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ABSTRACT

An experimental study of the fast switching properties of the
film-loop assemblies indicated that a line Vcharge model for a rectangu-
lar magnetic film fepresents the external flux distribution of the film
with good (#10%) accuracy. The flux linkage of a deposited loop equals
100% of the film flux. A 20% decrecasc in film flux was measured at
both ends of the film easy axis and a quadratic flux distribution is con-
sistent with the experimental results. Eddy current and circulating
loop current fields affect the nanosecond range switching of magnetic
films. Eddy current fields increase rapidly with the fraction of mag-
netic film perimeter covered by the loop conductors. Capacitive loop
current fields cause a small increase in film switching time. Resis-
tive loop loading can slow film switching significantly. The bias and
drive field properties of deposited loops can be predicted from the
loop dimensions. The deposition of complete film assemblies was
effected without opening the vacuum of the system. The film switching
test equipment incorporated a new method for the integration of fast
switching signals and had a response time of 0. 8 nsec. A theoretical
study of the coupling loop circuitry indicated that the loop attenuation
and the spatial distributio.ﬁ of loop induced voltage distort the film out-
put signal. These effects are.small, but not negligible, for a loopAWith
conductor separation of 50, 000 A and conductor thicknesses of 4000 A,
enclosing a 1 cmz ‘vfilm switching in 1 nsec.

The use of integrated deposited circuitry containing magnetic

films is feasible for fast computers. A set of logic elements suitable
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for a deposited configuration has reasonable fan-in and fan-out poten-
‘t':ialities." Theoretical miniaturizatioﬁ limits for deposited film logic
‘cirvcuitry depend chiefly on the resistivity of the coupling loops. Oper-
ation of such circuitry at low temperature reduces the limit of film
size to aboﬁt 14 microns. Miniaturization alleviates the effect of loop
currents and attenuation on film switching signals, leading to low

power, short switching time circuitry.



Section

II-

111

-V -

TABLE OF CONTENTS

Title

INTRODUCTION

MAGNETIC FILM FLUX LINKAGE WITH A
COUPLING LOOP

External Flux Distribution Model for
Rectangular Magnetic Thin Film

Change in Flux Linkage During Film Switching
Flux Change Within A Deposited Loop
Comparison of Flux Ratios for External L.oop
Experimental Flux-Switching Measurements
Linear Flux Distribution Model
Quadratic Flux Distribution Model

COUPLING LOOP CIRCUIT ANALYSIS

Step Response of Lossless Transmission
Line with Distributed EMF

Circuit Parameters of Deposited Loops
Step Response of Deposited Loops

Digital Computer Simulation of Deposited
Loop Circuitry

Step Response of Deposited Loop

Ramp and Triangular Responses of Deposited
Loop

Maximum Distortion of Film Switching Signals
by Deposited Loop Circuitry

External Loop Analysis

Conclusions

Page

13
15
16
20
32
34
37

38

41
46

51

53

60

62

67



-Vi-

TABLE OF CONTENTS (Con't. )

Séction : Title ; Page
v INTERACTION OF MAGNETIC FILM AND 70
CONDUCTING COUPLING LOOP

Eddy Current Field 70

Circulating Current Field 75

Experimental Study of Film-Loop 81

Interaction
Bias and Drive Field Properties of 92
Deposited I.oops

Bias Field : 92

Drive Field 101

v INTEGRATED DEPOSITED CIRCUITRY DESIGN 108
General Feasibility 108
Miniaturization 109

Logic Elements 116

Large-Film Deposited Circuitry 125

Conclusions 128

VI , . EXPERIMENTAL EQUIPMENT AND METHODS 130
Film Assembly Fabrication 130

Static F'ilm Assembly Measurerﬁents 131

Film Switching Test System 7 135

Monitoring System 145

Calibration of Drive Field Circuit of Test
Strip Line 156



-vii-
TABLE OF CONTENTS (Con't. )

Section Title Page

Basic Procedure for Film Assembly 157
Switching Experiments

APPENDICES
A Evaluation of Triple Integral of Eqgn. 2.3 162
Passive Network Attenuation of the Total 169

Time Integral of an Input Pulse

C Current Distribution in a Semi-Infinite Thin 171
Rectangular Plate, with a Symmetrically-
Placed Point Current Source

D Effect of Misalignment of Film Hard Axis and 175
Drive Field on Flux Switched in Transverse
Mode



I. INTRODUCTION

Much of the recent interest in magnetic thin films has been
motivated by a general trend in computer design towards machines
with large memory and logic circuit arrays and having short operat-
iné times. These computers are further characterized by the use of
miniaturized circuitry with low power dissipation. Circuit miniaturi-
zation serves the dual purpose of limiting the physical size of large
computers to reasonable dimensions and of reducing the signal transit
time between various circuit components. This latter factor becomes
of increasing irnportance as the operating speed increases. The large
size of memory and logic ar-rays necessitates low power dissipation
per switching element so that the total power requirements are not ex-
cessive and heat dissipation remains within tolerable limits.

The high switching speed of magnetic filrrns with moderate drive
requirements, the ease and potevntial low cost of fabrication of large
film arrays by a deposition procedure, and the circuit miniaturization
possible by use of small film elements, are features which indicate the
great potentiality of circuitry containing magnetic films for future com-
putei‘ devices. To realize the full potential of thin films, future develop-
ments in this field will involve the usc of integrated deposited circuitry,
i. e., the deposition of magnetic films and associated electrical circuit-
ry, such as condu(;tors, resist;)rs, capacitors and inductors on the

same substrate.
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A number of memory and logic schemes 1-4] have been pro-

pés'ed for use in deposited circuit configurations. Some features of
these schemes have been investigated by a number of authors [5-7]
and some useful inforination obtained. However, it was felt that,
since all these schemes involve close coupling between magnetic
films and conductors, a study of the effects of this common factor
should prove useful for the future development of integrated deposited
circuitry.

A basic configuration of deposited circuitry consists of a mag-
netic thin film element, closely coupled by, but insulated from a de-
posited coupling loop. The work of this thesis consists of an investi-
gation of the properties of this film assembly, which may be of signi-
ficance in the design of a complete deposited circuit.

A general model is presented for the film assembly. This
model serves to delineate the various factors, which determine the
characteristics of the complete assembly and is used as a guide to
the study which follows.

The diagram of Fig. 1. la is used to aid in the presentation of
the miodel. This diagram is a representation of a magnetic film, uni-
formly acted upon over all its surface by a number of magnetic fields
Hl’ HZ’ cey Hn’ which may be a; mixture of steady and pulse fields. _
When the initial condition of the film magnetization is known, appli-
cation of these fielas results in a definite state of the magnetization.
The state of the film magnetization is represented at any instant of

time by the flux vector ¢T and the corresponding flux derivative ¢ .
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The ‘general film assembly model, illustrated in Fig. 1. 1b, is
presented for a rectangular magnetic fivlm, covered over a fraction
a of its width by a conducting loop, as shown in Fig. 1. lc. Deposited
layer construction of the film assembly is assumed so that the coup-
ling between the magnetic film and the conducting loop is very close.
The effect of this close coupling is to localize any fields due to the
loop conductor, to the region of the magnetic film directly beneath
the conductor. Accordingly, the film magnetization may be consider-
ed separately in the two regions a and b, indicated in Fig. 1. 1lc.
Using Fig. 1. 1la, regions a and b of. the magnetic film are represent-
ed by the upper and lower forward paths of Fig. 1l.1lb. The fields
acting on region a of the film consist of externally applied drive and
bias fields, and a field fl , which arises from interaction of the two
film regions. This interaction is caused by demagnetizing fields ap-
pearing at the region boundaries when the magnetization in the two
regions begins to switch differently, and tends to preserve the align-
ment of the magnetization in the two regions. The quantity f1 depends
on the fractional film coverage « and on the difference of the fluxes
aa and -(I;b . Clearly, when aa =_q—5b , the interaction field is zero.

Region b of the film is acted on by the same external fields and
by a corresponding interaction field fz . In addition, two other fields
arise due to the presence of the Conducting loop and are represented
by appropriate feedback loops. The motion of the film magnetization
in region b induces eddy currents in the loop conductors and these

currents produce a field which reacts on the film magnetization. This
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_eddy cp.rrent field, HE , is assumed to be a function of the flux deri-
vative $b b. The component of E;_b , albng the deposited loop axis, ex-
cites the passive deposited loop circuit. The circulating loop currents
produce the other field, HL » which affects the motion of the film mag-
netization.

The voltage observed at the deposited loop output is related to
the input voltage by the transfer function of the loop and its terminating
impedance. When a number of films are associated in a deposited cir-
cuit, the terminating impedance of the deposited loop circuit of one
film may consist of the déposited loop circuit of another film. The
flow of energy between these circuits produces bias and/or drive fields
acting on the magnetic films.

The utility of the model just presented lies in its representation
of the film assembly in the form of a block diagram. This diagram
illustrates the inferaction of the various factors which determine the
properties of the film assembly.
| It will be shown that topics such as film-loop flux linkage, loop
circuitry and loop magnetic fields are important to the characterization
of this assembly as a circuit element. The general feasibility of inte-
grated deposited circuitry for future computer devices will be demon-
strated and some general design features of this circuitry indicated.
Suitable equipment was developed to fabricate the film assemblies and
to measure their high speed switching characteristics. The complete
deposition of a film assembly was accomplished without breaking the

vacuum of the fabrication equipment. The measuring equipment



-6-

featured a»system'for studying flux signals, with rise times in the

nanosecond range.
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II. MAGNETIC FILM FLUX LINKAGE WITH A COUPLING LOQOP

When a magnetic film changes the direction of its magnetization,
the voltage induced in a coupling loop equals the rate of change of film
flux_ linking the loop. This voltage excites the loop circuitry and, as
indicated in Fig. 1. 1, plays a part in the transfer of energy between
the film and the loop. The total time integral of the induced voltage
represents the totél driving effect of the film into a loop, which senses
the flux change or the total reaction of the film on a loop, which is
used to provide a field for the film. Since this voltage-time integral
equals the change of flux linkage with the loop, the importance of de-
termining the flux linkage of a magnetic film with a coupling loop is
apparent.

A model of film flux was proposed and applied to predict the flux
linkage of various film and coupling loop configurations. By compar-
ing with flux switching measurements, it was shown that the model is
quite a good representation of the actual situation, and that, due to the
small spacing between a magnetic film and a deposited loop, virtually
all the film flux links such loops. The effect of the coupling loop cir-
cuit parameters on the time-integral of the loop output voltage was
shown to be dependent only on the series resistances of the loop and
associated termination impedange. A 20% decrease in film flux was
measur’ed at the ends of the easy axis dimension ahd a quadratic flux
variation was found to be consistent with the flux switching measure-
ments. A refined model of film flux, based on the above flux variation,

was shown to represent the flux linkage of loosely coupled loops with



improved accuracy. .

External Flux Distribution Model for Rectangular Magnetic

Thin Film

Consider a singie domain rectangular magnetic film which is
distant from other magnetic material and has its magnetization M
directed parallel to one edge of the film. A model for the external
flux distribution of this film is obtained by representing the film mag-
- netization by two uniform magnetic line charges of opposite polarity.
These line charges lie along the two opposite edges of the film, at
either end of the single domain, and extend the length of the film per-
pendicular to the direction of magnetization.

The flux linkage of a loop coupling the film equals the internal
film flux, less the closure flux that returns within the loop. The above
model can be used to predict the value of this flux linkage. Fig. 2.1
is a three—dimeﬁsional sketch of the rectangular film just described,
and of a rectangular coupling loop whose axis is parallel to the film
magnetization direction and whose pléne intersects a center-line of
the film. One loop conductor lies in the plane of the film and the op-
posite conductor is pé,rallel to this plane, but at a distance from it.
The two end conductors of the loop are symmetrically placed with re-
spect to the film.

Tihe linear dimensions and coordinates used in the calculation of
the film flux are indicated in Fig., 2.1. Assuming line charges of uni-
form strength +m per unit length, the predicted value of the internal

film flux is



Line Charge

Magnetic Film

‘Fig. 2.'1. 'Rectangular‘Magnetic Film and Coupling Loop
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= ma
"o Mo

The corresponding flux density at a point P in the plane of the loop,
of line charge at point Q, is ex-

due to an elemental length Xm

pressed by

is a unit vector in the direction of T and

where %

2 2 2 2 ~ .
r = (£L/2) + (XZ—XI) + v . The component of AB along the axis
of the lbop is

— m dx1
AB ﬁ = HO —7 CcCOSs p CcOos o
47 r

where @ is a unit vector along the loop axis direction and
-1 2 2+1/2
tan™! y/[(£/2)% + (xy-x )71

a = tan-1 Z(XZ—XI)/E ;P o=

The normal flux contribution of the element dx1 , through an

elemental area dA of the loop, is

AB - f dA = Mg ———rizcosﬁcosozdx1 dx2 dy
4w r

Due to symmetry, the total flux closure ¢1 within the loop is
four times the flux closure due to one half of one of the line charges

Thus, integrating over half the length of one line charge, and over

thc complete area of the loop,
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> cos B cos a dx, dx, dy . 2.2

a/Z b/2 rh
[T
-b/2Jo
QT

Using the relationship cos § cos o = &b = £/2r the above integral

may be rewritten as

pomé al2 (b/2 dy p om#
¢1:"(2)n_ 2. 2.3/2 c)2 L, 2.3
o -b/2J/ o 1/2 ( ) +v7] m

The mathematical details of the evaluation of the integral I1 , together

with two useful bounds I2 and 13 » are presented in Appcendix A,
where the following results are derived.

