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ABSTRACT 

Magnetic Bubble Propagation Circuits 

Shalendra Kumar Singh 

The theoretical model proposed by Archer et al* for 

analysis of field access magnetic-bubble propagation cir¬ 

cuits is extended to include rotating drive fields. This 

extension allows the study of magnetic bubble propagation 

along a T-Bar pattern. Computer simulations are made for a 

T-Bar pattern, and useful results are obtained concerning 

circuit parameters affecting bubble propagation at high fre. 

quencies, A new field access circuit is designed which has 

an essentially uniform bubble velocity profile and is 

therefore expected to provide wide propagation margins at 

high frequencies. Results of experiments with this circuit 

are presented and relevent circuit parameters discussed. 

* Archer ej al, "Magnetic Bubble Domain Devices", IEEE 
Transactions on Magnetics, volume Mag-8, number 3i PP. 
695-700, Sept. 1972 
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CHAPTER I 

/ 1.1 / 
Background 

Recently there has been widespread interest in the re- 

These cylindrical magnetic domains (referred to simply as 

bubbles), which exist in sizes of a few tenths of a micron 

to as big as several hundred microns, have been found to 

exist in single crystal, thin platelets of orthoferrites, 

and rare-earth garnets as well as in thin amorphous films 

of Gd-Co and Gd-Fe [ 6J . Because of small size, non¬ 

volatility, high speed of propogation and low cost and 

power consumption, bubbles are very attractive for mass 

memory applications £30J . Moreover, the existence of 

a repelling action between two bubbles provides the ability 

for on-chip logic and reduces the interconnection problem 

considerably. 

In prospective bubble materials, the desirable configu¬ 

ration is one in which the unique easy axis of magnetization 

is perpendicular to a thin slab or film of the material. In 

the demagnetized state, serpentine like strip domains will 

be present which can be viewed between crossed polarizers 

earch and development of magnetic bubbles 2 

by virtue of the Faraday effect. If a prescribed magnetic 
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field, the bias field, is applied normal to the surface of 

the platelet the single wall domains become cylindrical. 

These cylindrical magnetic domains are stable over a 

limited range of the bias field (typically 10 percent of 

). An excess bias causes the domains to collapse in- 

ward. On the other hand, as the bias is decreased, the 

domains grow in size, eventually reaching a diameter at 

which they become unstable to elliptical perturbations and 

then suddenly grow into long strip domains. 

A bubble domain, which is a localized high energy 

magnetic state, is stable and resists attempts to deform it, 

Domains can be moved in much the same way as a charged par¬ 

ticle. They can be moved one domain diameter in less than 

100 nanoseconds indicating that data rates in excess of 

10^ bits/sec cab be realized using this technology. An 

upper limit of 10^ bits/sec has been predicted for memory 

data rates [l4] . 

Techniques for generating, propagating, interacting 

and detecting bubble domains has been extensively studied 

and reported in the literature £7, 8, 9, 10, 11, 12, 

13] . Domains are generated by sectioning an existing 

domain into halves. Each new domain can be considered as an 
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information input if the splitting operation is selectively 

controlled. A stream of domains fed into a propagation 

channel and transmitted to an output point, can be detected 

by optical, Hall or magnetoresistive readouts [_ 5, 10, 11, 

12, 13] . 

Figure 1.0 shows a perspective view of a garnet bubble 

chip with a single bubble and three permalloy circuit elements. 

The bubble is stabilized by the vertical bias field. The 

field access propagation technique uses an in-plane rotating 

magnetic field (referred to as drive field) to move the 

bubble. When the drive field is oriented as shown in the 

figure, the bubble seeks an energy minimum under pole 1. 

As the drive field is uniformly rotated clockwise through 

one period (360°), the bubble, following the energy minima, 

moves through positions 2 and 3 to position 4, thus complet¬ 

ing one circuit period. 

A table of bubble material specifications reflecting 

key material requirements, consistent with field access 

circuit objective of 10 bits/in and 1 M bit/sec data 

rate, is given below. 
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magnetic poles that appear when the in-plane field is directed along a 
long dimension of a T or bar. ... . : • .. • 
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TABLE I 

Material Specifications - Field Access 

Bubble Diameter 

Magnetization 

Thickness 

Mobility 

Coercivity 

Defect density 

Anisotropy field 

Bubble size and shape insensitive to rotating in¬ 

plane field and temperature. 

/ 1.2 / 

Specification of the Problem 

In order to utilize bubble domains in shift registers 

and memories, controllable manipulation of the bubbles is 

required. Bubble motion can be induced by the application 

of localized magnetic field gradients. These gradients can 

be produced (1) by conductor loops placed on the film sur¬ 

face, (2) by the field-access technique employing soft 

magnetic materials (permalloy) overlaid on the film surface» 

or (3) by combinations of current-carrying conductors and 
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soft magnetic materials. In propagation by current loops, 

adjacent loops are energized by opposite currents, repelling 

the bubble from one loop and attracting it to the other. Un¬ 

fortunately, to achieve high packing densities ( 10^ bits/^n2), 

fabrication of large-scale current loop propagation patterns 

by standard photolithographic techniques is very difficult. 

The field-access technique creates the field gradients 

in a bubble film by the application of a small (10 to 50 Oe) 

in-plane rotating magnetic field to a film of soft magnetic 

material (such as permalloy) on the surface of the bubble 

material. The propagation patterns being currently used 

are T-Bar, Y-Bar and Chevron shaped. The operation of a 

T-Bar circuit is show in Fig. 1.1. A convenient way to 

describe this method of domain manipulation is by consider¬ 

ing the pole-positions of the magnetic overlay as positive, 

negative or zero charged fixed magnetic charges. The domains 

are thought of as movable magnetic charges which are attrac¬ 

ted to or repelled from the fixed charges on the bars. 

The bubbles are attracted to positive magnetic poles that 

appear when the in-plane field is directed along the long 

dimension of a permalloy bar. As the field sequences, or 
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rotates clockwise, positive poles always appear immediately 

to the right of the domains, causing them to propagate to- 

wards the right. The operation of the Y-Bar and Chevron 

circuits can be explained in a similar way. 

