ 50 nsec 900 mA pulse applied to the bottom conductor nucleates
a complete stripe pinned at the permalloy bars, over the normal
. . ! N ¢l
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bias field ranges of 56-66 Oe., This can also be done with two
complimentary pulses of lower amplitude oh the two .bottom con-
ductors. Subsequent pulses on the upper two conductors translate
stripes into the propagate test area.

Once into the propagate test area, the stripe is moved piecewise
by the serpentine conductors., A current threshold of 5 to 10 mA
is required in a serpentine circuit to reliably move a short seg-
ment of the stripe to a new equilibrium position. The amount of
current required depends on the excess normal bias figld above
the run-out threshold. This is°shown in the curve of figure 4.8.
The reason for .this behavior is that the higher the bias, the
higher the tension in the stripe, and the greater the tendency
for the adjacent segments to pull back the moved segment from the

new position,

Figure 4.9 presents a four step sequence detailinhg the movement
of a stripe end translating one half cycle under the left hand
set of conductors. From the starting gositign shown in figure
41.9a, the required pulse sequence is 47 2™ 3" 1=, which is shown
in figure 4.9b through. e, reﬁpectively. The second half cycle
would follow with 4~ 2% 3= 1. Under normal operating conditions,
conductors 4 and 2, as well a§ 3 and 1, are operated alternately
in pairs, reducing the eight steps per cycle down to four. In
addition, conductors 1l and 2 should be phase shifted one half
cycle, allowing the pairs 4-2 and 3-1 to be activated with the
same polarity pulses. A single pulse would therefore be suffi-
clent to activate four of the conductors at the same time with a
total of four pulses required to move the entire stripe one com-
plete cycle. »

The purpose of this study was to test a combination system which
(1) generates stripes, (2) continuously pins the stripes on
separate permalloy pinning .strips over a range of bias fields,
and (3) propagates the stripes along in a spatially separated
stepwise fashion. The goal was to learn enough about such com-
binations to improve, redesign, and utilize them for future de-
vices. A number of observations were noted:

(1) The generator conductor is also the current return path
for the serpentine conductors. This is undesirable,
because when the stripe is near the generator, current
in one of the serpentine conductors returns through a
segment of ‘the generator and causes a corresponding
segment of the stripe to move the wrong way.

(2) “The magnetostriction of the garnet, coupled with the
0 straﬁy of the conductors on the garnet, sometimes
cause’s the stripes to favor locating along the serpen-
tine cbnductors even when the current is off.

0N
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(3) The equilibrium positions on the two serpentine cir-
cuits are so close together that the stripe domain can
rest at those positions on both circuits at once with-
out much bending. Unless a very high bias field and
tickle field are used, the stripe is not stiff enough
to be eased off the equilibrium position of the non-
accessed circuit. When that circuit is accessed, the
stripe may move the wrong way.

(4) The pinning bars are too wide, geneﬁating a situation
where a complex stripe structure can exist under them.
This sometimes causes the stripe ends to move when the
normal bias field is increased, and is partially
caused by the bias field not perfectly aligned normal
to the f£ilm.

4.3.3 Magnetically Assisted Serpentine Circuits

Researchers at the Ph%lgpi Research Laboratories have published
a series of articles 0 describing their investigations of
bubble circuits having both field accessed and current acceseed
features., Of particular interest to this program are the mag-
netically assisted, current accessed bubble propagation and
stretcher designs. These clrcuits have NiFe features that, in
general, are located over a conductive stripline, as displayed
in figure 4.10. Bipolar current pulses and an in-plane magnetic
field are required for successful propagation of bubbles.

The series of drawings in figure 4.1l depict the motion of a bub-
ble through the circuit of figure 4.10a with the application of
bipolar current pulses in the presence of an in-plane magnetic
field. With the in-plane field directed to the left, the bubble
motion is to the right, as shown.

The Philips circuits displayed in figure 4.10 have been modified
in design configuration for the purpose of propagating stripe
domains. Figure 4.12 shows one design, where stripe propagation
is accomplished by translating each end of the domain. Bipolar
current pulses are required in each serpentine leg of the cir-
cuit, in addition te an in-plane magnetic field. Motion of the
ends of the stripe domain is similar to that of a bubble domain
depicted in figure 4.11. The long conductors at the top of the
circuit are employed to generate stripe domains.

A second circuit design is presented in figure 4.13, where each
magnetic bar of figure 4.12 has been replaced by a magnetic chev-
ron. Although the period to gap ratio for the chevrons may not -
be optimized for field accessed propagatlon, the concept tendered
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Figure 4.10 Magnetically Assisted Bubble Propagator
(a) and Expander (b). 3
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”is a circuit that may operate with either field accessed or cur-

rent accesseé techniques, Propagation of stripe domains through
the use of chevrons: and rotating fields have been demonstrated in
the past. With current accessed conductors, these chevrons
should propagate bubbles or stripe ends in the same manner as the

bar circuit of figure 4.12,

One of the advantages in designing this type of circuit is to ex-
tend the time available for testing purposes. It is almost in-
evitable that the current accessed circuit will become an open
circuit, either due to operator error or test equipment malfunc-
tion. This design will hopefully extend the useful test time, if
the circuit becomes open, by employing field accessed techniques.,

Testing the circuit with NiFe chevrons demonstrated that propaga-
tion of stripe domains can be accomplished with both field access
and current access techniques. With a rovating field peak value
of 60 Oe, and a normal bias field of 50 Oe, stripe domains were
propagated along the chevron rows. The stripes showed consider-
able bowing at their center. Measuring the normal field value to
collapse a free stripe, and also a NiFe pinned stripe, indicated
that the magnetostatic coupling between the chevrons and the
stripes was approximately 9 Oe., This -coupling is relatively small,
and explains the stripe curvature. ,If the chevrons were located
between the conductor and the garnek, the coupling would be con-
siderably greater. Reversxng the direction of the in-plane field,
approximately 15 Oe, caused the proPagation direction to reverse,

Propagation of the ends of stripe domains was observed while em-
ploying current accessed techniques. With an in-plane field of
approximately 15 Oe, a normal bias field of 52 Oe, and bipolar
current pulses of + 20 mA and 1/3 usec duration, stripe propaga-
tion under and near the conductors was observed. Due to the weak
NiFe to stripe coupling, propagation of the entire stripe domain
was not accomplished. Generation and propagation of stripes in
the "long generator section of the circuit was successful. Under
all circumstances of current access, there was no propagation when

the in-plane field was removed.