The value of the triple integral I1 is expressed by

(bta)/2 (b-a)/2
I.=x1,(x) + I, (x) 2.4
oA weayz B (bray/2
where
-1 2 hx
I.(x)=2/4 tan
A f[(2/2)2+h2+x2]1/2
ﬂx 2
T = Lindlt/2) 2 1n% /n -[/2)% +0% +x2]1122 1 G
B 2» Wz)z +x2
The integral I1 is bounded between the two limits
A (T R N e
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2 2]1/2

1, = n {1722+ 224 n? 1 Y2 rr2)? 4 2522 402 1V 2y ) e /202 + 02y

2.6

2

The values of 'IZ and 13 are similar, when h<< £/2 . The

average of these two values is denoted by 14 » so that
Iy = (IZ+I3)/2 2.7

This integral is a good approximation to I1 when the limits I2 and I3
are close.

A useful approximation to the closure flux is obtained by assum-
ing that the magnetic field surrounding the film is two-dimensional.
This assumption corresponds to the case of a film whose domain length

is negligible compared to its width. It can easily be shown that

6. = ma . n-l 2h
5 - Mo B T
b om 2.8
= ° I
2T 5
where I = %_a; ta.n-:l %E
The flux values, corresponding to the Il' g values can then be
written as
pomld : :
= -2 I : i=1,...,5 ' 2.9
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‘and the predicted flux linkage values can be written as

_ L .
¢ -6, = b ma [1- e

.] : i=1,...,5 . 2.10
(o] 1 1

Change in Flux Linkage During Film Switching

The flux linkage of a loop, coupling a magnetic film, can be de-
termined by measuring the change in flux linkage which occurs when
the magnetization direction is changed. Using the film flux model just
presented, a study was made of some characteristics of this flux change
for film and loop configurations used in later switching experiments.

The film assemblies were tested when mounted against the ground
plane of the test strip line. The flux linkage was measured for a rec-
tangular loop which has the ground plane as one conductor and whose
axis is parallel to the initial magnetization direction (x-direction). In
the switching experiments the film magnetization is switched through
90° to the y-direction by an cxternal magnetic field. The static flux
pattern of the film is unaffected by the presence of the ground plane.
However, when the film changes the direction of its magnetization,
eddy currents are generated in the ground plane and oppose the change
of fluﬁ in that region. When the magnetization is switched to the y-axis
direction, the flux source (film magnetization) in the x-direction is re-
moved, together with the accompanying air flux above the ground plane.
Assuming that the change in magnetization is instantaneous (and/or
ground plane material of zero resistivity), surface eddy currents ap-
- pear on the ground plane to maintain the flux pattern within this con-

ductor. It can be seen that the initial flux pattern above the ground
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-plane, after switching, is identical with the original flux pattern inthis
region except that the field directions are reversed. Thus, for fast
film switching, the change in flux linkage through the coupling loop,
expressed as a fraction of the change in internal film flux in the loop

axis direction, is given by the equation
R = [(6-¢)-6_1/6, 2.11

= 1-26 /9,

where ¢f internal film flux

-
1]

external closure flux within the loop

Since (bf is the change in flux linkage of a tightly coupled loop, sit-
uated in the plane of the rectangular loop, the quantity R can also be
regarded as the ratio of the changes in flux linkages of these two loops.
Various values for de and (bc have been predicted by use of the
,éxterﬁal flux distribution model. Using qbo (Eqn. 2.1) for the quantity
d)f , and the kvarious ¢i values (Eqgn. 2. 9) for the quantity qSC , the
fqllowing‘ Ri values are obtained as predicted values for the quantity

R
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Flux Change Within a Deposited Loop

| Consider the change in flux linkage of a deposited loop coupling
the rectangular magnetic film. Sinée the height of this loop is negligible
compared to the film surface dimensidns, the film may be assumed to
lie in the su‘rface plane of the strip line ground plane, even though the
actual separation of these surfaces is approximately half the loop height.
Thus, the values of Ri are directly applicable for this loop.

On defining R* as the ratio of flux change in the deposited loop

to the change in internal film flux, and using b* and h* as the deposit-

ed loop dimensions, then, since h* << { ,

R;,: ~ 1_

5

SIS

h b
1

By referring to Eqns. 2.5 and 2. 6, it can be seen that, in the

limit of small h, I2 and 13 become identical and so

{[(£/2 b +a 2]1/2 [I/Z) ( --a.)Z]l/Z}/a

Al
)\,:T'

h:::
T

I

]

o
ETNN

It can readily be shown that B < 1, and thus

R1>RS=1

=||q=.

h*
T

Using the expression for R5 which overestimates the flux closure of
the deposited loop, the value of RT for the standard dimensions of the
film and deposited coupling loop was found to be greater than 0.99. It

is assumed, therefore, that no flux closure occurs within a deposited
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loop and so the change in deposited loop flux is identical with the change

in internal film flux.

Comparison of Flux Ratios for External Loop

The values of Rl’ c e R5 were first determined for the stand-
ard size film (a = 0.45'" ; ¢ = 0. 36'"") and the external loop (b = 0.722" ;
h = 0. 0625"), used in flux-switching experiments, and are tabulated

below.

R1 0. 8177 exact model calculation

R, 0.8097  lower bound

R3 0. 8325 upper bound

R4 0.8211 average of bounds

R5 0.7872 two-dimensional approximation

The variation of Rl’ RZ’ R_ and R5 as a function of each of the

film dimensions, with the other dimensions held constant, is shown in

3

Fig.2.2 and 2. 3. Figure 2.2 shows the variation of these quantities

with the film dimension ¢ parallel to the loop axis. As ¢ increases,
Rl" R2 and R5 incregse monotonically, tending to unity as { tends to
infinity. The value of R3 also increases with ¢, for ¢ greater than

2h, i.e., in the region where I, and I3 are closé limits. Figure 2.3

2
shows the variation of Rl’ RZ’ R3 and R5 as a function of the film
. dimension a perpendicular to the loop axis. Excluding R5 , which is
independent of a , the values of Ri increase monotonically with a ,

but at a very slow rate. It can be seen that, in the limit of large a ,

these quantities all tend to unity. The flux closure within the loop of
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finite length b is then negligible compared to the total flux of the
film of large dimension a

Since the field in the plane ofvthe loop is closely two-dimensional
when the film dimension a is very large, the film flux model reduces
to the two-dimensional case, in the following manner.

With all other dimensions held constant,

R = ma-mf (a) _ f(a)
1 - ma )
where f(a) is a function of a . Comparing the flux change through

the external loop with that occurring in a tightly coupled loop of the

same length, the flux ratio is

Values of R1 , together with the corresponding values of R'1 are

shown in the following table as a function of a

ka R R!

1 1
0.722 0. 83454 0. 8345
0. 800 | 0. 84169 0. 8246
1. 000 0. 86167 0. 8084
2.000 0. 92463 0.7912
5.000  0.96936 0.7878
10. 000 0. 98465 0.7874

25. 000 0. 99386 0.7874
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For a>10, the values of R'1 and R5 (= 0.7872) are practically

identical.

From Fig. 2.2 and 2. 3 it can be seen that the two-dimensional
value R5 is always less than R1 , i.e., R5 always overestimates
the flux closure within the loop. However, it is also clear that over
a wide range of parameter values R5 is a very good approximation
to R1 and, because of its computational simplicity, is often used in

~ later calculations.

Experimental Flux-Switching Measurements

The change in flux linkage of a loop, coupling a magnetic film,
can be measured by integratién of the loop output voltage with respect
to time. It is shown in Appendix B that the ratio of the integrated out-
put voltage to the integrated induced voltage depénds only on the steady
state attenuation of the loop and its termination impedance. When the
loop has zero shunt conductance, thié ratio is expressed by
ro/ [ r o+ rl] where r _ is the steady state resistance of the loop
termination and r, is the total series loop resistance. The integrated
output voltage is conveniently designated as the loop output flux change
(usually abbreviated 1;0 loop output flux) by analogy with the integrated
induced voltage, which equals the change in loop flux linkage.

The flux output of a loop depends only on the geometry of the film
and the loop and on :the resistivé properties of the loop circuitry and its
terminating impedance. When these quantities have been specified for
two loops, a theoretical prediction of the output flux ratio of the two

loops can be made. A number of experiments were performed using
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various film and loop configurations and the flux ratios obtained were
compared fo the theoretical results. Reference to Fig, 2.2 and 2.3
shows that the flux linkage of an external loop, expressed as a fraction
of the film flux, is very dependent on the film dimension ¢ , parallel
to the loop axis, but is practically indepéndent of the film dimension
a perpendicular to the loop axis. Accordingly, flux-switching mea-
surements were made on four sets of film assemblies having respect-
~ively, values of £ = 0.36'"; 0.27"; 0.18" and 0.09". The correspond-
ing values of Rl are 0.8177, 0.7500, 0.6331 and 0.4079. Each film
assembly had a narrow (0. 03" wide) deposited loop, situated on the
center-line of the magnetic film. This deposited loop configuration
ensured linkage of the loop with the entire film flux, which must pass
through the center-line of the film. If some flux emerged from the
film at positions other than the film edges which coincide with the
hypothetical line éharges, a deposited loop placed off the center-line
of the film would link a lesser amount of flux.

The flux measurements were made with the film assemblies
mounted in the test strip line. The films had HK values ranging
from 3 Oe to 6 Oe and were driven to the hard axis direction by ap-
plication of a transverse field of about 9 Oe. The external and de-
posited loops, situated on the film center-line, linked the easy axis
film flux. For each film, the ratio Fr of the external loop to de-
posited loop output flux change was measured, together with the value
of the deposited loop resistance. This resistance, determined by

means of an impedance bridge, was measured before and after the
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flux measurements and the mean value was used.

The results of these experiments are shown in Fig. 2.4, in
which the values of Fr are plotted as a function of deposited loop
resistance. The solid straight lines represent the theoretical values

of this ratio, and have the equation

r +r
o

F_= R, }:TT:‘ 2. 13
where R, = calculated flux linkage ratio

ro = termination resistance = 53.5Q

Ty < deposited loop resistance

r, = external loop resistance = 0,118 Q

The agreement between the experimental and theoretical results
is quite good. However, the experimental values are, in general,
lower than the theoretical values. The dotted straight lines, repre-
sentative of the experimental data, have almost identical slopes to
the corresponding theoretical curves. The deviation of the experi-
mental data from these lines is within the limits of accuracy attain-
able by the measuring equipment. Measurement of these deviations
as a function of the silicon monoxide insulation thickness which varied
considerably between film assemblies (at least 2/1 variation) failed to
determine any corr_élation betwéen these two quantities. It was con-
cluded that the inductance and capacitance of the coupling loop had no
effect on the magnitude of the observed switched flux. Thus, as al-

ready predicted, the effect of the loop circuitries on the flux outputs
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was dqe solely to the resistive properties Qf the loops and their term-
iﬁations.

The discrepancy between the corresponding experimental and
theoretical values of Rl (Fr = Rl when ry=7T,, see Egn. 2.13) is
seen to increase as the dimension of the film decreases from 0. 36"
to 0. 18", (The experimental curve for ¢ = 0.09" 1is not accurately
determined, due to the large scatter in the experimental results. This
s\catter is due to the difficulty of positioning the film assembly accur-
ately when the dimension { becomes comparable to the external loop
height and the deposited loop width. ) 'As seen in Egn. 2.11, the quan-
tity (1-R) is a measure of the flux closure within the external loop.
The result just stated thus indicates that the line charge model for the
film flux may need some modification in order to represent the actual
film flux more accurately.

Measuremént of flux change by means of a narrow deposited
loop is assumed, after correction for the effect of loop resistance, to
Srield the value of flux through the region of the film directly beneath
the deposited loop. Variation of the position of a narrow deposited
. 1obp, relative to the magnetic film, can be used to investigate the
variation of flux through the film material. Measurement of flux
change by means of a wide deposited loop, as may often be required
in actual applications of thin film circuitry, can be interpreted in
terms of flux change through the film material in the following way.

A wide deposited loop may be considered,in finite difference

form, as a parallel circuit consisting of a large number of narrow
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loops, as shown in Fig. 2.5, Each narrow loop is excited by a voltage
dé‘pendent ;m the flux through the magnétic film directly beneath the

lbop and has an impedance appropriate to the width of the loop. Appen-
dix B indicates that only the D.C. resistance of these loops are of sig-

nificance in determining the output flux of the wide loop.