These field access propagation circuits have been tested 

up to speeds of a few hundred kilohertz. However, the pro¬ 

jected speeds of operation for the presently available 

bubble materials is in the range of 1 to 10 megahertz. To un¬ 

derstand the behavior of the bubble circuits at high fre¬ 

quencies, Rossol used stroboscopic technique C2,4j. 

He observed a highly nonuniform bubble velocity profile as 

well as drastic changes in the diameter and shape of the 

bubble as it moved along the track. 

In order to achieve reliable operation at high data 

rates, one must observe several considerations in the de¬ 

sign of the bubble devices. Qualitatively, one expects 

that a reliable propagation at a given data rate can be 

most easily achieved in a structure where the bubble 

velocity and size are nearly constant. Reducing extreme 

variations in the bubble velocity permits the use of a re¬ 

duced value of in-plane field, which, in turn, results in 
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a decrease in the bubble size variation and an increase in 

the operating margins. 

To achieve an optimum device experimentally, para¬ 

meters such as geometry and thickness of the permalloy 

overlay structure and the permalloy-to-garnet spacing, as 

well as the basic material parameters, must be varied. 

The major parameter of concern in this thesis is the geom¬ 

etry of the overlay structure. For example, in a T-Bar 

pattern, the width and length of the T's and the bars, as 

well as the distance between them, are critical parameters. 

The object of this thesis is to further the understanding of 

a bubble propagation structure. By having a firm grasp of the 

principles involved, one can design better circuits capable 

of operating at higher speeds and with minimal variation in 

the shape and velocity of the bubble. 

/ 1-3 / 

Outline 

Chapter 2, after a brief review of the work done in 

this area, presents the results of a computer simulation of 

a T-Bar structure. The effect of the spacing between the T 

and I of a T-Bar circuit on the bubble propagation is also 
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considered. Certain observations of this simulation have led 

to the design of a new propagation structure which has signi¬ 

ficant advantages over T-Bar, Y-Bar or chevron circuits with 

respect to bubble velocity profile and shape and size varia¬ 

tions. This new circuit is proposed in Chapter 3i this 

chapter also includes the results of some experimental 

tests on this circuit. The importance of relevent para¬ 

meters of this circuit is also discussed. Chapter 4 outlines 

conclusion and suggestions for future work in this area. 



CHAPTER II 

/ II.1 / 

Review of simulation work 

Interest in drive circuits for bubble domain devices 

is currently focussed on the field access and conductor 

loop techniques of propagation, which employ small thin 

film elements of a soft magnetic material (generally per¬ 

malloy) to produce local field gradients which drive the 

bubble. In a single-phase conductor loop drive circuit 

0 15# 16 U , shown in figure 2.11, the application of an 

alternating current moves the bubble off a stable position, 

determined by the permalloy dots and into the following 

conductor loop. When the current returns to zero, the 

local energy minima created by the permalloy dots drive 

the bubble to move to the next stable position. The effec¬ 

tive drive field is caused by a gradient in the potential 

energy well associated with the permalloy dots, and its 

structural dependence is fairly well understood for small 

elements in terms of the model proposed by Copeland Cl8j 

A major difficulty in analyzing the operation of field 

access propagation structures for bubble domain devices 

arises from the complexity of the domains in the permalloy 

thin film, drive circuit. Bitter pattern observations on 
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Fig. 2.11. Schematic of a technique which uses an alternating current 
to achieve bubble propagation. 

Fig. 2.12. A uniform gradiant field. 

y 

Fig. 2.13 
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these propagation structures reveal rather complicated domain 

configurations characterized by the presence of a large num¬ 

ber of closure-type domains. Because the description of the 

magnetization process in a thin magnetic film has been 

achieved for only the simplest of domains and, in most 

cases, for uniform drive fields, the analysis of the propa¬ 

gation patterns has lagged behind developments in device 

areas. Since a description in terms of domains would be ex¬ 

tremely laborious, particularly in view of the fact that actual 

domain growth may vary between seemingly macroscopically 

identical structures (and possibly from one magnetization 

cycle to the next), an alternative approach is required. 

The fact that bubble motion is fairly consistent along 

such a propagation structure both in time and space suggests 

that a description embodying the overall macroscopic fea¬ 

tures of the problem should be possible. On the basis of 

this argument, a model was developed by Copeland at Bell 

Telephone Laboratories Ll9l and independently by Archer et 

al at North American Rockwell I 20U Archer et al.'s model is 

identical to Copeland's, except that they also consider the 

interaction between the bubble and the permalloy bar at 
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non-zero applied in-plane fields. This interaction is not 

negligible, however, as has been demonstrated by Archer et 

al’s calculation of the resulting magnetization distribution 

and the effective drive fields £ 20] , which they found to 

be very different if the influence of the bubble is ig¬ 

nored. Therefore, we will describe below the model proposed 

by Archer et al. 

Before discussing the model, however, if is necessary 

to examine the motion of the bubble domain so that we can 

isolate the variables that need be computed in a theoretical 

model. A uniform magnetic field applied perpendicular to 

the plane of the material is needed to sustain a bubble do¬ 

main. To move the bubble in the plane of the material, a 

non-uniform field is applied-. In general, the response of 

the bubble domain to such a field is complex, and could in¬ 

volve a change in size, motion at a nonuniform rate or even 

the collapse of the bubble domain. However, it is possible to 

treat the case in which a uniform gradient field, as shown 

in Fig. 2,12 is applied. The bubble domain experiences a 

force attempting to move it towards a position of reduced 

bias. The velocity of the bubble was calculated by Thiele 



C 25 J . and is given by the following expression* 

p ( \àK\ - ~~ ) if |AH\ 

\AH\ 

Where p is the mobility of the bubble domain and is 

defined in the above expression, H is the wall coercivity, 

and J&Hlis as shown in Fig. 2.12 • Note that a minimum 

and thus start the bubble motion. In field access circuits, 

lAHlis produced by the magnetization of the overlay driven 

by an in-plane rotating field. The calculation of the 

magnitude of the gradient H at different points of the 

propagation structure is the main objective of any theoreti¬ 

cal model. Archer et al, however, have taken an alterna¬ 

tive approach. They calculate the magnetostatic energy of 

the field associated with the bar. The total field, which is 

due to both an.externally applied in-plane field and the 

bubble field, is found at different points on the bar, and 

then the force F on the bubble is given by F = -YE. Cope¬ 

land et al Cl? 3 have found that the velocity of the bubble 

is directly proportional to the force on it provided it 

|AH|min = —is required to overcome the wall coercivity 

is greater than a minimum force Fmin. Thus, from the 
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knowledge of the force on the bubble, we can calculate the 

velocity of the bubble as it moves along the propagation 

structure. 