4,3 4 Seqmented chevron"d&rcuit

Rl

A third permalloy assisted current access circuit has been de~
signed which does not employ serpentine conductors, and incorpor-
ates a new concept of segmented chevrons. Figure 4. 14 displays
this circuit, showing the segmented chevrons located above the
conductors, and also showing three long rows of normal chevrons.
The principal advantage of this design over the previous two is
that the conductar is wide and straight and does not have to
meander back aaﬁ *mrth, and thus has much lower resistance, and
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Figure 4.14 Segmented Chevron Circuit,




is easier to fabricate. This design also requires the presence

of an in-plane field perpendicular to the stripe domains, in

addition to bipolar current pulses., Figure 4.15 depicts the

motion of a bubble along the segmented chevrons of figure 4.14
: under maynetic field cycling.

: : Magnetization in one of the segmented chevron bars, parallel to
} the long edge, is shown in figure 4,16 as a function of the field
] from the strip line Hr, for an applied in~plane field H, of 25 Oe, ’
’ The chevrons shown in figure 4.14 have an interior anqle of 90©
between neighbors, which corresponds to the 45° curve of figure
4,16, This curve shows that a conductor generated field of 25 Oe
will either saturate or demagnetize chevron A along its long
dimension, depending on the polarity of the current pulse in the
stripline. A bipolar current pulse which produces a field near
+ 75 Oe will be a good compromise for proper operation of both
chevrons, For a line width of 28 microns, this corresponds to a
.current of + 335 mA; or + 190 mA for a 16 micron wide line.

The segmented chevron circuit can be operated either with current
access or with field access.” When the circuit is operated with
X . field access, the external in-plane field Uoes not rotate 360° ’ .
L . around and around as is the case for normal chevronsb but rather
|
:

Coo s e & TR TRRRSRETETTLr THRRRE o Tt

rotates back and forth, through a total sweep of 180 When
operated in a current access mode, an alternating current in the
conductor supplies an alteriating in-plane field which, when com-
bined with an external dc field, «auses domains to be propagated B
in a direction opposite to the dc field. The direction of motion |
can be reversed by reversing the direction of the dec field. How
! the propagation works is illustrated in figure 4.15. &

The advantages of Lhe segmented chevrons for propagating domains
are:

1, The conductor is straight and broad and can thus have .
low resistance. The conductor does not meander like the w
serpentire conductors required for the other permalloy
aided circuits described in the previous section.

2. The conductor runs perpendicular to the stripes, so the
2 field from the conductor exerts no force that would tend
to move the stripe. -The conductor can be placed above
the perinalloy or below the permalloy, in contrast to the
other permalloy aided circuits described in the previous
section. Those circuits require the conductor to be be-
tween the garnet and permalloy, seriously degrading the
coupling between the permalloy and stripe.

f
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Figure 4,15 Bubble Propagation Through a Segmented Chevron Circuit,
with Magnetic Fields from Conductor Current and

External Application,
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! Magnetic Field from a Strlpllne Conductor,

with Ha. 25 Oe.
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threshold for stripes under the permalloy
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3. Because the permalloy can be next to the garnet, the
segmented chevron can be self-pinninq, i.e., the chev~
rons can pin the ends of the striges and prevent the
stripes from contracting to bubbles even when the bias
field is larger than the run-out threshola:

4. The segmented chevron can be used either in a field ac-
cessed mode or in a current accessed mode. This can be

quite useful in experimentally analyzing the performance

of an experimental device.

5. The de in-plane field can be quite small, and is re-
versed only when the direction of propagation is to be
reversed. Thus, the dc field does not impact the power
or the speed of the device.

The disadvantages of this design are related to strmpe cutt“bg.
There is a normal ceomponent of field from the conductor that) is
a maximum at the edge of the conductor. If this field is too

large it can cut the stripe. The narrower the conductor and the

~ farther away from the garnet, the smaller thjis effect. Propaga-
tion of stripes with this experimental devige was nncsj_h'ln withe . .

out cutting the stripes.

o

Figure 4.14 displays the circuit that was tested, Segmented

chevrons are used as propagating elements; full chevrons are used

as stripe generators. Thé permalloy was placed on top of the
conductor instead of between the stripline and teh garnet, and
resulted in weak coupling between the stripes and chevrons. The
circuit was unfortunately fabricated on a garnet that has a long
defect that runs diagonally across the 01rcuit, whlch prevented
full operatlon of the clrcuit.
The zero in-plane field coupling between stripes and segmented
chevrons can be measured by measuring the difference in run-out
and stripes not under .
the permalloy. This was found to bexonlx)%boat 4 Oe for both
normal chevrons and segmented chevrons. Operating bias igs 65 Oe.
This weak cou§ling is due to the ‘large separation between £hd
garnyéyanﬁ ‘permalloy. Had the dircuit been made with the perm-
alloy’next to the garnet, the coupling would have been much
larger ‘ ~/ '
N, | .
Propagation was tested in the leg of the circuit not blocked by .
the defect. Prop%gation was achieved both in the field access
mode and the current access mode. A schmoo plot was made of the
region of propagation: a plot of the locus of the combination
of im-plarie bilas £ield and stripline.current amplitude that pro-

. pagates Strlpes, whieh is shown in figure 4.17, Propagation is
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pulse amplitude as low as 100 mA in each conductor. When the in-
plane field is incrcased, the required pulse current amplitude,
in general, is also increased. Propagation failed with current
pulses shorter than one pusec, This corresponds to a domain velo-
city of 8m/sec, which is close to the limiting speed of domains
.in the garnet material.