Let

W = width of wide loop

r = series resistance of wide loop

r, = contact resistance between loop material
and termination resistance

r, = termination resistance

v = voltage source (D.C. voltage) at position
X along width dimension of loop

Vo = output voltage (D.C. voltage) of loop

I = current per unit width of loop at position x

IT = output current of loop

For a loop of width Ax , having series resistance wrl/Ax ,

and situated at position x , the voltage relationship is

Vo =V -wr, I -rZIT

Thus

I=(V- VO - rZIT)/Wr1
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JIntegrating across the width of the wide loop,

A% T
IT:er j Vi - 2 ‘?ZIT
1 “o 1 1
T2
1 w
where \% = = / Vdx
av W
‘ o
Replacing IT by Vo/rO , yields
— .
Vo - . Vav
Lro + r1 + r2
or
= \'
r +r av
o

where r = measured series resistance of loop. Thus, on correcting
the output flux of a wide deposited loop for the effect of loop series
resistance, the average flux linkage across the loop width is obtained.
The variation of flux through the magnetic film and the average
flux linkages of some wide loops were investigated by means of flux
switching experiments conductea on a number of film assembly sets.
In each set, the deposited loop c“onfiguration was varied, with the mag-
netic film dimensioﬁs held constant at their standard values. Since
the assemblies of each set were deposited at the same time, their film
thicknesses were similar and flux measurements of the four films of

the set were considered as having been made on the same film. The
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variation of the deposited loop configurations is given below (all loop

" axes parallel to film easy axis).

Film Assembly 1 Narrow (0. 03" wide) loop on film center-

line.

Film Assembly 2 - Narrow (0. 03" wide) loop near film edge
(loop center-line 0. 165" from film center-
" line), having 100% of its width directly

over magnetic film,

Film Assembly 3 Wide (0. 33" wide) loop on film center-line

and covering 92% of entire magnetic film
width,

Film Assembly 4 Intermediate (0. 18" wide) loop with center-

line on film edge, thus having 50% of its

width directly over the magnetic film.

The main quantity of interest in these experiments was the flux
changg, occurrrin‘g within the various deposited loops. This quantity
was calculated from the measured flux value by correcting for the
éffect of loop resistance. The external loop flux output was also
measured for all the films and, due to the very small resistance of
the loop, this value was taken as the flux linkage of the external loop.
The position of the external loop relative to the magnetic film varied
with the/position of the deposited loop, since the mechanical construc-
tion of the sensing circuitry required that the external loop be direcfly
above the depos'itediloop.. Thus, for films 1 and 3, the external loop
was situated on the magnetic film center-line, while for film 2 it was
situated near the film edge and for film 4 it was situated on the film

edge.
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The mean of the results, obtained from flux-switching experi-

ments on a number of sets of assemblies, are tabulated below:

Assembly ’ R6 : R7
1 1. 000 0.780
2 0.818 0.521
3 . 0.973 0.782
4 0.437 0.396

The quantity R6 is the ratio of the deposited loop flux change for each
assembly (corrected for deposited loop resistance) to the deposited
loop flux change for assembly; 1 (corrected for deposited loop resis-
tance). The quantity R7 is the ratio of external loop flux change to
the deposited loop flux.change for assembly 1 (corrected for deposited
loop resistance). Compari_son of all flux changes to the deposited loop
flux change for assembly 1 rcsulted in expressing all flux changes as
a fraction of total film flux.

The value of R6 for assembly 2 indicates that the flux passing
through the magnetic ﬁlm material varied by about 18% along the easy
axis direction. The decrease in the flux through the magnetic film
towards the edges of the film was also evidenced by the value of Ré
for assembly 3, for which the average flux linkage through the wide.
loop was about 3% less than the total film flux. The value of R6 for _
akssembly 4 was 53, 4% of the corresponding value for film 3. The
deviation of this quantity from 50%, which would be obtained if the

flux through the film were constant, was also attributable to the above
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flux variatj'.on. The values of the quahtity R7 are also of some inter-
eé‘t. For ésse_mbly 1, R7 is the sgme‘quantity, as the ratio R, which
was measured in previous experiments. (The value obtained for R
was 0.795. The difference between these two valués is due to experi-
mental error and possible small mechanical deformation of the extern-
al loop between these experiments. ) The values of R7 for assemblics
1 and 3 are seen to be similar, indicating that the presence of the wide
~ deposited loop did not aifect the flux change of the magnetic film. The
progressive decrease of the values of R7 for the assembly sequence
1, 2 and 4 was consistent with the poéition of the external loop, which
moved from the center-line to the edge of the magnetic film. Using
the ‘two—dimensional approximation flux model for the magnetic film,

a value of 0. 445 was calculated for R7 , when the external loop was
over the edge of the film. This value is in generai agreement with

the experimental results.

On the basis of the above results, the line charge model of film
flux was modified to give a more accurate representation of the ex-
ternal flux d_i‘stribution of the magnetic film. The flux distribution
wifhin the magnetic material was assumed to vary only along the easy
axis dimenéion, with any variation along the hard axis dimension
being neglectéd. The flux per unit length of film, perpendicular to
the film eé.sy axis, was assumed to vary from the value pm on the
film center-line to the value b Km at either end of the easy axis.
Calculations of various loop flux linkages were made for the two as-

sumed flux distributions (linear and quadratic) shown in Fig. 2.6,and
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Fig. 2.6. Easy Axis Flux Distribution Models
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‘the results obtained were compared with the experimental values.
These figu‘res also show the relative locations of the deposited loops
of the four assemblies. Using the éxperimental value of R6 for
assembly 2, the corresponding values of R6 for assemblies 3 and

4, and of R7 for assembly 1, were calculated as follows.

Linear Flux Distribution Model

Let d)n = average flux linkage across deposited loop of assembly
n. Then
1- 12 (1-K)
o,/9, = = 0.818 = R, (assembly 2)
271 1 6
1- > (1-K)

Solution of this equation for K yields

K = 0.796 2.15
Thus,
(/)l = pom(O. 9915)
¢, = p_m (0.813)
9, = 1_m (0.909)
‘¢4 = pm (0.423)
or
R, (assembly 3) = 0.916 2. 16
R, (assembly 4) = 0,427 2. 17

A model which is consistent with the flux distribution within the mag-
netic material, as shown in Fig. 2. 6a, for the external flux distribution

of the magnetic film when magnetized along its easy axis, consists of
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two uniform magnetic. line charges of strength +Km , lying at both
eri'ds of the" easy axis, and uniform line 'charge distributions of strength
iZ (1-K) m/£ at distance x from tbhe film center-line, (0Ssx=<12/2).
The value of the flux ratio R may be evaluated by summation of the

flux-changes due to all the line charges, giving

1/2
R = KR (£/2)+ (1-K) 2/4 J[ R

where Rl(x) is the value of R1 corresponding to line charges, sep-
arated by an axial distance 2x . (Rl(ll/Z) = 0.8177, as calculated ear-
lier.) The contribution of the line charge distribution was determined
usiﬁg the two dimensional approximation, since the three dimensional
value R1 leads to complicated integration processes. Inspection of
Fig. 2.2 shows that, over the range of integration, IRl(x)-RS(x) |$O. 03
ahd so the resulting error AR in the value of R is

L/2

AR < 0.03 (1-K) 2/¢ / dx = 0. 006 2.19
o.

Substitution of RS(X) = —?T— 1:an_1 x/h (0 < x< £/2) for Rl(x) in Eqn.

2.18, leads to

R

2 2111/2
KR1<1/2)+(LK)E{tan'luzh-EEln[____h /) } ]
, m £ hz

0.760 2.20

B

Thus, the predicted value of R7 for assembly 1 is
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R, = 0.760/0.9915 = 0.767 2.21

Quadratic Flux Distribution Model

Let
#(x) = flux value in film material at distance x from
film center-line.
¢n = average flux linkage across deposited loop of
assembly n .
w = width of deposited loop of assembly 3.
Then
: 2, 2
$(x) = p om [1-(1-K) 4x" /2" ]
and
11,2
1- ()% (1-K)
$,/6, = —>—— =0.818
1- () (1-K)

= R6 (assembly 2)
Solution of this equation for K yields
K= 0.782 2.22

Then

©-
oy
|

pom(O., 999)

o
[\
1]

p;)m(O. 817)
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w/2
b m

“;K) (w/ﬂ)z]

b m [1-

1

pom[ 0.939]

w m 2/2
_ Mo
4’4 =TT /4 ¢ (x) dx

1-K \
= pom[l/Z— ( 3 ) (1-1/8)]
= pom[0.436]
or
R6 (assembly 3) = 0,940 . 2.23
= 0.437 2.24

R6 (assembly 4)

A model which is consistent with the flux distribution within the mag-
netic material, as shown in Fig, 2, 6b, for the external flux distribu-
tion of the magnetic film when magnetized along its easy axis, consists
of two uniform magnetic line charges of strength +Km , lying at both
ends of the easy axis and uniform line charge distributions of strength
+8(1-K) rnx/ﬁ2 (= idd)/dx) at distance x from the film center-line
(0 =sxg2/2). As {n the linear distribution case, the flux ratio R is
evaluated by summation of the flux changes due to all the line charges.

Substitution of RS(X) for RI(X) , (0 s xg #/2), gives rise to a max-

imum error of 0. 006 in the resulting value of R.
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Thus
1/2 ‘
R:KR1(£/2)+ (1-K) 2 > le(x) dx 2.25
(£/2)" “o

= KR, (£/2) + (1-K) (2/0)° [ (@/2)° +1% )2 (tan™ " 4/2h) - (l-K)-i-%

= 0.784 2.26
- QY

R7 (assembly 1) = 0,785 ‘ 2.27

The corresponding experimental and theoretical flux ratios are

tabulated, as follows:

Flux Distribution Models

Constant Linear Quadratic Experimental

R6 (assembly 3) 1, 000 0.916 0. 940 0.973
R6 (assembly 4) 0. 500 0. 427 0. 437 0.437

, 0.780
R7 (assembly 1) 0. 8177 0.767 0.785 0.795

The results indicate that the flux distribution in the film material is
represented quite closely by the quadratic variance, shown in Fig.2. 6b
and that the corresponding line charge model gives an accurate picture

of the external flux distribution of the magnetic film.
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I1I. COUPLING LOOP CIRCUIT ANALYSIS

When the direction of magnetization in a thin film is changed,
the voltage waveform induced in a conducting coupling loop is depen-
dent on the time .Variaﬁce of the loop flux linkage, in the direction of
the ioop axis. As indicated in Fig. 1.1, the induced voltage excites a
circuit, defined by the loop electrical parameters and termination im-
pedance. In the present study a theoretical investigation is undertaken
' to determine the effect of loop transfer functions on the waveform of
the induced voltage. (The relative flux linkage of the two types of loops
and the ratio between iinked flux and observed flux have already been
considered.) The electrical 1engths of the loops are small but not in-
significant compared to the length of the induced voltage transients.
In addition, the voltages induced in the loops are distributed along the
lengfh of the loop conductors. Accordingly, a theory is developed to
calculate the step response of a transmission line having a distributed
EMF. Using this theory, it is shown that the rise time of the step re-
sponses of the deposited and 'extel.'nal loops is of the order of a fraction
of 1 nsec. Digital computer simulation is then used to show that the
external loop has only‘r a small effect on pulses having durations of at
least 1 nsec. A similar result is obtained for the deposited loop pro-
vided that its attenuation is not excessive (< 10 db). The validity of a
lumped parameter circuit approximation for the loop circuitries is also

established.
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Step Response of Lossless Transmission Line

With Distributed EMF

Consider the puise response of a length of lossless transmission
line (characteristic impedance Zo » electrical length T ) which is
shorted at one end and terminated at the other end in an impedance Zr .
A uniformly distributed voltage waveform is applied along the total
length of the line and a resulting output voltage appears across the line
~ termination.

First assume the application of an arbitrary pulse shape of total
length L, to the transmission line, When the line is terminated in Zo
as illustrated schematically in Fig. 3. 1. Every incremental voltage
step AV , having the polarity shown (right end positive relative to
left end), applied to an elemental length AS of the line, results in two
voltage steps. One, + -ézy » travels from the source position towards
the‘ right where it is absorbed in the Zo termination, and the other,

- —%—Y , travels from the source position towards the left, where it is
reflected with a change in sign back é,l‘ong the line from the short cir-
cuit end, and is finally absorbed in the ZO termination. Thé beginning
of‘the output pulse coincides with the beginning of the input pulse, due
to the voltage + %Y , originating from the element ASO of the line.
The output voltage continues to change until a time 2T after the end of
the‘input pulse, due to the voltage - __A_Z_Y from the element ASO . Thus
the length of the output pulse is (L. + 2T) and the fractional increase in

the pulse length is 2T/L . The shape of the output pulse will be simi-

lar to that of the input pulse, if L. >T , and so the rise time of the



-39.