Archer et al have developed the theoretical model for 

rectangles of a thin film, as shown in Fig. 2.13. The com¬ 

bination of the externally applied in-plane field and the 

bubble field act to polarize the permalloy rectangle. The 

resulting permalloy magnetization distribution, which is 

assumed to be continuous, is then calculated. The magneti¬ 

zation distribution determines the energy E of the bar and 

ultimately the force on the bubble, -VS. 

This approach is similar to that used by Goldstein and 

Copeland [ 181 in their analysis of the permalloy - rail 

systems, with the exception that drive fields and demagneti¬ 

zing effects (surface and volume contributions) are included. 

Archer et al’s model is somewhat unconventional in the sense 

that a continuous magnetization distribution has been used 

to describe the average magnetization distribution due to 

discrete domains. But in view of the difficulties associ¬ 

ated with a model employing actual domain configurations, 

this approach gives, with a modest effort, a good phenomeno- 
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logical description of bubble domain propagation. 

When a field H is applied to a permalloy element, the 

magnetization will change to produce a demagnetizing field 

HQ that tends to reduce the total field = H + Hp within 

the volume of the element. Here the applied field H is 

assumed to include both the inplane bubble field (highly 

non-uniform) and an in-plane drive field in the x-direction. 

The model assumes a perfectly soft magnetic material, i.e., 

there is no anisotropy (H^ = o) and no coercivity (HQ = o). 

The results should be a good approximation to real circuit 

elements when both and HQ are small compared to the applied 

field. For permalloy, and Hc generally have values from 

100 to 400 A/m (1.2 - 5 0e). 

To simplify the analysis the following approximations 

will be made* The thickness of the permalloy bar is small 

compared to its length L in the direction of applied field, 

and the magnetization M varies only as a function of dis¬ 

tance along the length. This means the field at the center 

is used to approximate the field for laterally displaced 

position (H(x,y) = H(x,o))« For a long narrow bar, the shape 

anisotropy constrains the resultant magnetization to lie 

along the major axis and therefore a one dimensional treat- 
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ment is possible. The validity of this approximation has 

been confirmed £ 26] for the bars of interest by Bitter 

Pattern observations. The energy of the permalloy bar, in this 

model, is characterized by the expression 

E = - ^ M (F). H (r) dr - Ip (F) 

P P 

. HD (r) dr 

(i) 

which takes into account both the Zeeman and demag¬ 

netizing contributions to the system energy. Here M is 

the permalloy magnetization, and HQ is the associated de¬ 

magnetizing field, and the integrals extend over the volume 

of the permalloy bar, V . Only the components of the drive 
JT' 

field ÏÏ and demagnetizing field parallel to the assumed 

magnetization direction are effective in altering the energy 

E. HQ and M are related by the following expression: 

HD ^ = dx 

f M(r*) (x’-x) _ 
J -£- ^ 
vp | r-r13 

— (ii) 

Everywhere in the body of the bar 0 4 M (F) 4 M. — p — s 

where M is the saturation magnetization for permalloy. We 

determine the magnetization Mp (r ) by requiring that the 

energy be stationary with respect to variations in the 

magnitude of M (F). Thus considering the one-dimensional 
Jr 
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case and requiring 3E = 0 when SM (r) / °, we find* 

H x <x-°) "S 
M„(x',0) 1 
x 3x 

r+w/2 r^/zr(x,.x> 

-W/2 '-T/2Ur-r'|3 1 dz'dy' dx’ y=0 
z=0 

 (iii) 

and E = WT £ Mx(x,0) H^(x,0) dx  (iyj 

where W is the bar width (along y-axis). Equation (iii) 

is used to determine the magnetization for a given drive 

field and then equation (iv) gives the resulting system 

(bubble and the bar) energy. Thus, by specifying the bubble 

position and external fields, one can determine E as a func¬ 

tion of bubble position. 

Integral equation (iii) can be numerically solved for 

M„(x,0) using either iteration techniques (as done by Copeland) A 

or by converting it to a system of linear equations as used 

by Archer et al. It was found for the thicknesses involved 

that convergence to the required solution could be obtained 

by using 150 points in connection with Simpson's rule in¬ 

tegration and with the standard scientific subroutines for 

solving linear equationsX 22,231 . Knowing M (x,0) A 

at a large number of discrete points then allows determina¬ 

tion of the energy E, For the cases of interest, the magneti- 
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zation of the bar is generally quite far from saturation, 

and accordingly it is very simple to obtain a solution in 

this way. 

Finally, it should be mentioned that in order to compute 

M_,(x,0) and S it is necessary to make some assumptions about 

the bubble size and shape. The approach taken, here is to 

consider a constant size circular domain; however, this as¬ 

sumption is questionable both on the basis of the results 

obtained and on the basis of experimental observations. For 

bars of the type considered here, observed data indicate 

that the domains remain reasonably circular, although there 

is considerable variation (up to 50% as observed by Rossol 

[24J ) as the bubble moves from one end of the bar to the 

other under the influence of the drive field. If desired, 

this effect can be incorporated into the calculations by 

using as input data the position dependence of the bubble 

radius. The calculations reported here apply to an average 

bubble radius (taken along the major bar axis). 
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Magnetization Distributions, Magnetostatic Energy Wells 

and Drive Fields 

This section presents the results of Archer et al's 

calculations for a bar interacting with a 5p diameter 

bubble. Fig.2,14 shows the magnetization distributions ob¬ 

tained by solving equation (iii) with the bubble center 

shifted in l;a steps from the end of the bar (x=0) to its 

center (x=5p). The drive field at this point is zero. 