The segmented chevron stripe propagator is extremely promising.
It is the most attractive of the permalloy assisted current ac-
cessed propagators. It is self-pinning, fast, can be fabricated
with the permalloy next to the substrate, has low registration
specifications, requires low power, and can be operated as either
a field accessed or current accessed device.

4.3.5 Stripe Domain Curvature

As an empirical verification of the theoretical calculations pre-
sented in section 3.4.6, two experiments have been performed.

- Both experiments involved the generation and propagation of iso-
lated stripes in chevron devices similar to that shown in figure
3.19. Strlpe domains were propagated back and forth along “the
track of +the chevroen aavice b\t rauer-s(hn %ha r’Hv-ar*t-l on 0!’ rotam
tion of the drive field, being careful to preserve the phase
sense at all time. At the end of each field application the
amount of distortion, shown as z in figure 3.19, was measured.
Two situations were considered, In the first, the stripe curva-
ture was measured as a function of the rf tickle field, H,.

while the bias and drive field amplitudes H and Hjp remalneg con-
stant. In the second, the bias field amplitude was varied while
Hrg and Hy remained constant. Using equation 3.45, this data
allowed for the calculation of the effective coercivmty Hea.

Both experiments were performed on a three sided .l2.7um period
chevron device fabricated on a YLaTmGaFeO garnet. The relevant
garnet properties are: h = 6.21lum, 4nM = 115 Oe, Hx = 1060 Oe,
and & = 0.752. The ¢pvice employed was 185um wide and about
1000um long. ¥ : -

The results of the first experiment are shown in figure 4.18.

Two calculations were performed. The coercivity Hy was first
calculated using only the normal bias field H. 1In the second,
the coercivity Hc* was found using the value H + Hpg as the
effective bias field seen by the garnet, where Hrf is.the peak
value of rf bias tickle field. As expected, the effective co-
ercivities are a strong function of the rf tickle field, showing
a tendency to level out as Hrg reaches higher ‘values, The ef-'.
fect was manifested in the stripe as an increase in the radius
of curvature with increasing HRf' i €., the stripe was straighter
at higher rf amplitudes. .
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In the second experiment the rf tickle field was held constant
' while the bias field was varied. The curvature was measured,
| and the coercivity was calculated from equation 3.46. As ex-
: pected, the coercivity remained constant within experimental
error. This lends confidence in the theory. o0

? As a réfinement to the theory, the data on curvature of the stripe -
, was fitted to a catenary instead of an arc of a circle, but the

& difference was found to he neg%}gible.

d 7 *
5 4,4 Magnetic Features and In-Plane Fields

N 7

During the initial testing of stripe propagation devices incor-

porating permalloy pinning bars, stripe ends were observed to

creep along the permalloy bars as the bias field was increased.

This phenomenon has been attributed to the domain pattern in the
permalloy bars interacting with in-plane components of the bias

field. As indicated schematically in figure 4.19, appropriate

domains in the permalloy bars grow as the in-plane field compo-

nent is increased, carrying the stripe ends along. 1In the ex-

treme, this phenomenon can sweep the stripe domain completely off

one end of the device. Although this phenomenon should not be a

problem with a fully populated stripe array, it  is a bothersome : .
problem when testing devices populated with only a single stripe.

To overcome this problem simply requires an alteration of the ,
domain pattern in the’permalloy bars. This can be easily accom- ;
plished by the use of a small in-plane field perpendicular to the :
NiFe pinning bars (i.e., parallel to the stripe) as illustrated b
in figure 4.20. Using 50um wide bars and 5 to 1l Oe in-plane :
fields, it has been observed that pinned stripe domains are ex-

tremely stable as the bias field is varlﬁd through values from

the run-out field Hp, up to 25% over the”bubble collapse field,

Ho. The magnitude of this in-plane field is limited' only by the )
value at which the pole strength at the inside edge of the pinning !
bar becomes strong enough to slice the stripe domain. Typical :
values for this threshold are 15 to 17 Oe, allowing ample margins

for thorough testing of present devices.

The use of the perpendicular in-plane field provides improved - i
stripe end pinning while at "the same time reducing device sensi- wj
tivity to a parallel in-plane field. This perpendicular field

can also be supplied by the use of permanent magnet materials in

the bars, as well as by a slight canting.of the devicé: with re- ¢

spect to the normal bias field. 1
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4.5 Garnet Materials
4.5.1 Objectives

Before device designs can be finalized, it is important to knéw
the range of material parameters that are available in bubble
supporting garnets. It is also very helpful to know the defect
density in these materials, which will affect device yield, size,
and required redundant circuitry. With multiple layer garnets,
the coupling between layers must be knpwn for material choice
and layer thickness. 1It is the object of this section to deter-
mine the material parameters that are available, and how they "
influence the device design.

g

4.5.2 Garnet_ Survey

The two fundamental material parameters of bubble:.films are the
saturation magnetization, M, and the characteristic length, 2%.
These are the)two parameters independent of film thickness from
which the other parameters important to bubble operation can be
deduced. v

A question important for multilayer bubble work is: “What combi-
nations of 4mM and & can be made?" Accordingly, & survey was
made of garnet materials from Sperry Resiirig Center and Univac
Blue Bell, reported in two publications. The results are
listed in Table 4.2.