2 ,mU b . . . 4

‘1°¢ g




-40-

‘pulse also increases approximately by the fractional value 2T/L .
The length‘ening of the pulse may be quite significant, even when
L>>T (e.g., when L = 10T, the increase is 20%). When the line
is terminated in an impedance other than Zo , reflections at this
termination cause the pulse to be lengthened by more than 2T.
Thus, in general, the effect on the rise time of the pulse is also
greater.

The response of the transmission line terminated in various
Z ., to a step input voltage, gives an upper limit to the rise time
of the output waveform for all pulse ihputs. Let an EMF of V per
unit electrical length of line be applied as a step function at initial
time. | The voltage developed across Zr at any subsequent time is
determined as follows.

Consider first an infinite length of the transmission line. Ini-
tially, a step volfage V +AS, having the following polarity (right end
positive relative to left end) is applied to each electrical length AS
bf the line. Each step voltage results in a step voltage + lg— - AS
traveling from its source position towards the right and a step voltage
- % - AS traveling from the same position towards the left. The suc-
cession of positive steps approaching any point on the line from the
left produces a ramp signal with slope +V/2 at this point. Simi-
larly, the negative steps approaching from the right give rise to a
ramp signal with slope -V/2 at the same point. The sum of the two
voltage waves is the voltage observed at this point. In the case of the

infinite length line, this voltage clearly remains zero at all times,
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.although there is a linear build-up of.current, determined by the ser-
ie"s inductance of the line.

The ramp signal, which is seen to be a characteristic waveshape
of a lossless transmission line with a distributed EMF, is modified by
the line terminations. The voltage waves reaching the short-circuited
end of the line are reflected back along the line with a change in sign,
while voltage waves reaching the Zr termination are reflected with a
reflection coefficient of (Zr-Zo)/(Zr+ ZO) . The transmission coef-
ficient at this termination is 2 Zr/(Zr+ Zo) and it is this fraction of
the incoming wave that appears acros‘s Zr . By considering the mul-
tiple reflections from the line terminatiohs, the response to a uniform-
ly distributed step input is obtained. Figure 3.2 shows the output volt-
age obtained for a number of values ofv Zr . As in the case of the re-
sponse to a step voltage applied at the shorted end of the transmission
line, the output voltage possesses overshoot onl‘y when Zr >Zo

This lossless line theory will be later applied to predict the step
responses of the loop circuitries under investigation. Allowance will
be made for the effect of line losses, which will be shown to be quite

significant for the deposited loop configurations.

Circuit Parameters of Deposited Loops

The circuit parameter valpes for the deposited loops were cal-
culated using .the as:sembly dimensions shown in Fig. 6.1. Two stand-
ard loops, differing only in the width of their conductors, were chosen.
One has a narrow (0. 03" wide) conductor which extends 1/12th of the

magnetic film width and was the narrowest conductor width used in
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this wqu. The other loop has a wide (0. 36" wide) conductor, which
extends the complete width of the magnetic film. (The ground plane
conductors of each loop are 0. 36" vﬁde).

The resistivity of a 4000A thick sheet of aluminum at room tem-
perature does not differ significantly from the bulk resistivity value:[s]
(2. 82 x 10_69 -cm). Using this value, the skin (iepth 6 of aluminum
at a frequency representative of nanosecond speed switching, is
26,800A (6 >4000A for f<45 kMc). Thus, a uniform current distri-
bution was assumed in the conductors and the following resistance

values were calculated:

el
1

narrow conductor 1.11 Q
wide conductor = 0.092 @2
ground plane = 0.092 Q

The resistance connection between the two loop conductors has
a theoretical value of 0.2 nQ2 - and so is considered to have zero re-
éistance.

The separation of the conductors of the loop is very small com-
pakred, to their width (< 10—2). Accordingly, the parallel plate formula
is used for calculation of the loop capacitance. (The presence of the
permalloy sheet, which lies along a natural equipotential of the electric
field, reduces the effective separation of the conductors by the thick-
ness of this sheet.) Using a value of 5.3 for the permittivity of the

[9]

silicon monoxide dielectric » the following capacitance values were

calculated:
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narrow loop : C 85 pF

wide loop : C 1020 pF

The loop inductance depends on the distribution of magnetic flux
within the loop and the loop conductors. As indicated in Fig. 1. 1b,
the time variance of film flux is regarded as a voltage which excites
the passive circuit of the coupling loop. In this way, the film flux is
separated from the flux due to loop circuitry and the permalloy film
~ can then be treated in a similar way to a non-ferromagnetic material.
Since the separation of the conductors of the loop is very small com-
pared to their width, the magnetic field in the intervening space is
uniform across the width of the conductors and is directed parallel to
the conductor surfaces. By neglecting current spreading in the loop
ground plane (this assumption is justified by the short time of the film
switching process), the value of this field (in amp-turns/meter) be-
comes equal to the current per meter width of loop conductor. At ex-
tremely high frequencies, eddy currents prevent penetration of the mag-
netic field into the permalloy and loop conductors. Under these condi-
tions magnetic flux appears only in the space’between the conductors,
and the iniductance atfains its minimum value of o é [b+d] (for

notation, see Fig. 6.1). At lower [requencies, flux penetrates the

ate
=1 -

Since the conductor thicknesses are small compared to the dielectric

conductors and the inductance increases to By % [(b+d) +c+

thicknesses, this increase is quite small (about 10%) and the high frc-
quency value is chosen as the standard inductance of the loop. The

following standard inductance values were calculated:
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narrow loop . : L 98 pH

wide 'loop : L 8.2 pH

When the film assemblies are placed in the test strip line for

~ high speed switching experiments, the loop ground plane is mounted
against a large thick brass ground plane. The penetration of flux into
this ground plane increases the effective inductance of the loop. By
assuming that the loop ground plane has the same conductivity as the

‘brass ground plane, which is assumed to be infinitely thick, the addi-

tional inductance is given by the equation[ 10]
=T .4
L =5 "

where 7 = specific resistivity of brass

& = skin depth of brass

1

= & ooM/'r)—l/2

By substitution of the value for & into the above equation, it can

be shown that

.6
>

)
gl=

and so the effective loop inductance becomes

L, = polé [(b+d)+c+_+§]

in comparison to the standard inductance value of

L = [b+d]

L
‘OW
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The value of L, increases with decreasing frequency and be-
' comes infinite at zero frequency. However, the impedance of this in-
ductance decreases monotonically with frequency, since the frequency

dependent term of the inductance varies as w-l/z .

Thus, the greatest
effect of the inductance on the loop properties may be expected to occur
at high frequencies.

At nanosecond switching frequencies, the value of L, is about

‘ 50% greater than the value of L . The frequency at which Ll attains
twice the value of L was found to be 0.21 k Mc. This result indicates
that the standard inductance value is ciuite representative of nanosecond
switching speed circuit conditions and that the effect of increased in-
ductance with decreased frequency can be examined by doubling the
standard inductance value.

At nanosecond switching frequencies the loss tangent for the
silicon monoxide vdielectric[ 11] is of the order of 10_4 . By regarding
the shunt impedance of the loop as a parallel R-C circuit, the equival-
ent resistive impedance is of the order of 104 times the capacitive im-
pédance at these frequencies, thus indicating a minimum resistance
value of about 1000 Q2 . The effect of this resistance on the loop cir-

cuit properties can be neglected and so the shunt conductance of the

loop is assumed to be zero.

Step Response of Deposited Loops

The loop parameter values just determined will be used to cal-
culate the transmission line properties of the deposited loops and to

estimate the step response of such configurations. The standard para-
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meter values are tabulated as follows. (The resistance value is chosen
 to be the resistance of one loop conductor, thus assuming a zero resis-

tance return path through the loop and strip line ground planes. )

Narrow Lioop Wide Loop

R 1.11 @ 0. 092
L 98 pH - 8.2 pH
C 85 pF 1020 pF
G 0 0

The two quantities, which speéify the transmission line proper-
ties of the loop are its characteristic impedance Zo and its propaga-

tion constant vy

Z, ={(R+iLo)/G+jCw)} = [zol A 3.1

a+ip 3.2

v =f{(R+jLw)G+ jCw)}

The real part of Yy specifies the attenuation of a portion of line, 0.47"
long (length of deposited loop). The quantity B/w equals the electrical
1ehgth T 'of this transmission line. The quantity y is independent of
the loop width w , since C is directly proportional to w and R and
L are inversely proportional to w . Thus, the attenuation and elect-
rical lengths of both narrow and -wide loops are identical. The value

of Z0 is inrver'sely:proportional to w -, and so the wide loop has a
lower characteristic impedance than the narrow loop.

The values of Zo » @ and T are shown in the following table
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for the narrow loop, for a number of frequencies spanning the frequen-

' cy range of interest in thin film switching signals.

f(kMc) |z |@) /o a(db)  T(nsec)
0.1 4,55 -43° 1. 45 0.285
0.2 3,23 -42°  2.00 0.204
0.5 2.07 -37° 2.91 0. 141
1.0 1.54 -30° 3. 69 0.112
2.0 1.24 -21° 4.16 0. 099
5.0 1.12 ~10°  4.48 0. 093
10. 0 1. 08 - 5° 4. 44 0. 092
o 1. 07 0°  4.47 0. 092

The characteristic impedance is seen to vary quite significantly
in the frequency range of 0.1 to 10 kMc. Its magnitude varies by a
ratio of about 4. 5’Whi1e its phase angle varies from -43°to -5° . At
a frequency of 1 kMc, the ratio of IZo, to its infinite frequency value
\/m— is about 1.5. The attenuation and electrical length of the line
both vary by a ratio of about 3. 0 over the 0.1 to 10 kMc range. The
ratio of @ at 1 kMc to its infinite frequency value R/2 Zo is about
0. 85. The ratio of the electrical length at 1 kMc to its infinite fre-
quency value J_IE is about 1.25. The results stated in this para-
graph are seen to be independent of the width of the lc;op conductor.

The lossless line theory developed earlier is now applied to

predict the response of the deposited loop circuits to a distributed in-

put step voltage. The step response is basically determined by the
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_infinit¢ frequency values of ZO , @ and T . The resulting response
indicates a lower limit to the frequencyv range of significance in deter-
mining the step response. |

The line termination er is a length of 50 Q coaxial cable and
so this situation corresponds closely to the case of an infinite termin-
ation impedance. Neglecting line losses, the overshoot of the output
voltage is 96% and this peak value is attained in a time 2T , i.e.,

0. 184 nsec. The attenuation of the transmission line results in trans-
mission of about 60% of a signal along the line length. The peak value
of the output voltage is expected to be about 60% of the value obtained
for the lossless line, giving about 18% overshoot. The time taken to
attéin this peak value may be expected to be somewhat greater than

0. 184 nsec.

On taking the time of rise to the peak value as one quarter of an
equivalent sine w‘ave, a frequency of 1.36 kMc is obtained. This value
can be taken as a lower bound for frequencies of significance in deter-
mining the step response of the line. The value of IZol is much less
than 50 Q for frequencies above 1 kMc and so the line termination
clkosely approximates an open circuit, independent of the large reactive
component of Z0 at the lower end of the frequency range. The pre-
dicted response is now‘slightly'modified to have a peak value overshoot
somewhat in excess of 18% (about 23%, corrcsponding to an averagc.
value of « for frequenciés above 1 kMc) and a rise time to peak value
somewhat greater than 0. 184 nsec (about 0.20 nsec, corresponding to

an average value of T for frequencies above 1 kMc). The wide stand-
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ard loop has the same attenuation and electrical length as the narrow
st"andard loop, but has a much lower ché,racteristic impedance. The
response of the two loops is thus expected to be guite similar, with
the wide loop having a slightly gi‘eater overshoot (26%), due to its
lower characteristic impedance. |

It is of interest to predict the value of loop resistance Rm
which produces critical damping of the step response voltage. Since
~ the overshoot of a lossless deposited standard loop is about 100%, then
no overshoot may be expected in the output voltage, if the line attenuat-
ion exceeds 6 db. Using the infinite f‘requency value of «, the follow-

ing values of Rm were calculated:

1.48 @

il

Narrow loop

Wide loop 0.123 @

"

Due to variation of line attenuation with frequency, the actual values of
Rm may be expected to be somewhat larger.

The inductance of the loop on the brass ground plane varies sig-
nificantly with frequency, being about 50% greater than the infinite fre-
quency value, at a frequency of 1 kMc. The effect of this inductance
variation can be examined by considering a loop having twice the infin-
ite frequency value. (As shown already, this inductance value corres-
ponds to a frequency of 0.21 kMc, which is a very wide lower frequén-

cy limit. ) The infinite frequency values of this narrow line are
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Z = 1.52¢Q

o
a = 3.16 db
T = 0.13 nsec

The overshoot for the lossless line terminated in 50 Q is 94%. With
an attenuation factor of 69%, the overshoot becomes 35%. The time
to peak voltage is about 0.28 nsec. As in the case of the standard
loop, variation of a with frequency may be expected to result in a

small percentage (=5%) increase in the overshoot.

Digital Computer Simulation of Deposyited Loop Circuitry

Computer simulation of a length of transmission line was used
to dbetermine the detailed response of the deposited loop circuitries to
various input signals.