As can be seen the bubble is most effective in polarizing the 

bar when its center is near the end of the structure. The 

application of a 20 Oe drive field along the bar length 

produces the magnetization distribution shown in Fig. 2.15» 

for five selected bubble positions, At positions 1 and 5» the 

bubble is so far removed from the bar that the bubble field 

has little effect on the magnetization distribution. It 

is clear from Fig. 2.14 that in cases 1, 2, and 3» the 

polarizing influence of the bubble is as important as that 

of the drive field. This observation is also confirmed by 

figure 2.16&2.17» where the energy is plotted for bubble 

motion along and transverse to a bar, both with and without 

an applied in-plane drive field. Since the bubble can lower 
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its magnetostatic energy by moving under the bar, an energy 

well occurs there. As can be seen, the energy of the bubble 

does not change appreciably until it is within a radius of 

the permalloy; this is a reflection of the range of the 

bubble field. Neglecting the polarizing influence of the 

bubble field yields the dashed curve shown in the left half 

of the figure. 

The application of the model to a more realistic propa¬ 

gation structure is complicated by the interaction between 

adjacent permalloy bars. For a general analysis, it is 

necessary to take this interaction into account; however, it 

can be neglected when the bars are more than a line-width 

apart. The results of two somewhat simpler 

configurations - Bar-Bar and I-Bar pairs were obtained. 

/ II.2 / 

Simulation of T-Bar Circuits 

The last section presented a review of the work done 

towards simulation of the field access propagation circuits. 

Specifically, the magnetostatic energy of a permalloy bar 

for a field applied along its major axis was calculated as a 

function of bubble position. In addition, two simple con- 
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figuration - Bar-Bar and I-Bar pairs, were considered and 

the energy profile was plotted for fields applied along 

the major axes of the bars. 

The field access propagation circuits use an in-plane 

field rotating at any angular frequency , which, at a given 

time, will, in general, be at an angle 0(t) to the direction 

of propagation. In this section we extend Archer et al's 

model (refer to section II.l) to include drive fields in any 

direction. This extension of the model has many advantages. 

First, it will enable us to calculate the bubble position as 

a function of time which can then be compared to experimen¬ 

tal data. This will give us an estimate of the validity 

of the assumptions made in this model. Second, because of 

the added insight on the operation of the circuit, one can 

investigate possible failure mechanisms in bubble propa¬ 

gation or causes of reduction in operating margins. The 
» 

energy profile serves as a link between the parameters that 

characterize bubble propagations and the circuit parameters, 

thus providing us with a tool to study the effects of changes 

in the circuit on the propagation of the bubble. To that end, 

we have studied the effect of variations in the distance be¬ 

tween the T and I of a T-Bar circuit. 
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Theory 

26 

The total magnetostatic energy of the bar is a result 

of Zeeman and demagnetizing contributions, and is given by 

equation (iv). In this equation H is the sum of x-components 

of the field, Ha, and the bubble field Hb, and is the 

total magnetization of the bar along the x-axis which is a 

result of both Ha and Hb. Since the magnetization at all 

points in the bar lie on the linear region of the M vs H 

curve ( see Fig. 2.14), we can write 

Mx(x,0) = Ivyx.O) + Mxb(x,0) 

wheret M is the contribution of H 
xa xa 

and Mxb is the contribution of Hxb 

Then equation (iv) becomes 

2 = j"-* Mxa(x'0)Hxa(x'o)dx + ^”*Mxa *Wx*o)dx 

+ j*-i Mxb(x,0)Hxa(x,0)dx + j'-^xbCx»0) Hxb(x,0)dx 

 (v) 

" 
X1 + h + *3 + h 

where the integrals on the right hand side of (v) 

are denoted by Ij, I2, 1y and 1^ respectively. 

Now consider the applied field at an angle 0- to the 

ma.ior axis of the bar as shown in Fig. 2.20. , H can be 
a 
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broken into its x and y components, H „ and H . In xa ya 

general, H„_ and H,,_ will magnetize the bar along both xa ya 

its major and minor axes. But, because of the shape aniso¬ 

tropy of the bar, magnetization along the major axis will 

be more favorable, and as a result, the magnitude of Mya, 

the magnetization in y-direction, will be small compared to 

the magnitude of Mxa, the magnetization in x-direction. 

Furthermore, we assume that change in M as a fuction of x 

can be neglected; i.e., ^ya . 
3x 

From the Bitter-pattern observations of Lin, L 26 U 

this assumption is questionable at the very ends of the bar, 

but otherwise it appears justified. Since we will be finally 

interested in the gradient of the energy in the x-direction 

(direction of bubble motion), we can neglect the constant 

contribution to the total energy due to H . 
ya 

The magnetization at any point of the bar lies on the 

linear region of the M vs H curve (M and H are linearly 

related), and therefore we can write 

M (x,0) = M cos0 
X3L 3. 

Then equation (v) reduces to 



29 

E = 11 cos
2e + (I2 + 1^) COS0 + 1^ 

2 
= cos 9 + Icos© + 1^ where I^ = I2 + 

In the above expression, and I4 are functions of 

x, whereas 1^ does not depend on the bubble position, and 

therefore is a constant,. Equation (vi) explicitly shows 

the ©-dependence of the total energy. 

1^, I23^x^ and can be calculated using (iii) 

and (iv) once the bar dimensions, the applied field magnitude 

and the bubble position are specified. However, for the 

particular bar dimensions shown in Fig. 2,16, Archer et al 

have already calculated the energy profile. Using their 

results, we can evaluate these integrals very easily. 

Therefore, our approach is to simulate circuits with bar 

dimensions as shown in fig, 2.16. 

Now we outline the procedure used to calculate the 

integrals 1^, I2^(x) and I^x) from the results of Archer 

et al. In fig. 2.16 1^ is simply E at a point where the 

bubble is far away from the bar so that its effect can be 

neglected, I^(x) is solely a result of the interaction be¬ 

tween the bubble and the bar and is, therefore, given by 

the dashed curve in fig. 2,l6, Knowing 1^, I^(x) and E(x) 
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at © = O, we can find I0^(x) from equation (vi). 