When a graph is made of saturation magnetization, 41M, vs. & \

characteristic length, %, of these garnets, all the points fall
on a single curve, as shown in figure 4.21. A mathematical re-
lationship between the two parameters is found by plotting the
natural logarithms of the two parameters, and the result is a
straight line as shown in figure 4.22. The equation for that
line is:

1n 47M = -.8125 1n & + 4.67
or N

_ _313.8

o (4.1)

Although no garnet films in the survey were found that did not
fit that equation, this does not necessarily mean that such films
cannot be made. The impact of the survey, however, is that gar-

"nets that do fit the equation can be made over the whole range of

47M and &.
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4.5.3 Multiple Laver Garnets

Three magnetostatically coupled, one inch diameter, tripls.layer
garnet films were made by the Sperry Corporate Research Center,
Each £ilm is comprised of two (YSm)3 (GaFe)g 01, magnetic layers
separated by a Gadolinium Gallium Garnet (GGG) fayer. The sam-
ples were made with different separation layer thicknesses,
holding the thicknesses of both top and bottom magnetic layers
constant at as close to 6um as possible, Samples #l, 2, and 3
have a GGG epi~layer thickness of 2.25um, 6.8um, and 13,75um,.

respectively.

TABLE 4.2
4 M ) Hk H. Q |
(0e)  (um)  (oe)  (ce (1m)
(ySmLu) , (GaFe) z0, , 300 .26 1500 200 5
(ysmuca) s (GeFe)g0y, 300 .22 1500 200 5
Ga | 600 .13 1500 420 2.4
CaGe \ 700 .10 1100 ~450 »l.8
YLaTm 7/25/74C 124  .822 . 6.0
YLaTM 8/1/73C 253 .37 165 4.6
YLaTM 4/23/73B 232 .37 128 3.8
YLaTM 4/2§ﬂ%3A 213 .40 104 2.8
YLaTM E412B 154 .65 86 6.9

i

YZ.OSm 103,963.9F34.1°12 154 .61

These films settled one very important question, whether or not

defect-free multilayer films can be made. The high qualities of
the triple layer films can be seen in figures 4.23 through 4.27.
The only defects are in the photographs, such as the se¢ratch in

the emulsion of figure 4.25f. Similar dust-free furnace facili-~
ties are piesently being installed in the Sperry Univac facility
in st. Paul.
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The magnetostatic coupling between the two magnetic layers varies
from sample to sample, being greatest for the smallest GGG epi-
layer, and weakest for the largest. Figure 4.23 shows bhubbles
and stripes in the most strongly coupled triple layex £ilm, sam-
ple Hl> with 2.25um GGG separation, Figure 4.23a is 219um wide,
while figures b, ¢ and d are 438y wide, Figure 23a shows bub-
bles strongly coupled to stripes at zero applied field.

b
Figure 4.23b shows the stripes collapsing when the normal applied
field H is 28.5 Ome. When the stripes contract, they do so in
jerks, ejecting a bubble each time. Bubbles are left behind by
the receding stripes. Note that the uncoupled bubbles are
smaller in’diameter than the coupled bubbles. This is bacause
the coupling field f£rom the stripe is opposite to the normal ap-
plied fieldjand tends to enlarge the bubble. Figure 4.23¢, H =

~+38 0a, shows some of the stripes have lost all but one of their
“~bubbles and have collapsed to become double bubbles. These ap-
* pear in the micrograph to be mich brighter and larger than the

single bubbles. They sfe br%ghtar because the polarized light is
going through two bubbles in\tead of one, and are larger because
of the stray field of each bubble enlarxges the other. Figure
4,233, # = 40 Os, shows all the gtripes have collansed, leavin

only coupled and uncoupled bubbles. ”

Figure 4.24 shows coupled bubbles and stripes at zero bias fielad
for sample #2, a triple-layer £ilm with a 6.8um thick GGG epi-
layer. Note the many different coupled bkubble cenfigurations.
The coupling is not as strong for this structure as for sample #l.
PFlgure 4.25a shows this same sample with an applied normal fggid
of 28,5 Qe, and figure 4.25b at an applied bias of 41.8 Oe.. 'The
stripes are contracting, disgorging their bubbles as they do so.
This contraction is jerky, but not as jerky as for the sample of
figure 4.23b. This is because the magnetostatic coupling between
stripes and bubbles is not as strong for the structure with the
6.8um GGG epi~layer as for the 2.25um epi-~layer. Figure 4,25c
is at 2.7 Oa; some of the bubbles are beginning to collapse. o
The bias f£ield was then lowered to 40.8 Oe, which is balow the
run=out threshold for the coupled stripes, and is shown in figure
4.25d. The.stripes expand via the kink instability, pushing the
uncoupled bubbles out of their way. Figure 4.25%e shows the
deomain pattexrn after the blas is raised to &7 Oep this is the
run~out threshold for the bubbles coupled to the stripes. Figure
4.25f has H = 66,5 Oe, and the non-coupled bubblés have collapsed,
leaving only the coupled stripes and bubbles. The scratch on the
micrograph is on the photograph, not on the sample. Figures 4.25¢g
and h show bubbles coupled to other bubbles (double bubbles) and
free bubbles. From the difference in diameter between coupled
and free bubbles, the coupling field can be calculated. All the -
micrographs in figure 4.25 are 438 ym wide.
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Figure 4.26 shows triple layer sample #3, having a GGG epi-
layer thickness of 13,75um, resulting in the two magnetic layers
being relatively uncoupled. The micrograph is 438um wide. Fig-
ures 4.27a and b are 219um wide, and show different film areas
at zero bias. Figure 4.27¢ is 438um wide and has H = 28,5 Oe.
The stripes here move with only a small coupling to the bubble
lattice. Somewhat greater coupling is exhibited in figure 4.274,
in which the applied normal field is 30.4 Oe. The probable
cause for. this.increased coupling is that the bubble lattice is
less dense in figure 4.27d4 than in figure 4.27c.