An n-section finite difference model of a loop circuit with a
total voltage waveform V induced uniformly along the line length,
and having a tgrmination Zr (= 50Q) , is shown in Fig. 3.3a. The
loop output voltage is the voltage developed across terminals A-B of
the circuit.

The response of the above model to various input waveforms
was determined by writing the (n + 1) loop equations of the system and
solving these equations on a digital computer by means of a fourth-

[12]

order Runge-Kutta integration scheme The number of sections
used to represent the line is a compromise between the accuracy at-

tained by the finite difference model, and computer running time which

varies approximately as the square of the number of circuit loops.
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Step Response of Deposited Loop

The step responses of both 5-section and 1l-section models for
the narrow standard deposited loop are shown in Fig.3.4. (The 1-sec-
tion model is illustrated in Fig. 3. 3b and is seen to have only half the
loop-capacitance. )

The good correspondence between the two results indicates that
the 5-section model is a very good representation of the loop circuitry

. and that the l1-section model is a good lumped circuit approximation to
this circuitry. Accordingly, the 5-section model was taken as being
sufficiently accurate for all further calculations.

The responses of the two standard deposited loops were deter-
mined and found to be very similar. As predicted from the lower
characteristic impedance of the wide loop, this loop output had more
overshoot than the narrow loop output. The percentage overshoots of
the two outputs Wére 27% and 31% and their common rise time to peak
value was 0.20 nsec. These results are in good agreement with the
results of the previous analysis, which predicted overshoots of 23%
and 26% and a rise time to peak value of 0.20 nsec. Since the outputs
of the wide and narrow deposited loops were very similar, and the dif-
ference was due solely to the lower characteristic impedance of the
wide loop, only the narrow loop was considered in the subsequent an-
alysis.

To investigate the effect of loop inductance variation with fre-
quency, the step response of a loop having twice the standard inductance

value was determined (this inductance corresponds to a frequcncy of
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0.211 kMc, as shown earlier) and is shown in Fig. 3.5 together with

" the responée of the standard loop. The rise time of this "twice-
inductance' loop to its peak voltage is 140% of the corresponding time
for the standard loop, ‘due to its electrical length being greater by a
factor of JZ . The overshoot of the ""twice-inductance' loop is
greater than that of the standard loop, since, although it has a higher
characteristic impedance, (lossless overshoot = 94%) the damping of
the line is reduced by a factor of (2 . For values of loop resistance
greater than 5 2, the output voltages of the two loops are practically
identical, as can be éeen by inspection of the curves of Fig.3.5. Thus,
variation of line inductance with [requency becomes unimportant at high
values of line resistance.

The effect of loop resistance variation was investigated for the
narrow standard loop. Step responses for values of loop resistance
varying from 1.1 ’to 20 Q are shown in Fig. 3. 6. The final value of the
output voltage is determined by the ratio of the termination resistance
fo the total series resistance of the loop and termination. When the
loop resistance is sufficiently large, no overshoot occurs in the output
voltage. A curve is included, for the case where the line attenuation
is 6 db (Rm = 1.48 2) and the previous analysis predicted critical
damping of the output voltage. It is seen that the amount of overshoot
present is still quite appreciable. Using the value of loop resistance
corresponding to critical damping of the l1-section model
(RCr =2 J_ZT \/—1—1765 3. 04 Q) a much better approximation to a critical-

ly damped output voltage was obtained. This result is due to the close
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similarity of the responses of the 1-section and 5-section models.

Thé inductance and capacitance of the deposited loop depend on
the separation of the loop conductors. The inductance varies directly
as this distance, while the capacitance varies inversely as this same
quantity. Thus, the effect of loop conductor separation can be deter-
mined by obtaining the step responses of a number of deposited loop
circuits, having various L and C values but with LC products equal
» to that for the standard loops. In Fig.3.7, step response curves are
shown for loop circuits having inductance values varying from 0. 1 to
10 times the standard inductance Valué, with the loop resistance held
constant at its standard value. As the inductance increases the step
response of the loop varies from a heavily damped to a lightly damped
condition. The rise time to peak value, when overshoot is present, is
practically independent of the value of 1. .

These resﬁlts can be interpreted by observing the variation of
the infinite frequency characteristic impedance Zo (= ‘/L/—C) and
éttenuation constant R/2 Zo with conductor separation. The value of
z  varies from 0.1075Q to 10.75 2, as L increases through the
rahge of values. The variation of ZO has little effect on the response
of a losslesé line, when Z‘r >> ZO . At the higher values of Zé , the
lossless overshoot of the line is decreased somewhat (67% lossless
overshoot for Zo = 10.75 Q). However, the decrease of attenuation
as ZO increases is the main factor which varies the response of the
loop. The infinite frequency electrical length of the line \/—I_TE is

independent of the conductor separation and thus the lossless line theo-
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ry predicts a constant rise time to peak value, for all values of conduct-

or separation.

Ramp and Triangular Responses of Deposited Loop

The response of the deposited loop to the switching signals ob-
tained from magnetic thin films was studied more fully by determining
the response of the narrow standard loop to the ramp and triangular
waveforms depicte‘d in Figs. 3. 8a and 3. 9a, respectively.

The response of the deposited loop to various ramp inputs
having a rise time T to final value varying from 0 to 1 nsec, is shown
in Fig.3.8b. For Ty = 0 nsec , corresponding to a step input, the
overshoot of the output voltage is quite large (28%) and the time to peak
value is determined by the electrical length of the loop. As T increases,
the overshoot decreases and the time to peak value becomes determined
chiefly by the value of Ty - For Ty > 0.5 nsec , the output voltage has
little or no overshoot and follows the input voltage quite closely.

The response of the deposited loop to various triangular inputs,
varyingin duration T, from 1/8 nsec to 1 nsec , is shown in Fig. 3. 9b.

When 7, is small, the output waveform is characterized by a much re-

2
duced amplitude, increased width, and overshoot in its trailing edge.
As T, incrgases, the output voltage follows the input more closely,
until, for Ty > 1 nsec, the two Waveforms are quite similar. It may be
noted that, as T i_,ﬁcreases, the overshoot in the‘trailing edge first in-

creases, reaches a maximum of about 25% when T, =~ 1/4 nsec, and then

decreases towards zero as T increases still further.
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Maximum Distortion of Film Switching Signals by Deposited

Loop Circubitry :

The fastest signals encountered in thin film switching have a
duration of about 1 nsec. The rémp and triangular input analyses just
presented indicate that the effect of the standard loop circuit transfer
function on such signals is small, alti'lough not entirely negligible.
However, in the film assemblies fabricated, the deviation of loop
‘parameters from their standard values was quite large. From the
calculations already made, it can be predicted that the effect of loop
circuitry will be largest for the case 6f a low impedance line with large
series resistance. In the fabricated film assemblies, the smallest
1oo4p4 conductor separation obtained was about 25, 000 A (50% of standard
separation), thus giving a line with characteristic impedance equal to
about half the standard value. The largest loop resistance measured
was about 10 2. Accordingly, the responses of a loop having L = 49 pH,
C =170pF, and R = 108, to step, ramp and triangular inputs, were
deterinined. These curves, shown in Fig, 3,10, indicate that such a
loop circuit modifies fast switching signals quite considerably, giving
output signals having much longer rise times than the input signals.
The triangular response has a much longer decay time than its rise
time to peak value. This long decay time may be expected to appear

in the response of this circuit to'all fast signals.

External Loop Analysis

The methods of analysis used to determine the response of the

deposited coupling loop circuits can be af)plied to predict the response
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of the external loop circuit to signals induced in that loép. This loop
‘cir'cu,it has the form of a coaxial transmission line, shorted at one end
and terminated in a 50 Q resistive 1o.ad at the other end (see Fig. 6. 4).
For purposes of analysis, it is assumed that the induced voltages are
“distributed uniformly along the entire length of the loop conductor.

The D.C. resistance of the cépper loop conductor has a theo-
retical value of 0. 044 Q (the measured value is 0. 119 Q, the higher
value being due to contact resistance, 1(;‘aop ground plane return resis-
tance, etc.). However, at frequencies representative of high speed
thin film switching, the value of the skin depth & of copper is 1 x 107%
cm which is about 1% of the conductor diameter and so a higher resis-
tance is obtained. This resistance can be calculated as the resistance
of a length of conductor, having width equal to the circumference of
the conductor and thickness equal to the value of & . The resistance,
corresponding to a‘ frequency of 4 kMc, is about 1 € and this value was
chosen as the standard loop resistance.

Using the coaxial capacitor formula, the capacitance of the ex-
ternal loop was calculated to be 0. 97 pF. This value assumed an air
dielectric for the loop,neglecting the small increase in capacitance due
to a thin layer of enamel insulation on the center conductor.

At low frequencies, the loop inductance is given by the sum of
the internal and external inductance of the loop conductor and has a
value of 5890 pH. At high speed switching frequencies, & is much
smaller than the conductor diameter so that flux penetration into the

loop conductor is negligible. - Thus, at these frequencies, thc loop in-
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ductance is decreased to a value of 4860 pH, which is chosen as the

standard loop inductance.

The standard parameter values of the external loop are tabulated

as follows (assuming zero shunt conductance for the loop):

The characteristic impedance »ZO and the propagation constant

Y = at+jp of the coaxial line are next calculated. (The expressions
for ZO and Yy are given by Egns. 3.1 and 3.2.) Since R<<Lw for

frequencies above 1 kMc,then, in this range, the values of ZO and vy

reduce to
Zz = JL/C

R/2 Zo+jw \/LC

2
B

These equations yield

Z =50 2 = 70.7%

o

y = 0.0071+j0.069:107 7

Thus, the line attenuation @ and electrical length T are given by

o 0. 061 db

T = 0.069 nsec

H
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'I'he very low value of line attenuation indicates that the line re-
Spoﬁs.e closély follows the response of a lossless line, with the actual
value of line resistance being unimportant. Since the resistive term-
ination (Zr = 50 Q) has a lower value than Zo , the step response of
the line to a distributed input has no overshoot. The output voltage
rises to 83% of its final value in time 2T = 0. 138 nsec and to 97% of
this value in time 4T = 0.276 nsec. The 10% - 90% rise time is thus
about 0.20 nsec.

The values of loop inductance and capacitance may differ some-
what from their calculated values due to possible d/.ive'rgence of the
loop conductor and shield inner diameters from their nominal values.
This factor has no effect on the electrical length \/_I_E of the line and
so the actual response of the line is considered to be bounded by the
response of two lines, having the same LC product as the nominal line
bﬁt with inductance and capacitance values varying by ratios of \]7 :
from their nominal values. Theseé two lines have characteristic im-
pe’dances of 502 and 100 Q2. The step response of the 50 Q line rises
linearly to its final value in tiﬁe 2T = 0.138 nsec, giving a 10% - 90%
rise time of 0. 11 nsec.” The step response of the 100§ line rises to
67% of its final value in time 2T = 0. 138 nsec and to 89% of this value
in time 4T = 0.276 nsec, giving a rise time of about 0.25 nsec. Thus,
the rise time of the external loop is seen to depend quite strongly on
vthe characteristic impedance of the loop circuit but may be assumed to

be less than 1/4 nsec.
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AThe step, ramp and triangular responses of the external loop

- were deteri‘nined by computer solution of a 5-section finite difference
model for the loop. Responses were determined for the 50Q and 100 Q
lines, and these responses were considered to give bounds to the re-
sponse of the nominal line.

The response curves are shown in Fig. 3.11. The ramp input
has a total rise time to peak value of 1 nsec, while the total duration
of the triangular input is also 1 nsec. The step responses are seen to
be practically identical with the lossless line predictions, the slight
overshoot in the 50 Q response being dﬁe to inaccuracy of the finite
difference model. The ramp and triangular responses of the two lines
are quite similar, with the 100 £ line having a slightly slower response,

as may be expected from the step response curve.

Conclusions

It has been shown that the circuit parameters of the deposited
and external loops are quite different. Regarded as transmission lines,
the standard narrow deposited loop has a low impedance (®*1) and a sig-
nificant attenuation (= 5 db), while the external loop has a high imped-
ance (= 70 Q) and negiigible attenuation (= 0. 06 db). The pulse re-
sponses of these loops, when terminated in a 50 Q resistive impedance
are compared in Fig. 3.12. It can be seen that the response time of
. the deposited loop is._. always less than that of the external loop. In ad-
dition, the deposited loop output possesses overshoot, while the exter-
nal loop output shows an overdamped characteristic. Figure 3.12 also

indicates that, for film switching pulses wider than 1 nsec,the distor-
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tion due to the loop circuitry is quite small. However, the deposited
' 1obp study ‘vindicates that deposited loops with resistance or capacitance
values significantiy larger than the ‘standard loop values will have re-
sponses which are much slower than the external loop response and
possess no overshoot. The distortion of a 1 nsec wide pulse in these
loops is expected to be quite large.