For simulation purposes, the T-Bar circuit is approxi¬ 

mated by three bars, as shown in figure 2.21. The interaction 

between the two bars making the T is neglected. This is 

justified by the Bitter-pattern observations of domains 

[26, figure l] in the top of the T which shows domains 

having magnetization along the x-axis, even at high fields 

applied perpendicular to it. The energy profile shown in 

figure 2.17 holds true for bubble motion along the solid line 

marked 1, whereas the line of bubble motion for the leg of the 

T is different and is shown by a dashed line 2 in the figure. 

The integrals Ij, and ^(x) corresponding to bubble 

motion along line 2 are calculated from those for line 1 

by using correction factors determined from the energy 

profiles of figure 2,16 and assuming that the shape of the 

energy profile does not change.; The integrals can be exactly 

calculated using equation (iii) and (iv) but we have made 

the above approximation since it avoids long and tedious 

calculations. 

/ 11,2,2~7 Results of Simulation 

Figures 2,22 through 2.25 show the energy profile, for a 

bar with bubble motion along its major axis, a bar with 
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bubble motion transverse to its major axis, a T and a T- 

Bar pattern respectively. The energy has been plotted for 

eight different directions of the applied field and the 

circuit dimensions are shown in the figures. In figure 

2,22 when the field rotates by 45° from the major axis, 

the position of the minima do not change; the only change is 

in the reduction in the magnitude of the scopes. In 

figure 2.24 only the plots numbered 1,2,3,4 and 5 are of 

interest since the bubble is in the vicinity of the T only 

for these orientations of the field. In the energy profiles 

for the T-Bar circuit, the minima move towards right for 

successive clockwise rotation of the field. For uniform 

bubble propagation, the bubble should move by L/8 for each 

rotation of 45° in the applied field where Lis the length of 

a circuit period on the T-Bar pattern. Starting from field 

orientation 1 and the corresponding bubble position b, a 

45° clockwise rotation of the applied field shifts the 

energy minima by only 0,5 ju ( /.L/8) whereas in the next 45 

degree rotation, the energy minima moves by 4.5 u (p*L/4^ L/8) 

In this manner the propagation of the bubble for a complete 

cycle can be traced. A uniform rotation of the applied 

field does not produce uniform right shifts in the energy 
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Fig. 2.22. Energy profiles for a bar with babble 
motion along the major axis. 

Fig. 2.23. Energy profiles for a bar with bubble motion 
transverse to the major axis. 
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Fig. 2.24 (a), (b). Energy profiles for a T 



Energy Profiles for a T-Bar ($a( 

(l is in the center) 
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Energy Profiles for a T-Bar (T is in the center) 

Fig. 2.25 (b) 
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(b) 

x (;u) 

Figure 2,26 (a) Position vs. time for a bubble 

(b) Velocity profile of the bubble at 
quasistatic speeds 
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minima and this gives rise to the highly nonuniform velo¬ 

city profile as observed by Rossel £ 2^ ] . For small fre¬ 

quencies of the rotating field ( 41KH ) the bubble has 

enough time to move to the next energy minimum and the 

bubble position (the energy minima) versus time can be 

easily plotted, The bubble position was calculated for 

eighteen different field directions and the result is shown 

in figure 2.26(a). This, in turn, was used to calculate the 

velocity profile for the bubble which is shown in figure 2-2:6 (.b) 

For comparison, we have also shown in 

the results of Rossol (fig.2.30) which are only semiquanti- 

tative. The predictions made by this model are in excel¬ 

lent agreement with experimental data as far as the nature 

of bubble propagation is concerned. However, at this stage, 

it is not possible to get a numerical estimate of the accu¬ 

racy of the model because exact experimental data are not 

available for this particular bubble and circuit dimensions. 

(Rossol's circuit dimensions are different) 

The energy profiles also provide an intuitive under¬ 

standing of the shape and size variation of the bubble that 

takes place as it moves along the pattern. When differ- 
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ent parts of the bubble travel on energy profiles of differ¬ 

ent slope, the bubble shape changes and, in general, in¬ 

volves a change in diameter of the bubble or an elongation 

of the bubble in some direction, giving it an elliptical or 

stripe shape. When the bubble sits in a lower energy valley, 

it appears reasonable that because of a reduction in the 

bias field averaged over the bubble, its diameter should 

increase. Similarly, the shape of the bubble can get dis¬ 

torted when certain parts of the bubble lying on a steep 

energy profile will have a tendency to expand in order to 

minimize the interaction energy between the bubble and the 

external field, A quantitative estimate of these changes 

in the size and shape of the bubble, however, is not 

possible at this stage because the calculations have been 

done only for the simplest of applied fields and are not 

solved for the general case. 

In bubble propagation on a T-Bar circuit, it has been 

found that the gap between the T and the I is a critical 

parameter. Simulations were done to study its effect on 

bubble motion with an eye towards finding an optimum value 

of this gap. Energy profiles were calculated for the T and 
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Fig. 2,27 (b). Energy profiles for a T-bar with 
gap value=l,9p, (T is in the center) 

fr) 

(p) 
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Fie. 2.27 (c). Enercy profiles for a T-bar with 
a gap value = kp., (T is in the center) 



I dimensions shown in figure 2.21 with gap values of 

2.0, 1,9, 2,8 and 4.0 as shown in figure 

2,27. It is observed from profiles 1, 2 and 3 that the 

bubble will fail to propagate from the bottom of the I to 

the left of the T for gap values of 4 ;u and more. The 

propagation is made very smoothly by the bubble for a 

gap value of 1 u; gaps smaller that lu do not seem to 

make the propagation any smoother. Considering the approxi¬ 

mations made in this model, it is suggested that a gap 

value of about 1 /i be kept for these T and I dimensions to 

achieve optimum performance. It appears that this gap 

dimension does not depend on the width of the bars but, 

instead, on the radius of the bubble. This suggests that 

for T-Bar circuits designed for bubbles of diameter D, the 

optimum gap will be between D/4 and D/5. 