4.5.4 Magnetostatic Coupling in Multilayer Garnets

{’.,

To characterize a triple layer garnet it is necessary to quanti-
tativeély evaluate it to determine the magnetic parameters of each
1ayer,\and especially to determine experimentally the magneto-
static coupling between domains in one layer and those in the
other. This section describes how this can be done, and presents
the measurements for the garnet layers whose miecrographs are
shown in the previous section. ,

h
The thickness of single layer ¢garnets are usually measured from
optical interference patterns. However, the pattern from a sub-
strate with three layers on each side is prohibltlvely complex.
The most accurate method of direct measurement is with a scanning
electron microscope. An indirect method of thickness measurement
of the magnetic layers can be made by measuring the bubble col-
lapse ‘and run-out thresholds, measuring the bubble diameter, and

“the magnetostatic coupling can also be calculated from these

thresholds and bubble diameters with these formulae. The rele-
vant definitions and formulae have been presented in section
3.2.2.

Suppose that the thickness of each layeriis known. The radius of
the bubbles at the collapse threshold is measured by using a com-
parator on a mlcrograph, and this yields X,. Equation 3.5 is
lnverted to give:

3
(3, + 1/, )
/2 /xo

2

and generates both A and f. PFor example, for the top layer of
film #2, Xo = 0.35, A = 0.158, and & = .95um. Next, equation 3.4
yields Hy = Ho/4wM. In the case of the top layer of the £ilm #2
this is H = 0.43, so 47M = 146 Oe. An alternative method which
does not requlre a direct thickness measurement is to measure the
ratio_of the collapse threshold to the run-out threshold, and
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£ind A from the qrnph of figure 4.28, which is calculated fxom
equations 3.4 and 3.7. Then equation 3.3 or equation 3.5 is used
to find X = r/h at a given field, and use the measured value of
£he bubble radius r to £ind the £ilm thickness h.

Equation 3.3 gives the normalized radius of a bubble as a function

of ncrmalized applied field., This is shown in figure 4.29 for

A = 0.158. By using the graph of fignre 4.29, the field applied
to a bubble is determined merely by measuring the radius of the
bubkle. Notice in the micrography of figure 4,25 that the coup~
led bubbles are larger than the uncoupled bubblas. By measuring
the radius of each, and using figure 4.29, one can calculate the
coupling field. For example; the ccupled bubbles in figure 4.25h
have a normalized radius of X = Q '5 while the uncoupled bubbles
have a normalized radius of X = D 35, These correspond to

H = 0,41Cand 0,43, respectively, in figure 4.29, and thus the
difference in bias field is 47M + (0.43-0.41) or 2.9 Oe. The
coupling field between carrier bubbles and data bubbles depends
on the bubble size; the smaller the bubble diameter, the smaller
the coupling field. Since the bubble size decreases with in-
creasing bias field, the coupling field also decreases with in-
creasing bias field. This is shown in figure 4.30 for sample #2
(thickness of GGG spader is 6.8um). v

When a thinner GGG spacer is used, the coupling strength is in-
creased. For example, the bubbles in figure 4.23d4 (sameple #1
with 2.25um GGG layer) have a coupling strength of 11.7 Oe. )

rhe coupling field of stripes to bubbles is expected to be larger
tben that of bubbles to bubbles. For example, the coupling (ield
from a stripe to a bubble in figure 4.23b is 16 Oe.

The principal conclusions drawn from the two preceding sections
are: (1) High quality triple epi-layer garnet films can indeed
be grown, provided the proper equipment is employed; (2) All the
relevant parameters of these triple layer films can be measured,
including the coupling field of one domain to the other;

(3) This coupling field decreases as the bias field increases;
(4) The coupling field depends on the GGG epi-layer spacer
thickness; (5) Bubbles can be uncoupled from stripes by raising

‘“the bias field past the stripe run-out threshold; and (6) The

collapse threshold of coupled bubbles is larger than that of un-
coupled bubbles by the valuﬁ of the coupling field. This prop-
erty may be useful in derecting bubbles in a data layer buried
next to the substrate.
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5. ZTest Vehicles
| 5.1 JInfroduction
; - various test vehicle circuits have been draigned with the in-
Lent of propagating rows of stripe and bubbl: domains. Ei¢

) - circuit contains current accessed generators for stripe 4
; and bubble domains, in addition to current sugcessed cdrcgf

for propagating stripe domains by translating the ends o
z each stripe domain. A general representation of the device
. design is illustrated in Figure 5.1.

Stripe domain generators consist of a set of-long, narrow
conductors, which are also employed to push @nd pull the
newly formed stripe domain into the storage area. Bubble
domain ¢generators are of the hairpin design, and generally
are connected in series for this series of test circuits.
Several bubbles are generated at the same time with this
arrangement, and dge@ not represent the design which will be
eventually ubilizeqy 0 insert data in the storage area.

o e e P TERRERRT SARES 0 weninRn s o

Stripe domain propagation circuits have many designs, which
include magngtically assisted circuits, double layer
serpentine circuits, and various circuits with magnetic

T TR e

= bias for stripe domain end pinning. Test results of several
test vehicles are presentyv\in the following paragraphs.
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Four device designs were selected for the most recent test
vehicle fabrication cycle. The davices,are shown ast

Figure 5.,2: /Two layer, two phase square wave,

Figure 5,3: Permalloy assisted Philips' type squara wavae with
side entry. ‘bubble generation,

Pigure 5.4: Philips'/square wave with series double bubble
nucleation, and ~

“J'Pigure 5,5: Modified Philips' agsa.qn with series single bubble

nucleation.