Experimental film switching results are in agreement with the
~above predictions. In general, the switching time measured at the
deposited loop output was less than the corresponding time measured
at the external loop output. When overshoot was present in the observ-
ed switching waveforms, it was usually much larger in the deposited
loop signal than in the external loop signal (overshoot in the external
loop signal was attributable to overshoot present in the film switching
waveform itself). However, some cases were also observed where the
deposited loop signal had less overshoot and longer rise time than the
external loop signal. It is concluded that the external loop signal is
élways quite similar to the signal induced in its loop and that this re-
sult also holds for the deposited loop except when the loop attenuation
is significantly greater than for the standard loop.

The circuit analyses have been based on transmission line re-
presgntations of the loops. However, it has also been indicated that
the lumped circuit of Fig. 3.3bis a good approximation to the distri-
buted conﬁguratio‘ns} This circuit can be used, with good accuracy,
to calculate the properties of a loop circuit when the 1oop electrical

length is short compared to the width of the input pulse.
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IV INTERACTION OF MAGNETIC FILM AND CONDUCTING

COUPLING LOOP

A conducting loop coupling a magnetic thin film may be used
as a read-out loop which senses the output of the switching film or a
drive loop whiéh applies bias or switching fields to change the state of
the film. In the first case, minimal fi;lrn—loop interaction is desired
since interactions only tend to slow the switching of the magnetic film.
In the second case, however, the inserted loop currents produce a
drive field for the film so that some film-loop interaction is required.
Reference to Fig. 1.1 indicates that film-loop interactions arise from
eddy current fields and circulating currcnt fields. The importance of
these fields in modifying film switching was studied by calculations
made with the standard film assembly dimensions, shown in Fig. 6.1,
and by experiments made on film assemblies. The experiments alsode-
monstrated the high speed read and drive properties of deposited loops.

Eddy Current Field

Consider first a magnetic film situated above a plane conducting
sheet with the plane of the film parallel to the conductor surface. When
the film changes the direction of its magnetization, eddy currents are
set up in the cbonducting‘ material. The resulting magnetic field, pro-
duced in the region of the film, opposes the motion of the film magneti-
zation. The field of the eddy currcnts is maximized by assuming a
semi-infinite conducting slab, occupying the entire lower half-plane
and an instantaneous change of film magnetization between the two dir-

ections. Initially only surface eddy currents appear and their field
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~above j:he conductor can be represented by thé net field of two image
films situated‘ as indicated in Fig. 4. la. These .two films have mag-
netization directions which are antiparallel to the initial direction (1)
and parallel to the final direction (2) of film magnetization. Subsequent-
ly, as the eddy currents penetrate the conducting slab, the image films
move away f{rom the conductor surface in the-z direction. In the case
of a very thin sheet of conducting material, the images recede with a
~ uniform velocity[ 13] 2¢ /pv where § = area resistivity of the mater-
ial.

The external field of each imége film can be estimated by the

[14]

use of the circular film equation

I—Iz..'n'2 (t/d) M , 4.1

where H = average planar magnetic field (Oe) outside of the film due
to its magnetization M (Oe), and t/d = film thickness-to-diameter
ratio. This equation describes the average field in the space approx-
imately defined by the film area and a distance of one-tenth the film
diameter on either side of the film plane, and also gives the magnitude
of the average longitudinal demagnetizing field within the film[ 15] .
An upper bound to the magnitude of the image field produced by
switching of the standard film (0. 36" x 0. 45" x 150/0A) from the easy
axis to the hard axis, can be obtained by inserting the minimum film
surface dimension (0. 36'") into Egn. 4.1, as the diameter of an equi-
valent circular film. Using the value of M for 17-83 Permalloy

M = BS/41T =750 Oe[ 16 ] ), a field value of 0. 17 Oe is obtained. This
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field acts at an angle of 45° to the easy axis. It is effective out to a
di‘stance of at least lO7 A from the plane of the image film and so it
acts on the magnetic film. The efféct of this ficld on film switching
speed is not very large, since this field is small compared to the film
drive and anisotropy fields. The above result indicates that the pre-
sence of a conductor on one side of a magnetic film has a small effect
on the film switching speed, provided that the film demagnetizing field,
~calculated by means of Eqn. 4.1, is small compared to the film drive
and anisotropy fields.

When the conducting plane is of infinite extent, the eddy current
field is independent of the conductor thickness unless this dimension is
very small. In this case, the image film recedes appreciably during
the switching time and the eddy currents decay correspondingly. It is
of interest to determine the decay rate for a 4000 A thick aluminum
plane which représents a large deposited loop conductor. This plane
may be considered as a very thin conducting sheet since the skin depth
of aluminum at a frequency of 1 kMc, which is representative of nano-
second switching, is 26, 800A. Application of the image recessional
veiocity formula gives a value of 1. 12 x l()6 A/nsec. Since this field is
effective out to a distance of about 107 A from the image film and the
initial separation of the: magnetic film and its image is about 5 x 104 A,
the image field may be considered to be fairly constant for a period of
about 10 nsec.

Consider next a magnetic film, situated between two plane con-

ducting sheets, with the plane of the film parallel to both conductor
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surfaces. As before, the field of the eddy currents is maximized by
aésuminé é,n instantaneous change of fil'm magnetization between the
two states, and semi-infinite condu.cting slabs, as shown in Fig. 4.1b.
In this case, the eddy current field is seen to be represented by the
field of the infinite set of image films, spaced along the z-axis with
separation equal to the distance between the conductor surfaces. Since
the fields of the images are additive, the total eddy current field acting
on the magnetic film can be quite large.

An estimate of this field was made for a film assembly with
standard dimensions. With a conductor separation of 5 x lO4 A and an
external field, which was constant out to a distance of 107 A from the
plane of each image, about 400 image films were effective in the cal-
culation of the eddy current field. Since each image film had an exter-
nal field of 0. 17 Oe, the total was about 70 Oe. A field of this magni-
tude would preveﬁt film switching in the nanosecond range, except with
the use of extremely large drive fields. The eddy current decay in
4000A thick conductors in a period of 1 nsec decreases the average
eddy current field by about 5% and so much thinner conductors are re-
quired before the average field Becomes insignificant.

The field calculations just presented set upper bounds to the
eddy current fields acting on a magnetic film situated in the vicinity
of cénducting planes. Since these eddy current fields have been cal-
culated for conductors of infinite extent, the results obtained are most
applicable to cases where the actual conductors are large in area com-

pared to the magnetic film. Now consider the case where the two con-
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ductors are each of smaller area than the magnetic film and are placed
so that the film edges are not covered by either conductor. The con-
ductors are situated close to the magnetic film surface and have thick-
nesses which are small compared to the film surface dimensions. If

it is assumed that, during switching of the film, flux enters and leaves
tHe magnetic material only at the film edges, no eddy current field re-
sults, since no flux change occurs in the two conductors. On replacing
one conductor by an infinite plane, an eddy current field similar to the
case of a magnetic film situated over an infinite plane, is obtained.
When both conductors have areas somewhat larger than the magnetic
film so that all film edges are covered, significant eddy currents may
be expected to occur, since the flux through the conductors tends to
change during switching. However, due to the finite extent of the con-
ductors, the field produced will be less than that calculated for the in-
finite plane conduct‘ors. In general, eddy current effects may be ex-
pected to depend quite strongly on the fraction of the film perimeter
coir,ered by the adjacent conductors, i.e., on the reluctance of the vari-

ous film flux closure paths during the switching process.

Circulating Current Field

Excitation of the passive network, consisting of the deposited
loop circuitry and its associated termination,by the induced loop voltage
re sulté in-a circulating loop curreint. The effect of this current on film
switching was estimated by a study of the averagc field produced in a
strip line with zero series impedance and shunt admittance which is

shorted at one end and terminated at the other end in a resistive or
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capacitive load.
A. Resistive Load
At any time t, the instantaneous magnetic strip line field

(amp-turns/m) is

H = V/Rw
where V = induced voltage (volts)
= loop resistance (2)
w = strip line width (m)
Thus,
T
H(0-T) = = Y 4t =¢./TRw 4.2
T A Rw T ’
where H(ta-tb) = average magnetic field (amp-turns/m) during
time interval t St <t
a b
1 jtb
- Ty H dt
(Lb—ta t
a
d)T = total flux change (webers) of magnetic film in
direction of loop axis during the switching process
T = total switching time (sec), i.e.,

$ =0@ t=0
¢ = ¢T @t =T with ho further change in

flux occurring after this time.
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From Eqn. 4.2 it can be seen that the average resistive current field
is ihveréely proportional to the switching time of the film. Since the
resistor dissipates energy continuou‘ély during switbhing, the instan-
taneous field H always opposes the change in film magnetization. The
value.of H(0-T) | gives a measure of the total slowing effect of the loop
current during the switchﬁlg process.
B. Capacitive Load
At any time t, the instantaneous magnetic strip line field

(amp-turns/m) is

_ C dv
H=% &
where C = loop capacitance (farad) .
Thus
« T
_ C dav . C -
H(0-T) = W_Tfo I 9t = = [ V(T)-V(0)] = 0 4.3

The averagce capacitive current field is identically zero and, as
a first approximation, capacitive loading should have no effect on film
switching. This result is due to the lossless character of a capacitor,
which slows film switching but stores up energy in the initial stages of
the switching process when dV/&t is of one sign, and then speeds film
switching by releasing this energy when dV/dt is of opposite sign. Héw—
‘ever, due to the nonlinear response of a magnetic film to magnetic
fields, it may be expected that capa.ci;tive loading is accompanied by

some net slowing of the film switching. The average value of the mag-
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netic field during the period in which dV/dt is of one sign may be
used as a measure of the expected slowing effect of the loop currents.

Liet

dv/dt = 0, for 0St$t1

dv/dt < 0, for t, Sts< T,

1
then
B
_ C dav
H(0-ty) = Wt—j I
1 (o)
- C v 4.4
wt m
1
and H(t,-T) = - C v 4.5
1 WiT—tli m ’

where V., = maximum output voltage of the magnetic film.

Assuming an invariant waveform, then l/Vm . t1 and (T-tl)
are proportional to T and so H(O—tl) , H(tl—T) are proportional to
l/Tk2 . The above average capacitive current fields are then inversely
propor’tionél to the squére of the fiim switching time.

The average circulating current fielyds corresponding to total
transverse switching times of 1 nsec were estimated for the film as-

- semblies depicted in Fig. 4.2. .These assemblies, having loop con-
ductors covering the entire film area, were assumed to have standard
layer sizes and thicknesses (see Fig. 6.1). Thus the wide loop standard

parameter values calculated in Section III, were used in the calculations
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(.except that the resistance value was doubled to account for the two
‘1oop conductors). The effective field values, which were calculated
in the following manner, are shown 1n Fig, 4.2.

The loop current of assembly D is independent of the loop cap-
acitance since the voltage remains zero at all points of the line at all
times. Due to the small L/R time constant (L./R = 0. 045 nsec), the
line was considered as a perfect voltage source loaded by the series
resistance of the two loop conductors. Substituting the appropriate
values of T, R, w and ¢T (using M = 750 Oe[ 16]) into Eqn. 4.2, the
value of the average loop field H(0-T) was calculated as 12 Oe.

Due to the short electrical length (0. 1 nsec) and small RC time
constant (RC = 0. 19 nsec) of the loop, the coupling loop circuit of as-
sembly C was considered as a perfect voltage source, loaded by a cap-
acitance Ct(ct = C/2, as indicated in Fig. 3. 3b). Using Eqns. 4.4
and 4.5 and as suming a switching waveform having the form of a half-
sine wave, the values of the average fields were obtained as

I—I(O-t]) = -H(t’l-T) = H(0-T/2) = TTCQST/ZW TZ = 3.5 Oe. Since the av-

erage field during the complete switching time is zero, the effect of the
capacitive current field is less than the value of H(0-T/2) indicates.
The effective average field (He) was assumed to be of the order of 50%
of thig value and so He = 1.7 Oe .

Due to symmetry of the voltage distribution,‘ the mid-point of
the loop in assembly B remains at zero potential. Each half of assem-
bly B can be considered in the form of assembly C, with voltage and

capacitance values which are each 50% of the corresponding quantities
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of assembly C. The effective averagev field of assembly B is thus about
0.4 Oe. For‘a‘ssembly A, which has no associated loop circuitry, the
average field is zero.

By neglecting eddy current fields, the loop field values just cal-
culated can be u.sed to predict the relative effects of various loop cir-
cuits on the film switching time. The films are assumed to have an
I—IK of 3 Oe, and to be driven by a transverse field of 6 Oe. For assem-
bly A; which has no loop field, this drive field results in a switching
time of about 1 nsec (isolated film switching time). For assembly D,
the large (12 Oe) easy axis loop field cxalculated for a 1 nsec switching
time, indicates that the switching time with a 6 Oe drive field will be
rnuch greater than 1 nsec. Assuming that the easy axis field does not
exceed the drive field, then, since this loop field varies inversely with
the switching time, a switching time of at least 2 nsec may be expected.
The smaller easy éxis fields of assemblies B and C are expected to
have correspondingly smaller effects on the switching time with the
sWitching time of assembly B being quite close (within 10%) to the iso-

lated film switching time.