/~IT7T~7 

Analysis of the Failure in Bubble Propagation at High 

Frequencies 

The bubble velocity profile also gives an insight into 

the failure of bubble propagation at high speeds and there¬ 

fore we have redrawn Rossol1s experimental data in figure 

2.30 [ 24 ] . This data was taken for a bubble of average 
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along T-bar path with drive field rotating at 21 
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diametar $0 JI on a T-Bar pattern whose dimensions are 

shown in the figure. The highest velocities occur 1) when 

the trailing edge of the domain is moving across a gap be¬ 

tween the T and I, 2) when the center of the domain passes 

underneath the center of the crossbar on a T, or 3) when 

the domain moves onto the end of a bar. At these points, 

the bubble velocities were found to be far greater than 

the average velocity required for the bubble to travel one 

circuit period. But since the bubble covers the same number 

of circuit periods as the number of rotations in the drive 

field, it becomes obvious that the bubble is almost idle 

for a large part of a cycle and then moves at high velo¬ 

cities to catch up with the drive field. 

The bubble energy profiles also confirm the above ob¬ 

servation. In figure 2.31 let L be the length of the cir¬ 

cuit period and let t be the time taken for one rotation of 

the drive field. For an applied field direction shown in 

figure 2,31 (a), the stable position for a bubble would be 

at a,below one end of the I. As the field rotates clock¬ 

wise by one eighth of a cycle, the field gradients produced 

at the bubble are not large enough (see figure 2.31(b)) to 

cause the bubble to propagate byL/8. This gives rise to a 

i 

phase lag between the bubble position and the drive field. 
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As the field further rotates, the vertical component of the 

total field starts to get lower at b, but the gradient 

across the bubble is not yet big enough to propagate it to 

b. The combined effect is an elongation in the shape of 

the bubble along the propagation direction as shown in 

figure 2.31 (b), which has also been observed experimentally 

[ 24 J . This causes a reduction in the operation margin, 

for in this elliptal shape the bubble will be easier to 

strip out, and will require an increase in the bias field 

to remain stable. 

Finally, after a further rotation in the drive field, 

when the bubble experiences a large enough gradient, it 

has to travel a distance of L/4 in a time less that t/8 

thus requiring higher velocities. For an appropriate T- 

Bar pattern the gradients produced by an applied field might 

be large enough to provide these higher velocities. But 

when the frequency is increased, still higher velocities are 

required to enable the bubble to catch up with the drive 

field. Thus a frequency is reached when the given drive 

field magnitude is not able to provide the required high 

gradients, and the bubble fails to propagate 
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At this stage an increase in the magnitude of the drive 

field will cause the gradients to increase and this can 

again resume the propagation. This is confirmed by the 

experimental data obtained by Fischer £27] , whose 

results are shown in figure 2.32. However, this increase 

in gradient is not linearly related to an increase in drive 

field, because of saturation of the permalloy circuit. 

/ 11.4"~/ 

Suggestions for the Design of Better T-Bar Circuits 

On the basis of the above simulation, it is not 

possible to carry out an optimization for every parameter. 

Optimum T-Bar circuits which will enable us to achieve the 

highest velocity of propagation allowed by the bubble 

material at the largest propagation margins would require a 

knowledge of the complete response of the bubble when sub¬ 

jected to a non-uniform field and this has not been calcu¬ 

lated so far. However, in light of the above simulation, 

some useful remarks can be made about certain parameters of 

a T-Bar circuit. 

Since appreciable movement in the energy minima does 

not occur until a 90° change in the applied field has oc- 
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cured, we assume, for the purpose of the following comments, 

that bubble motion takes place only when the field direction 

is along one of the major axes of the bars. We further 

assume that for an applied field to major axis of the bar, 

the stable position of the bubble center is about W/2 from 

the low-energy end of the bar. 

The top of the T in a T-Bar circuit achieves the purpose 

of moving the bubble from one end to the other whereas the 

leg of the T makes this motion smooth. It is clear from 

figure2,17, that a bubble feels the effect of the magneti¬ 

zation in the leg of the T only when it is less than R 

away from the center of the bar where R is the bubble radius. 

Thus to make the bubble move smoothly from one end of the T 

to its center, the length L of the top of the T should equal 

D+W as shown in figure 2.40, In practice L should be kept 

close to D+W to achieve smooth propagation on the T of a T- 

Bar circuit. 

The condition mentioned above conflicts with the re¬ 

quirement that the minimum distance between two bubbles be 

kept three to four times the bubble diameter to avoid bubble 

to bubble interaction. To resolve this conflict, we suggest 

increasing the bar length so as to satisfy the above re- 
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Fis. 2.41 
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quirement and replacing the leg of the T by two bars as 

shown in figure 2.41. This pattern, however, has not been 

tested. 

/ 11.5 / 

Summary of this Chapter 

In this chapter we extended the model proposed by Archer 

et al C 20 ] to include fields applied in any direction 

which enables the calculation of bubble position as a func¬ 

tion of the applied field, and the velocity profile of the 

bubble. Using this model, an optimum gap between the T 

and I of a T-Bar circuit was found. In the next chapter 

we study the generalization of the shape of a T-Bar to arrive 

at a propagation circuit which has the bubble moving at an 

essentially uniform velocity. 
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/ III.l / 

Generalization of Bar Circuits 

The highly nonuniform velocity profile of a bubble on 

the T-Bar structure is a result of the non-uniformity in the 

field gradients . For a qualitative analysis of this 

non-uniformity, we will consider the bubble motion in two 

serparate partsj 1) when the bubble is across the gap between 

the T and the I, and 2) when it is below the T. 

The strong magnetic interaction between the bubble and 

the permalloy gives rise to considerable variation in the 

shape and size of the bubble when it moves across the gap 

between the T and I. This is why a spacing of as small as 

one-fifth of the bubble diameter was found to be an optimum 

value of this spacing, (see Chapter II) It appears that a 

circuit in which the bubble is beneath the permalloy through¬ 

out the propagation cycle will minimize the variations in the 

size and shape of the bubble. This, in turn, will reflect 

itself into higher propagation margins at high frequencies. 