These device designs were selected to allow at least one or
more variations of each of the basic functions, including stripe
nucleation, stripe end pinning, stripe vransfer, stripe
propagation, single and double bubble generatior, bubble side
entry, and bubble row transfer. Each of these functions will

be discussed individually below. ’

Stripe domain nucleation has been demonstrated by two different
methods: current pulses through an elangated hairpin loop and

a single conductor stripline. In both casses a 500 um stripe

is produced pinned at both ends under the magnetic bars. The
current required varies from “100 to 600 mA x 0,2 us, which

is &« function of garnet 4rM and the presence or absence of .

a "seed" domain beneath the magnetic pinning bar. Once generated
and pirned, the gtripe domains are stable in bias fields in

excess of the bubble rollapse field by up to 25% or more,

Pinned stripe domains can be transferred between the conductors
in the generate region by 20 to 50 mA pulses 0.5 to 1.0 us long.

A major obstacle was encountered in most Philips' type devices
when it was attempted to hand off the stripes from the generate
region to the propagation lines of the main storage area., The
stripe domains were acted on by a variety of gradient producing
conditions which attempted to push, pull, or flip the domains
into the control of the propagation circuitry. However, the.
stripe domains consistently were severed at one or both ends,
causing the stripe domains to collapse to bubblesmwhen performed
at bias fields greater than Hp,. ‘

The reason for this behavior became readily apparent after a’
scanning Electrpn Microscope (SEM) study of two oflghe devices.
Due to the naturée of the ion milling process used for
conductor line etching, a trench was ion milled into the garnet
film surface near the edge of many of the AlCu conductors. As
shown in Figure 5.8, the conductd) edges susceptible to ‘
trenching effects are those which are exposed to an open area of
more than 2um from the stripline edge. Stripline gaps of 2mum

f 107

4
* L

. AS Y
B 30 TS S S

e %




219an . oiburs sataes :
TuoTt3 .L uoT3Iel[oNnu Iajgqqnqg .nv ¥s et &4 %
M02 a1qanq LAi1jue ap1 i3Tm Laan k. . : -
j PARBA azenbs odA3 ,sd: Tyd 2°s ¢
nbs aod i saem saenbs aseyd-z 10fvy-7 S °*Dra

L PAGE I8
QUALITY

ORIGINA!
OF POO):

et

v

W

108

e
R e




oc3IvSToNu

saem azenbs

109




‘QL’S PuR B/°S

*A1aa130adsaa

‘613 03 18391 g pue ¥ SHo01g

*399339 butyouaxl [ITw uor Iyl Agq pajoazze
SPII® SOTASIP SIP3IBOTIDUT SUTT DaYsep Iyl

[ - ———

—— i ———————————— —————————————————— o —————————————— o —— - ————
B e e R e — ===
$ il i 'y
- - g% kd Ir—4 L F——
' ! ! I ' 1 I : 1
i e H : 1 I - 'l ! '
" 1 i & [ ! ! 1
) ' | ! ' I
E=oee=S T S ===y J c

-—— ————

-'4'-‘--‘.‘

B

- -

- e - - .- -

e me A e eemice e meAc e
v

< >

s,

———————

.......--‘.-----‘.-_---ﬂ.-‘--_K.---.T-'

110




e e

garnet films, In qeneraz the_ spacing betwaen adjacent lines

shown,

- created with another circuit, as shown in figure 5, %g

e st - ¢ e S e

or less ecxperience a less severe trenching effect which does not
penetrate the 4500 & $i0, spacer layer between the AlCu and

is 2um, except behween the lower three lines illustrated in
the device of Figure 5.6, thus explaining the trench pattern
\\ N

spacer
layer. Note that the AlCu lines an& “lso been attgcked and
significantly reduced in width. lta es 5.7a and 5.7B represent
areas of Figure 5.3 labeled A and '8, -respectively. The trenches
described earlier are clearly evident. One should recall at
this point that ion milled channels and mesas are often used
to provide energ¥4barriers for the confinement of magnetic
garnet domains. In this case, trenches of 2000 to 5000
A depth are interferring with the movement of stripe and
bubble domains within and out of the generate-transfer region.
Devices of the two layer two phase square wave variety did not °
suffer from any of the trenching effects observed in the Philips'

- variety. However, as -shown in the SEM photo of figurse 5.8,

the Sio step coverage over the AlCu conductors was incompleteﬂ
due to Brocessing steps which followed that Si0, deposition. °“
As a result, magnetic pinning bars provided a c8ntinuous
shorting bar for the entire length of the device, effectively
disabling all current accessea functions. \ i
In spite of these difficulties it was still possible to ﬂ
introduce a limited number of fully pinned stripe domains

into the propagate regions of a number of the Philips' type
devices. Bi-directional propadgation of the stripe domains was
demonstrated using 12 to 15 mA x 0.5 us pulses and a DC
in-plane field of + 5 to #20 Oe. The directjon of the in~plane
field controls the direction of propagation as explained in
detail in Section 4.3.3. A 1 MHz rf tickle field.was used in

all cases to reduce the effects of coercivity, as described in
Section 3.4.6. -

Rows of single bubbles were easily generated with multipfé‘xy
pulses in the series hairpin loop conductor and subsequently
transferred to within one line of the propagation region.

At this point, the ion milled trenches presented at least as
great a bagrrier to the bubbles as to the stripes. It was,
therefore, not possible to enter a bubble row into the
propagation region to. produce the desired "half-lattice"
carrier array. However, both half and full lattice arrays were
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SEM photo of

2-layer square wave device

NiFe pinning bar horting between two Al
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Bubble row nucleation using the side entry technique of

figure 5.3 has been judged unsuitable for use on present devices.
The biss field gradient required toomove bubbles along the line
cannot be produced rithin the margins available for stable
bubbles on the low 4wM garnets presently being used. As the
projact progresses to smaller bubble, higher 4wM materials,

the bias margins will increase to a point where this design may
once again be considered.