Experifnental Study of Film-Loop Interaction

Various experiments were performed to study the film-loop
interaction process. In addition to vekrifying some of the predictions :
. of the theoretical study just presented, these experiments also yielded
some additional information about the role of the average loop fields in
the switching process and about the effect of capacitive loading on film

switching time.
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The first experiment performed was a comparison of the switch-
‘ing" times of a set of assemblies having the configurations shown in Fig.
4.2. The assembly ground plane (i.e., the loop conductor common to
all four assemblies) faced the test strip line ground plane but was not

in contact with it. The films with an H of 4 Oe were switched trans-

K
versely by a drive field varying up to about 7 Oe. The switching wave-
forms were observed on the external loop.

Figure 4. 3a shows the variation of switching time 7 as a funct-
ion of drive field (Hd) for each film assembly. (The time 7 1is defined
as indicated in Fig4. 3b.) The éxperirhental curves (solid line curves)
are in good agreement with the general theoretical predictions. At cor-
resp‘onding drive field values, the switching time of assembly D was
much longer than the switching time of assembly A. Assemblies C and
B also showed increases in switching time from that of assembly A,
but these increase‘s were much less than that for assembly D.

The loading effect of the assemblies was further studied by a
set of experiments conducted with assembly A. In these experiments
the switching time of assembly A was measured as a function of drive
field, with various bias fields applied along the film easy axis by ex-
ternal Helmholtz coils. These steady fields were used to simulate the
loading effect of the assemblies which produced average loop fields
along the easy axis.

The results obtained are shown in Fig. 4. 3a (broken line curves).
The curve for assembly D cuts across the curves of constant bias fields,

indicating that the equivalent average loop field Hav decreases with in-
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_creased switching time. According to Eqn. 4.2, the average field due
 to loop res{stive loading is inver.sely proportional to the total switching
time and so, neglecting eddy currenf fields, the value of Hav « T
should remain constant as the drive field is varied. Values of Hav )
corresponding to various 1/T wvalues for aséembly D, were obtained by
interpolation between the bias field curves for assembly A. These

field values, together with the corresponding values of Hav - T, are

tabulated below.

H,(Oe) 1/ T sec) ! H_ (Oc)  H_-T(Oe-nsec)
3-1/3 188 2.10 11.20
4 251 2.32 9.25
4.2/3 300 2.70 9. 00
5—1/3‘ 345 2.96 8.58
6 389 3.27 8.40
6-2/3 425 3. 61 8. 50
7-1/3 450 3. 89 8. 65

It is seen that, for drive fields greater than 4 Oe, the variation of this
latter quantity is quite small. (Variation of this quantity for the lower
field values is to be expected since, for drive fields less than HK , the
final positions of the magnetization are significantly different for assem-
blies A and D and so the loop loading simulation is not as accurate. )

The switching curve for assembly D was predicted with the aid
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of the set of curves for assembly A, by assuming that Hav. T re-
mained con'vstant at all switching times. It was also assumed that, with
an I—Iav of 3 Oe (in the middle of thé range of measured values), the
predicted switching time was identical with the measured value

(1/7-= 354 psecnl). Using these values, the switching times corres-
ponding to other field values were calculated. By interpolation between
the curves for assembly A, a theoretical curve for assembly D was

» plotted (dotted line of Fig. 4.3a). For drive fields above 5 Oe, this
curve is identical with the experimental curve for assembly D. For
lower fields some divergence of the curves occurs but, over the com-
plete range of values, the correspondence is quite good.

The loop resistance corresponding to the assumed Hav - T
value was determined by substitution of the appropriate values of
Hav . T, w and d)T (M = 750 Oe[ 16]; measured film thickness
= 1600A) into Eqﬁ. 4.2. This calculation yielded R = 0.28 Q in com-
parison to a theoretical value of 0.21 @ (measured conductor thickness
= 3500A). The agreement between these two resistance values is quite
consistent with the accura-cy of the layer thickness measurements and
the possible presence of additional resistance due to oxide layers at
the mutual contact surfaces of the two conductors.

The good agreement of the theoretical and experimental results
for assembly D indicates that the additional eddy current field, intro-
duced by the presence of the second loop conductor,did not play a major
part in determining the switching time of this assembly. The variation

of the quantity Hav. T over the range of drive field values from 4 Oe
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to 7-1/3 Oe, may be attributed to the effect of this eddy current field.
‘By'vmaking a number of suitable assumptions, an average value of about
1/4 Oe, acting at 135° to thé drive field direction, was estimated for
this field. In the theoretical discussion of eddy current fields, it was

- estimated that the field due to one loop conductor was less than 0.2 Oe
acting in tile same direction. Thus, the total eddy current field of as-
sembly D was less than 1/2 Oe so that it was not’a major factor in de-
termining switching time.

- By reference to Fig. 4.3a it is seen that the curves for assem-
blies B and C may be approximately simulated by application of constant
fields of 1/4 Oe and 1-1/4 Oe, respectively, to assembly A. A portion
of these fields may be attributed to the additional eddy current field
caused by the presence of the second loop conductor. The capacitive
current field must also be effective in slowing film switching since this
eddy current fieldvis limited by its value (1/4 Oe) in assembly D. How-
ever, since the value of H(0-T/2) for a capacitively loaded loop varies
as l/T2 , the constant field simulation indicates that use of this aver-
age field as a measure of the slowing effect of the capacitive loading
has not as much significance as in the case of a resistively loaded loop.

The effect of loop conductor separation on film switching time
was determined by switching experiments performed on various sets of
film as semblies, having the standard loop configuration with 100% film
coverage, and with silicon monoxide layer thicknesrses of about 10, 000,
20, 000, 30,000 and 40, 000 A in each set. By observing film switching

~n the external loop, it was concluded that, for any given drive field,
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the film switching time decreased as the conductor separation increased.
This decrease was attributed to decreased capacitive loading as the loop
capacitance became smaller. Due to such factors as variation of con-
tact resistance between the conduct;)rs and the frequent occurance of

low resistance paths between the conductors and the magnetic film when
the insulation layers were thin, it was not possible to obtain a set of
films in which switching time decreased smoothly as the insulation
thickness increased. Thus, the determination of comparative switching
curves was not carried out.

When the film coverage is less than 100%, the loop currents
directly affect only the region of the film covered by the loop (see Fig.
1. 1). Switching curves for a set of films having film coverages varying
from 8% to 100% of the magnetic film widtﬁ are shown in Fig. 4. 4a.

The switching times 7 of each film were measured on both the external
and deposited loobs. (The time T is defined, as indicated in Fig. 4. 4b).
It is seen that, at any given drive field, both switching times increased
és the fractional film coverage increased. ‘The increase in deposited
loop switching time indicates that, besides the drive field and the loop
field, whose magnitude at any switching time is independent of loop
width, a field dependent on loop width acted on the covered region of the
film. This additional field was attributed to an interaction field which
occured between the two regions of the film when the magnetization in
the two regions began to switch differently (see Fig. 1.1). Then, as
observed experimentally, the external loop switching time should also

increase with increased film coverage as the region of the film directly



o8eroaod wily ynm swi] Sulyonmg Wiyl g Jo uorjeliep e p g

I I i |

{20) p131q @alnxQg

002

- — — doory TRUI9IX] 00% —

-88-

doort pajtsoda(g
owty, Sulyonmg gy "Sig

\ e o —a 909 ]

T 3 T
o | 7
xny J 0 ;
- WLy Hﬁoam; » oot 008 —
\ poydnmg X0l I s, |
\§\ , v ¢ a\nomlr. s v
. o ﬁﬁ wel” | ’
< L Y 0001

- TN TN

_(oes ) &/7

I-



-89-

affected by the loop currents became larger and the interaction field
"on the uncovered region became greater.

For all the films, the deposited loop switching time was nearly
always less than the corresponding external loop switching time. This
result seemed to indicate that the covered portion of the film switched
faster than the rest of the film, a conclusion which was inconsistent
with the already established slowing of the film switching due to the de-
»posited loop. However, it was noted that the deposited loop signal was
characterized by an appreciable amount of overshoot, while the exter-
nal loop signal (which contained a 1arg‘e (10%-20%) slow component),
reached its [inal value in a non-oscillatory fashion. These character-
istics were in agreement with the curves of Fig. 3.12, which show the
calculated responses of both deposited (standard) and external loops to
various ramp signals. These curves also indicate that the external
loop response is somewhat slower than the deposited loop response.
Thus, the apparent shorter switching time of the deposited loop may be
aftributed to differences in the loop responses and to the method used
to measure switching times.

- The eddy current field due to the loop conductors of a film as-
sembly was further studied by means of the following experiment. The
film assembly consisted of a magnetic film (0. 36" x 0.36'"") with a de-
posited aluminum ground plane (0. 625" x 0, 625'"") apd an aluminum loop
conductor of variable size. This conductor consisted of a square piece
of 0.001'" foil and was secured to the film assembly by Scotch tape.

The two conductors were not in electrical contact, being separated by
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silicon monoxide layers, each about 100, 000 A thick. The above ar-
' ra‘ngement‘was chosen to keep capacitivve fields small and so only the
eddy current field was considered to be effective in slowing the film
switching. The assembly substrate was located within the external
loop of the test strip line with the film assembly facing the strip line
center conductor. This orientation, which was unique to this experi-
ment, was required so that the assembly ground plane, which was the
first assembly layer deposited, would be on the same side of the mag-
netic film as the strip line ground plane. In this way the two ground
planes effectively acted as one conductor.

Figure 4. 5a shows the effect of various loop conductors on the
switching time of the assembly, as observed at the external loop output.
The film, which had an HK value of 4 Oe, was driven by a transverse
field of 5-1/3 Oe. Each conductor was located symmetrically relative
to the film,with it.s edges parallel to the film edges. It is seen that the
eddy current field increased rapidly when the loop conductor size ex-
éeeded the film dimensions. However, it is clear that the eddy current
field, due to a conductor size of the same order as the magnetic film,
‘was much'less than the field due to an infinite extent conductor. The
reduction in output flux with increased conductor size was attributed to
the effect of a steady bias field, due to the eddy currents, which modi-
fied the final position of the film magnetization.

The above results are in agreement with the general predictions
of the theoretical discussion of eddy currents and indicate that, by suit-

able design, the field effects of these currents on fast film switching can
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be kept small. In particular, a loop conductor which covers only a

small fracﬁon of the film perimeter (su.ch as indicated in Fig. 4. 5b)

should have a small eddy current field.

Bias and Drive Field Properties of Deposited Loops

In the experiments just described, the deposited loop was used
as a sense conductor. In this mode of operation, the loop currents may
be classed as parasitic, since they are not essential to the read-out
properties of the loop and only cause an increase in the switching time.
When bias or drive fields are applied to the magnetic film by means of
the deposited loop, these parasitic currents still occur, but the current
inserted into the loop is esseﬁtial to the desired film-loop interaction.
The field produced within a deposited loop of width w meters, when
carrying a uniformly distributed current I is -\i_ amp-turns/m i.e.,
4w x 10-3 I/w Oe. The field calibration for a deposited loop covering
100% of the film width (0. 914 cm) was calculated as 1.375 Oe/A. Thus,
in order to have an effect on the motion of the film magnetization, bias

and drive currents must have magnitudes of the order of a few amps.

Biés Field

The use of a deposited loop to produce a bias field was first in-
vestigated. The biasing effect of the loop was compared experimentally
with the elfect of a bias field produced by an external Helmholtz coil;
It was experiméntaliy established that a steady current greater than
about 1/4 A, flowing in a deposited loop with a measured resistance of

about 1 2, resulted in destruction of the loop due to excessive resistive
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losses. Thus, a currént pulse with a small duty cycle, but having a
: éonstaﬁt value during the film switching process, was used to obtain
large bias fields with small power dissipation. |
Figure 4. 6 shows the circuitry utilized to produce a bias field

puls_e, correctly phased relative to the strip line drive field (see also
Fig. 6.2). The Rutherford pulse generator (Model B7B) was driven at
a 60 pps rate by the mercury relay drive pulse. This pulse generator,
having a rise time of about 20 nsec, produced pulses of either polarity,
‘variable in width up to 10 msec and having a maximum amplitude of
aboutFZA into a short circuit load. The beginning of this bias pulse
could be delayed relative to the trigger signal, by an amount varying

up to 10 msec. The time delay between the beginning of the mercury
relay drive pulse and the occurance of the strip line drive field was of
the order of a few milliseconds. Thus, on triggering the pulse gener-
ator by the rise of the mercury relay drive pulse, the bias pulse could
be appropriately phased to have a steady value during film switching.
The bias current waveform was monitored by a P6001 Tektronix current
probe clamped around the output line of the pulse generator, and the
drive field was monitored by an electrostatic probe situated in the strip
line. .By observing these two signals on a dual-channel oscilloscope,
the delay of the pulse generator was adjusted to phase the bias current
pulse correctly. The >Width of the bias pulse was made as small as pos-
sible to minimize résistive losses in the deposited loop. Due to a rela-
tive time jitter of the two signals, attributed to a variable delay in the
closure of the drive field mercury relay, the minimum width used was

about 1/3 msec. Although some test assemblies were destroyed by
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passage of a 2 A current pulse, use of relatively thick loop conductors
" and adjustmenf: of the deposited loop probe for minimum contact resis-
tance enabled the desired ‘experimeﬁts to be performed.