Although the bubble stays below the permalloy when 

moving under the T, its motion is still nonuniform? and, as 

observed in the last chapter, is attributed to a nonuniform 

shift in the energy minima. In other words, the successive 
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energy profiles created by a rotation of the applied field 

2a 
do not form a constant velocity travelling wave. Noticeable 

shifts in the energy minima occur only when the field ro¬ 

tates from along the top of the T to along its leg and vice 

versa. This is only natural for a T-shape, for the shape 

anisotropy of the bars making the T, constrains the magneti¬ 

zation to lie only along their major axes, and the magnetiza¬ 

tion distribution is rather insensitive to small changes in 

the direction of the applied field. Thus, it is the presence 

of only two bars in the T-shape, with major axes as much as 

90 degrees apart, that causes the nonuniformity in the pro¬ 

pagation of the energy minima.* 

An obvious solution to this is to include more bars in 

one period of the propagation structure with the bar major 

axes as close together as allowed by the geometry of the 

pattern. Obviously many possible circuit combinations 

exist and a few of these are shown in figure 3.10. Notice 

that the bars can cross each other, as shown in figure 3.10(a) 

as the domains in the intersection region will always be 

magnetized along the applied field because of the absence 

* The propagation mechanism of Y-Bar and chevron cir¬ 
cuits is similar and hence the above arguments with 
appropriate modification also apply to Y-Bar and 
chevron circuits. 



Fig. 3.10 

Fig. 3.11 
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of any considerable shape anisotropy in that region. 

These circuits are expected to smooth the propagation of 

field gradients, thus providing wider propagation margins; 

however, none of these assertions have been experimentally 

verified. Figure 3.11 shows a modification of a chevron 

which is also based on the same arguments. 

rHI.2 / 

A New Propagation Circuit 

In the last section, we showed how the bar-circuits 

(e.g. T-Bar, Y-Bar, Y-Y, chevron, etc.) can be generalized 

to provide smoothly propagating field-gradients. Based on 

this generalization and the fact that variations in the size 

and shape of the bubble are minimal for an unbroken permalloy 

circuit, we have designed a propagation circuit which has an 

essentially constant velocity profile, This circuit is 

shown in figure 3,21, It works on the same principles on 

which a bubble propagates below a ring pattern, of the shape 

shown in figure 3.22 , and therefore we will describe 

the bubble motion under the ring pattern first. 

Without any applied field, the domains in the permalloy 

ring are constrained by the shape anisotropy to have magneti- 
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Fig. 3.21 

A new propagation circuit. 
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Fig. 3.22 

^applied 

Fig. 3*23. Dorain configuration in a ring-type pattern 
with an applied field. 



zation in the circumferential direction, clockwise, and 

counterclockwise as shown in the figure 3.23. The application 

of an in-plane field favors the growth of domains with magneti¬ 

zation in the direction of the field and anihilates domains 

with magnetization opposing the applied field. This creates 

magnetic poles in the body of the permalloy, which produce a 

local gradient in the bias field. 

The effect of the drive field is maximum at point a, 

a' and minimum at b, b'. If the bubble is considered as a 

negative magnetic pole, then for a field direction shown in 

figure 3.23 the bubble will occupy a position close to c. 

The energy minima are expected to be in the vicinity of cj 

an exact determination of this postion, however, 

requires laborious theoretical analysis. With a clockwise 

rotation in the applied field, this minimum will move along 

the perimeter of the ring, thus creating a gradient at the 

bubble position which will cause the bubble to propagate 

along the ring. However, the net movement of the bubble in 

one cycle on the ring pattern is zero. The circuit shown in 

figure 3.21 achieves a net motion in the forward direction. 

The propagation circuit shown in figure 3.21 works on 
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the above principle. For any field direction, the bubble 

can occupy a position on the pattern where the applied field 

is tangent to the curve. A clockwise rotation in the drive 

field moves this point along the curve, thus providing a net 

motion in the x-direction. It is to be noted that for a 

continuous permalloy pattern, the propagation in the x direc¬ 

tion can be achieved only for field rotations in the first 

and fourth quadrants. This can be verified by the pole 

distributions in an arbitrary permalloy shape as shown in 

figure 3.24. For a field in the second or third quadrants 

the positive poles will always be on the left of negative 

poles which will produce field gradients to oppose the bubble 

motion in the positive x direction. Similarly the bubble 

will move in the negative x direction only for field rota¬ 

tions in the second and third quadrants. Thus it follows 

that for a continuous permalloy pattern used for propagating 

bubbles in the x direction, the bubble will either sit idle 

or move in the negative x direction for one half of the 

cycle. To achieve a net forward motion in a cycle, this 

circuit moves the bubble forward in one half of the cycle 

by far more than it moves it backwards in the next half 
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Fig. 3.25 
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cycle, 

To minimize the effect of curve A on the bubble, when 

the bubble is moving on curve B across the intersection, 

the crossover has been so designed that A and B intersect 

at 90°. This suppresses any unnecessary pole distributions 

in curve A when the bubble is moving across the intersection. 

With this design the net forward motion of the bubble takes 

place in a period when the field rotates by 90°, as depic¬ 

ted in figure 3.25. In the other 270°, the bubble moves 

on the loop at the bottom where the net motion in x-direction 

is zero. 

This circuit has several advantages over the bar circuits 

used for bubble propagation. First, because of the minimal 

changes in the shape and size of the bubble, it is expected 

to give higher propagation margins. Second, because of 

smoothly propagating field gradients, it is expected to 

function even at higher frequencies where the bar circuits' 

fail to propagate. Lastly, the corner design in shift regi¬ 

ster loops using this circuit is particularly simple; (see 

figure 3.21 ) and since it uses the same shape as ordinary 

propagation elements for corners, they are nob expected to 



62 

reduce the overall propagation margins which is often the 

case with bar circuits. [24, 27 J A disadvantage of 

this circuit over the chevrons is that one propagation track 

cannot be packed atop another to increase the yield in 

circuit fabrication. 

A111.2,T 7 

Experimental Results 

o 
A 2300 A thick permalloy film was deposited on glass 

substrates using vacuum deposition techniques and the cir¬ 

cuit shown in figure 3.21 was etched using conventional 

photolithography.* The bubble material, a garnet of composi¬ 

tion GdQ 8Sr2 2Fe4 5Ga0 5°12* was use<* which could sustain 

bubbles of diameter 9 to 25 u. The propagation was tested 

at quasistatic speeds by observing the bubble motion 

through Faraday rotation. No attempt was made to control the 

distance between the garnet and the permalloy circuit, but it 

was observed that propagation does occur when this distance is 

between 5 and 10 u. Figure 3.26 shows the propagation margin 

and the velocity profile at quasistatic speeds and the sequence 

of photographs shows the propagation of the bubble. 