Double bubbles have been created using a scaled variation of
the standard hairpin single bubble nucleator. The currents
regquired are undesirablg hiigh. Alternative methods of doublec
bubble generation, such wg stripe cutting with garnet property
variations, will be investigated.

5.3 Test Vehicle Summary

All functions necessary to develop a multilayer self-structured
bubble memory device have been demonstrated. Specifically,
these functions include:

[a}

- stripe domain end pinning, : SR
- current accessed propagation of stripe and bubble domains,
- generation of arrays of co-existing stripe and bubble domains

in one garnet layer, _ ,
-~ different values of the strip-out field for single and double

/' bubbles, indicating adequate margins for data detection, and

/

'~ generation of single and double bubbles.
All of thaese functions have not been demonstrated on a single

device, but have shown operational behavior in individual
experiments. ;
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6. Recom m S g c

The proposed multilayer magnetic bubble structure is shown
in Figure 5.1. The design of the propagation, or carrier,
layer includes current accessed stripe domain propagation
conductgrs, long and short stripe domains, magnetic bias
for stpipe end pinning, carrier bubbles, stripe generators,
doublg bubble generators, bubble extraction conductors, and
bubbZe expanders anddetector curcuitry. The data layer
incYudes only the data bubbles.

Dafa bubbles are located directly under the carrier bubbles,
ddés to magnetostatic interaction, and follow the motion of
the carrier bubbles during propagation. Binary data is coded
by the presence and absence of data bubbles associated with
each carrier bubble. Propagation of the ends of the long
stripe domains causes the short stripes and bubbles to also
propagate in an orderly fashion. Utilizingya long and short
stripe domain design enables the stripe spacing to:be smaller
than the minimum feature size of the propagation circuit,
thereby relaxing the photolithographic resolution requirements
of the conductors.

The data layer is located below the carrier layer, which
simplifies the fpbrication of the device. An earlier design
had the data layer on top, with this garnet layer smaller in
area than the bottom carrier layer to accommodate stripe
domain propagation cilrcuitry for the carrier layer. The
difference in the bubble nucleate fleld provides the basjis to
write data into the device. A low level current in a simple
generator loop will nucleate a single bubble in the carrier layer,
and a high level current will nucleate a double bubble -~ one
bubble in each layer. Detection is hased on the difference
in the run-out threshold. A carrier bubble is placed in

the detector and is tested by a current pulse, which reduces
the local normal field below the run-out threshold for a
double bhubble. A doukle bubble will strip out across the
expander/detector, while a single bubble will not strip out
and no signal will be detected.

Bubble and stripé domains can co-exist in the same garnet
layer when biased above the run-out threshold, since the stripes

" are prevented from collapsing to bubble domains by the end
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pinning action of the magnetic bias illustrated in Figure 5.1.
Carrier bubbles in this layer are located between pairs of
stripe domains, and are evenly spaced due to mutual repulsion.
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The bag,@ advantage of the stripe and bubble design is that

the stable bubble positions are defined by the input-output
propagate structure until a block is fully loaded, and then it is
transferred to the storage region which is self-structured.

This procedure greatly simplifies initialization and operation

of the device., A penalty is paid in the loss of density due

to the stripe domains, :

.<

A.,i X

A bubble generator and a magnetoresistive detector in the
carrier layer are combined with a current accessed circuit to
shift a row of bubbles. Forward and backward bubble propagation
can be accomplished, if necessary, with proper current phasing
in the circuit. To improve the data rate and average access
time, multiple generate/detect propagation circuits can be
incorporated. The cost of these multiple circuits is relatively
high, but a significant reduction in the area required for
stripe and bubble propagation is realized.

To achieve an information density greater than 10 bits/cm

a bubble period of 7um or less is required in one direction,

and a stripe period of 1l4um or less is required in the .other
direction. These ﬂ&mensions are based on the design where one
row of bubbles is lo%ated between neighboring stripe ‘domains,
Multiple rows of bubb es between stripes is an alternate desigg,
but it is not being adliressed at this time. To achieve 4 x 10
bits/cm®, the periods change to 3,5um and 7,0um, respectively,
with a resultant bubble diameter less than 2um.

I£ the memory area containing actual data bubbles is lcmz, agd
if only one detector is incorporated in the design; then 2em”,
are required for bubble propagation, as illustrated iQ Figure
6.1. With four detectors employed, then only 1l.25cm“ are
required. The extra area is necessary for bubble propagation
past the location of the propagation circuits leading to the
detectors. The length of the total chip area varies as l+1/N,
where N is the number of detectors.

i
Using four detectors, theedata area 1is 1. 25/ém long by 1,00 cm
wide, and contains 4 x 10" bits. If 0.5usec detector pro-
pagation pulses are used, with four pulse periods required to
have a bubble one period, the data rate is 500 KHz for each
detector, or 2 MHz maximum for four detectors. The access time
is the sum of the average time required to move & row of
bubbles to the position where it can be removed from the storage
area, plus the time required to move the indiv%ﬁual bubbles

in the row to the detector. The former time is "the time re-
quired to move 125 stripes forward or backward at a 2 MHz rate;
which is 0.062 ms, Four 0,5usec pulses are required to move

the long stripes one propagation period, but three short

stripes are also moved, Therefore, the propagation frequency
forthe rows of bubbles (or the short stripe domains) is the
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same as the driving pulses. This improvement in average
| access time is realized by employing propagation circuits which
? have feature sizes greater than the stripe spacing.
’ After the stripe domains are moved, the carrier and data
f bubbles are translated to the detector area, With the detectors

. on one side of the chip, 1000 pulses are required on each of
; ' two serpentine lines to move a row of 500 bubbles to the
E detector. Maximum propagation speeds are limited by the satu-

ration velocity of the garnet material, which is near 10 meters
per-second, This corresponds to a time interval of 0,5usec
for a 5um distance, Therefore, the minimum average access

] time is 125 x 0,5usec + 500 x 0.5usec, or 0.32 msec, with a

; ‘ 8 MHz data rate, 7If eight detestors are also used instead

: : of fnur, the average access time is reduced to 0,19 msec, and
5 the data ratr increases to 16/MHz.

; (

: A The size cf the garnet must Be slightly larger than the data
F ' storage area, because of the stripe propagation circuitry,

| 3 With four square wave conductors and two magnetic pinning

f ‘ "bars on two sides, an extra 0,06 cm in width is required.

| Connection pads for the circuitry are required, and bubble

A e d Sak
k = expansion area is necessary for cach magnetoresistive detect o

: With four detectorg, the total area of the die is 1.3 cm X
1.1l cm, or 1.43 cm ;, resulting in an effective density of
2.8 x 106 pits/em2, Y
| 3 " The design presented herein requires stripe domains one
. centimeter long to be propagated by translating eagch end of.
the stripe, Experimental circuits have been constructed and
| tested with one millimeter stripe domains, with~ ‘successful
4 propagation results. The use of a rf tickle field is required
% to eliminate the bowing of the center of the stripe., It is
not been demonstrated at this time if one “entimeter stripes
can be propagated with acceptable resultz. If additional
. pinning is required between the stripe end and the magnetic
S bar, a thicker and wider bar can be employed, or a magnetic
v 3 material with a high saturation moment can replace the
normally used” permalloy, ,8uch as cobalt or iron, to prevent -
bar saturation. ’

* If these techniques prove to be unsuccessful, then the total
memory area must be divided into smaller modules, thereby
requiring shorter stripe domains. With four modules on one

z oo die, current accessed propagation lines and pinning bars would

| 3 . be located along two edges and down the center. Detection

‘ ? circuits would be located along two edges, and possibly also

in the center if access time is very important. The device

bit density will be siightly lower with this modular design,

due to the increased area required for additional pro- O

pagation lines and detectors. o
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Three short stripe domains are included between neighboring
long stripe domains in the designed test vehicle, The

possibility exists that greater numbers of short stripes can
puccessfully be propagated which leads to very high packing

‘densities for propagation lines of nominal feature sizes. -

With seven short stripes, and with two phase propagation pulses
and lines, a shift of two short stripe periods would ogcur

for each quarter cycle, thereby requiring parallel detection
schemes on two neighboriny sets of carrier and data bubbles.
The results are high bit density with high data rate. For
adequate signal levels from the magnetoresistive detector,

each bubble must be expanded several times to increase s
area. Current accessed bubble expanders must be developed

to accomplish this task.

Due to the large garnet area required for the total memory
area, it is highly desireable that a defect free garnet need
not be required. Therefore, either error corraection schemes
or redundant circuitry should be included in the total design.
Either consideration will reduce the information density on
the garnet, thereby requiring a larger garnet to achieve

the desired memory.capacity. Detectors may be placed on

two opposite sides of tha data area, and thereby roduce the
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average access time by a factor of two. Incorporating
multiple readout and data generation stations will improve R
the data rate, access time, and area wasted for propagation
run-over, These benefits must be weighed against increased
cost, increased complexity, andidecreased process yleld.
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7. Conclusione

As a result of the work performed under thie contract, a multi-
layer self~structured bubble memory appears to be very attractive,

" It has the advantages of higher data density and many fewer high

resolution features than conventional bubble memories. Another
advantage is current access, which saves weight and power, and
is potentially much faster. .

W
Of the large number of self structured configurations investigated,
a three epi-layer configuration was found to be most advantageous.
In this configuration, the layer next to the substrate contains
data bubbles. The next layer is a non-magnetic G.G.G. spacer
layér. The onter layer contains both stripe domains and carrier
bubbles. The stripes are moved via current circuits at the stripe
ends, The stripes move the carrier bubbles by magnetostatic
repulsion. The carrier bubbles are pagnetostatically coupled
to data bubbles in the bottom layer. -

A design was made of a memory with a single row of bubbles between
stripes and having a density of 4 x 106 bits per square centi-
meter. The memory design has redundancy. All functions necessary
to that memory have been demonstrated: Both the half lattice
configuration (in which a single row of bubbles in the carrier
layer exists between each pair of stripes in the carrier layer)
and the full lattice configuration (in which multiple rows of
bubbles exist between each pair of stripes) were demonstrated.
These configurations, with both stripes and bubbles in the same
magnetic layer were shown to be stable in the same bias field,
provided that the stripe ends were pinned by permalloy features.
It was demonstrated that the pinned stripes were stable even

above the collapse field of the bubbles.

Current access stripe propagation was achieved by a variety of
circuits. These were evaluated; the best was found to be a
configuration in which the conductors are covered either with
permalloy bars or chevrons. A curvature, or bowing of the propa-
gating stripes was both calculated and measured as a function

of bias field. The maximum track width is determined by that
bowing, and for a typical film was found to be 1.5 mm. Propagation
of bubbles was demonstrated by propagating stripes to which the
bubbles were magnetostatically coupled. Triple epi-layer £ilms
were fabricated and found to have low defect density. Double
bubbles and single bubbles were created in these films, using a
current loop. The coupling between bubbles in different layers
was both calculated and measured, as a function of applied bias
£ield and thickness of the G.G.,G. layer. This coupling was
experimentally found to cause a difference in run-out threshold
between double bubbles and single bubbles; this difference forms
the basis of the readout method for detecting the presence or
absence of a bubble.in the buried data layer. :
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All the functlons of the multilayer self structured memory have
been demonstrgted; however because of processing problems, the
simultaneous operation of all functions on a single chip has not
yet been demonstrated. This is planned for the next phase.
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