Bubbles of diameter 2.5 W to 0.8 W, where W is the 

pattern width, were observed to be propagated by this cir¬ 

cuit. The only point where the bubble seems to hesitate 

* See appendix 
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(lag "behind the drive field) on this pattern is the intersec¬ 

tion a. At a very low drive field, bubbles which would 

propagate on the semicircular part were observed to get 

stuck at the intersection. At this stage, a slight increase 

in drive field was required to free the bubble from the 

intersection and thus make overall propagation possible. 

This was attributed to interaction between the bubble and 

curve A which appears to further lower the energy of the 

bubble at the intersection. This was confirmed by the ob¬ 

servation that large bubbles were particularly affected by 

the intersection whereas bubbles of diameter less than or 

comparable to the width crossed the intersection without 

hesitation. 

/ 111,2,2 / 

Discussion of the Circuit Parameters 

The relevent parameters of this circuit are the shape 

and width of the pattern, 

n11.2, '2.1 / 

Shape 

A continuous permalloy pattern designed on the basis 

of the previous arguments would essentially have a shape as 
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Propagation margins 
for the circuit shown 
in fig, 3.21 at quasi¬ 
static speeds 

^Drive 
> 

Relative 
(b) Velocity profile Velocity 

for the circuit shown k 
in fig. 3.21 at n 

quasistatic speeds 

Figure 3.26 

Threshold in 
plane drive 
field 

Figure 3.27 



in figure 3.21. However, variations in the shape are 

possible. The shape of the pattern obviously determines the 

magnitude of the field gradients, produced by the drive field 

and their propagation with the rotation in the drive field. 

The requirement of a smooth propagating field gradient will 

be satisfied by any shape which provides a continuous mo¬ 

tion of the point at which the .applied field is tangent to 

the pattern. At a high frequency, a failure in propagation 

will occur at a point where the bubble velocity, determined 

by the propagation requirements at that frequency, demands 

higher field gradients than are possible by the pattern 

shape. Since such calculations of field gradients have 

not been made, it is not possible, at this time, to deter¬ 

mine an optimal shape of the pattern. Since the pattern 

width is comparable to bubble diameter and the circuit period 

is only three to four times the bubble diameter, this opti¬ 

mal shape is only of theoretical interest. 

The pattern we have tested uses a semicircular top; the 

bottom part is made by smoothly connecting the ends of the 

semicircle below the intersection. The mean diameter of the 

semicircular part is calculated to be D d2 where D is the cir 

cuit period. 
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/ 111,2.2.2 / 

Width 

With the rotation of the drive field, a very wide 

pattern will produce gradients in all directions at a point, 

and therefore will be unable to direct bubble motion along 

the track. A pattern too narrow will be unable to produce 

field gradients which are large enough to move the bubble. 

Obviously, this pattern has an optimum width} a width, 

which will provide maximum field gradients in the direction 

of propagation for a given magnitude of the drive field. 

It is not impossible to find this optimum width theoretically, 

but it is very tedious. However, there is a simple experi¬ 

mental method discussed below. 

As the drive field magnitude is increased from zero, 

it reaches a value where the field gradients produced in 

the direction of the track are large enough to overcome the 

coercivity ( |AH.J )► ; ) and the bubble 

motion just starts. This provides a method of comparing the 

field gradients produced by a low value of the drive field for 

different pattern widths. Thus a plot of the minimum drive 

field which is ,iust enough to start the bubble motion at 

low frequencies, against pattern width should indicate an 
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optimum value of pattern width. Since the bubble propa¬ 

gation on this circuit is similar to that on a ring, we have 

used a ring shape to obtain the plot shown in figure 3.27, 

Considering the wide variation in coercivity at different 

points on a bubble material, this plot was obtained at a 

fixed point on the chip using bubbles of different diame¬ 

ters. It shows the best bubble diameter for a given pat¬ 

tern width. 
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CHAPTER IV 

Summary and Conclusions 

Field access bubble propagation circuits have not been 

able to achieve reliable bubble propagation at high speeds. 

This thesis investigates the reasons behind it and suggests 

.ways to improve the existing circuits. In particular a 

computer simulation is made for a typical T-Bar circuit 

and the optimum value of the gap between the T and I is 

determined. Based on the results of the computer simula¬ 

tion for the T-Bar circuit, a new bubble propagation circuit 

is designed which has significant advantages over the exist¬ 

ing field access circuits in terms of bubble velocity 

profile and shape and size variations. This new bubble 

circuit is expected to provide wide propagation margins at 

high frequencies. Experimental results on this circuit are 

presented. 

For future research, we suggest studying the effect of 

the bar width on bubble propagation. Experimental tests 

should be done on the new circuit to find operation margins 

at high speeds. Based on the principles of operation of the 

new circuit, the possibility of designing other circuit 
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elements should be investigated, e.g., generators, 

hilators, splitters, switches and logic modules. 

anni- 



APPENDIX 1 

Manic preparation and photolithography 

Special care is needed in making photomasks of accura¬ 

cies of 10 u with the existing facilities in the Semi¬ 

conductor Lab. Masks were made from patterns cut on Ruby- 

lith (X 120) by two reductions on the final reduction 

camera. Kodak High Resolution Plates were usedj the only 

difference from normal procedure was to use less exposure 

time (25 to 50 secs) for the second reduction. More ex¬ 

posure results in spreading of the emulsion in the white 

region. 

We used Microneg (negative) as the photo resist. A 

typical procedure for best results is outlined below» 

Spin at 6000 rpm for 30 secs (be very careful 

about dust particles). 

Prebake at 90°C for 20-30 minutes. 

Expose in the K-ll Mask Aligner for 1.75-2.25 secs. 

The proper contact between the mask and the photoresist 

is most crucial. The vacuum and the nitrogen 

pressure both should be right, (consult the manual) 

Develop and rinse for 30 secs each with only mild 

agitations. 

Postbake at 120°C for 20-30 minutes. 

It is ready to etch now. We used diluted HNO^ to etch 

permalloy. 

Throughout the whole process it is necessary to look at 

the wafer under microscope after every step. It helps to 

isolate the problems one by one. 
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