Comparison of external and loop bias fields was carried out
with-a loop covering 100% of the magnetic film width, since the com-
plete film was then directly affected by both bias fields. The deposited
loop bias field (HL) was along the film easy axis and so an easy axis
‘ external bias field (HV) was also used. It was found that, for both
sources of bias field, the switching signals observed on the external
loop were very similar. With a constant value of drive field (6-2/3 Oe),
the corresponding values of bias fields, which produced equal maximum
amplitudes (Am) of the film switching signal, were determined. These
fields were applied in the same direction as the reset field. The follow-
ing table shown a comparison of corresponding field values for one film
assembly, for bofh directions of the reset field, up to the maximum
deposited loop field. The ratio of corresponding bias fields is seen to
be close to unity at all field values. The average of these results is
within 1/4% of unity and so the deposited loop bias field calibration was
verified.

In view of the similar effects of the two bias fields on film
switching, it was expected that application of two equal and opposite
bias fields (one an external field, the other a loop field) would result
in the same waveform as obtained when no bias fields were applied.
Figure 4.7 shows that this expected result did not occur. Figure 4.7a

shows the zero-bias output waveform and the two reduced amplitude
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waveforms, corresponding to bias fields of 2.7 Oe applied in the reset

_ field direction by fhe’ two bias sources. Fig. 4.7b shows the zero-bias

output waveform and the reduced amplitude wavefprm, corresponding

to an external field of 2.7 Oe in the reset field direction and a loop field
of 2.7 Oe in the opposite direction. Variation of the loop field about its
calc-ulated value failed to reproduce the zero-bias output waveform and

so the difference in signals could not be attributed to any errors in bias
field calibration.

The discrepancy between the two signals was accounted for by
consideration of the current distribution in the loop conductor. The
current flow in the conductor was approximated by the current flow in
a semi~infinite rectangular piate, with a symmetr_ically-placed point
current source. The current distribution in this latter case was deter-
mined in Appendix C and the results obtained are shown in Fig. 4. 8.
The directions of the arrows indicate the direction of current flow at
various points in the conductor. These points are situated at the tails
of the arrows. The values of current density, expressed in units of
average current density, are shown at the heads of the arrows. (Due to
symmetry, only half the current Qecfors are shown. ) The current den-
sity is higher than thé average over one half of the conductor surface
and is less than the average over the rest of the surface. It is clear
that the line, corresponding to the loop conductor edge distant f{rom the
current injection innt, is very close to being an equipotential line and
so the approximation of the conductor by the semi-infinite plate is well
justified.

The loop field was assumed to vary in a manner corresponding
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Fig. 4.8. Current Distribution in Semi-Infinite Rectangular Plate
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to the current dénsity distribution. Thus, with a uniform magnetic
'field acting along the positive easy aleis direction and a loop field of the
same averége vaiu‘.e acting in the opposite direction, the resulting bias
field was non-zero over some of the film area. With the film magneti-
zation originally set along the positive easy axis.direction, application
of the loop field resulted in a change of film magnetization. Reversed
domains occurredwhere the resultant field was direcfed along the nega-
tive easy axis and exceeded the film coercive force. When the result-
. ant field was of the order of the anisotropy field and was directed at a
large angle to the easy axis, the magnetization was also directed away
from the easy axis. On switching the‘ film to the hard a>l<;is, the observ-
ed flux was reduced from its zero-bias value, due to the contribution of
su’ch regions as those described above. The observed loss of flux de-
pends on the drive field, the bias field, the film coercive and anisotro-
py fields and the deposited and external loop geometries. KExact calcu-
1aﬁon of this loss is quite difficult. Its value was approximated to be
of the same order as the experimental value.

Although the current distriBution is quite non-uniform in the
loop conductor, it has been shown that, when used to bias the film in the
reset field direction, the loop field acts as if the current distribution
were uniform. Some consideration shows that, in this case, the effect
of the varying loop field, in terfns of flux switched by the drive field,
tends to average out over the complete film area. This result is dué
in particular to the babsence of reversed domains, which occur in the
presence of the external and loop bias fields when applied in opposite

directions. The small difference in biased film waveforms, as seen in

Fig. 4.7a, was attributed to the effect of the non-uniform loop current



-101-
distribution.

Drive Field

The drive field properties of the deposited loop were investi-
gated by use of a film’assembly, having two orthogonal deposited loops,
plac;ed parallel to the film magnetic axes. The hard axis loop was used
to produce the drive field and so this loop conductor covered the entire
film area. The narrow easy axis loop, situated on the film centerline,

- sensed the easy axis flux change of the film. In the fabrication of this
film é.ssembly, the hard axis loop conductor was first deposited, [ollow-
- ed by a layer of silicon monoxide. The rest of the process followed the
standard layer deposition sec_Luence. The loop ground plane was extend-
ed to complete the hard axis loop circuit.

The circuit, illustrated in Fig. 4.9, was used to produce a de-
posited loop drive field, with a suitably phased reset field between
pulses. Correct phasing was achieved by adjusting the Rutherford
pulse generator delay until the drive field occured during the off period
of the reset field. The'Spencer-Kennedy Laboratory (SKL) pulse gen-
erator produced output pulses of either polarity, having a 1 nsec rise
time and é. length of 50 nsec determined by its 50 Q‘ charge cable. The
magnitude of these pulses was determined by measuring the charging
voltage with a digital voltmeter (0. 01% accuracy +1 digit). The pulse
generator output Vok_yltage was one half the value measured on this volt-
meter. The SKL pulse generator fed a parallel combination of a 700
line which supplied a trigger signal to the sampling oscilloscope and a

53.5 Q line which carried the drive pulse to the deposited drive field
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‘conductor.

The fabricated film assembly was mounted on a film holder
having two deposited loop probes, one for each loop. The film holder
was mounted in the test vstrip line so that the film easy axis was perpen-
dicular to the direction of the strip line drive field. This arrangement
facilitated alternate application of a deposited loop drive field and an
external strip line drive field to the film, with the same reset field
~being used in both cases.

The loop field was calculated in the following manner. The im-
pedance presented by the parallel combination of the 700 £ trigger line
and the 53.5 Q cable was 49.7 Q, which was an almost perfect match
for 4the 50 2 output impedance of the SKL pulse generator. Thus, as-
suming perfect matching, the output current was 1 A for a 100V SKL
charging voltage. The corresponding current pulse passing along the
53.5 Q cable Was‘50/53. 5 A =0.935 A. Due to the short length of the
deposited loop, the reflection coefficient é,t the loop termination was
determined by the loop resistance rather than by its characteristic im-
pedance. With a measured loop resistance of 2.1, the current re-
flection coefficient was 0. 924 and so the loop current was 1.924 x 0.935 A
= 1.8 A. The width of the hard axis loop was 0.45" and so its field was
calculated to be 1.1 Oe/A. Thus, the drive field calibration was
1.1 x1.8=1.98 Oe/100 V SKL charging voltage.

Figure 4. 10 shows easy axis loop waveforms obtained on switch-
ing a film assembly by corresponding external and loop drive fiel.ds

(6 Oe). Each oscillo‘gram shows switching waveforms for reset fields
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applied along both easy axis directions. The center curve in each
oécillogram represents the pickup signal in the monitored loop and was
obtained by application of a 150 Oe steady blocking field prior to the
drive field pulse. With an external drive field, the waveforms of Fig.
4.10a were obtained. The loop pickup signal, due mostly to the elect-
ric field of the drive pulse,was quite small. The similarity of both
switching signals indicates that the film hard axis was well aligned
- with the external drive field. When a deposited loop drive field was
applied in the same direction as the external drive field, the signals of
Fig. 4.10b were obtained. The two switching signals were then quite
different. This difference is due to a large pickup signal in the sense
lodp as seen in Fig. 4.10b. This signal was caused by capacitive
coupling between the deposited drive and sense loops. Calculation of
this signal amplitude, using the drive pulse and deposited loop para-
rheters, gave a r‘esult consistent with the experimental value.
Comparison of external and loop drive fields was carried out by
measurement of the film flux output when both drive fields were applied
separately. A magnetic film, having an HK value of 6 Oe was used
ahd so, with a drive field of about 6 Oe, the flux output varied quite
significantly with the drive field magnitude. The film flux was measured
by integration of the various loop outputs and subtraction of the appro-
priate integrated pickup signals from the unblocked switching signais.
As usual in flux me:asurements, the average flux value for both reset
field directions was used as the experimental value.

According to the appropriate field calibrations, a drive field of
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6 Oe is»produced by an external field drive of 4.5 kv and a deposited

‘ 1oép field di‘ive of 303 V. By experimeht, it was found that an extern-
al drive of 4.73 kv gave the same flﬁx output as a deposited drive of
303 V. This result indicated a 5% error in field calibration. Allowing
for possible errors in external field calibration and the film flux mea-
surements, the above experiment was considered to verify the deposit-
ed loop calibration,

The film switching waveforms due to similar magnitude drive
fields were compared. Using the X-Y plotter, connected directly to
the sampling oscilloscope analog output terminals, output waveforms
wcre obtainced for 6 Oce drive fields (4. 50 kv external drive, 288 V de-
posited loop drive). The loop pickup signals were also recorded.

Figure 4. 11 shows the film switching waveforms, obtained by
appropriate subtraction of the pickup signals from the unblocked
sWitching signals. The signal rise time with a deposited loop drive
was about 50% longer than the rise time with an external drive. The
Waveforms of the strip line field and the SKL output have rise times of
about 1 nsec, but the SKL pulvsevwas slowed somewhat in the deposited
lobp probe circuitry. - Thus, the drive pulse of the deposited loop had

the longer rise time, so yielding a longer film switching time.
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Fig. 4.11. Comparison of Film Switching Signals Due to 6 Oe
: Deposited Loop and External Drive Fields
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'V INTEGRATED DEPOSITED CIRCUITRY DESIGN

The possible future use of integrated depbosited circuitry con-
taining magnetic thin film elements, for computer circuits operating
in the nanosecond range, will now be discussed. The general feasi-
bili;:y of such circuitry will first be established. The ultimate limit
of circuit miniaturization will then be shown to be chiefly dependent on
the resistivity of the coupling loops. A number of features of minia-
turized circuitry, such as heat dissipation and suitable layer thicknes-
ses will be discussed. A set of logic elements will be proposed and
will be shown to have reasonable fan-in and fan-out potentialities.
Finally, some general desigﬁ features relating to the use of large films

in deposited circuitry will be discussed.

General Feasibility

One of thé main features which has made the use of magnetic
thin films so attractive for com};)uter applications has been their short
’switchi_ng time (in the nanosecond range) with moderate drive fields.
The general feasibility of integrated deposited circuitry containing
magneticthin films, depends on maintaining this feature in such cir-
cuitry.

It has been shown in Section IV that the two main parasitic loop
factors which affect the film switching time are eddy current fields
and capacitive current fields. Eddy current fields can be kept quite
small by use of open-structure coupling loops, such as that illustrated

in Fig. 4.5b. The reduction of capacitive current fields, which were
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of moderate intensity for the experimental film assemblies, can be
effected by‘ use of thicker insulation 1ayérs. Thus, it is clear that,
u’sing suitable layer design, a magnetic film coupled with a deposited
conducting loop can be made to have switching properties which are
very similar to those of an isolated film. This result indicates the
general feasibility of using integrated deposited circuitry for future

high speed computer applications.

" Miniaturization

The miniaturization of computer circuitry by the use of mag-
netic thin films in a deposited configuration, as has been discussed by

a number of authors, [2,17,18]

can be predicated on the extremely close
coupling which exists between films and coupling loops in such a con-
figuration thus allowing utilization of the flux output of small film ele-
ments. This coupling characteristic sets no explicit limit on the
amount of miniai:urization possible with such circuitry. Various factors
which affect this limit for film logic circuitry are discussed as follows.
An important requirement for magnetic film logic circuitry is
that the switching of a magnetic film can produce a coupling loop field
sufficient to bias or drive another film, This miniaturization study is
based on a determination of the smallest film size which can produce
the required loop field. Consider a square thin permalloy film, closely
coupled by a cqndu¢ting loop which covers the entire film surface.
The film is assumed to switch completely from the loop axis to the
transver‘se direction in 1 nsec. A longitudinal demagnetizing field of

less than 0.1 Oe is assured by use of a film thickness-to-length ratio
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of 10_5_ (see Eqn. 4.1). With a given film size and switching time, the

‘ loép field is maximized by use of a loopvwith a short-circuit termination
and by use of thick loop conductors .of low resistivity material. The
equivalent loop conductor thickness is then taken to be equal to the skin
depth of the conductor material at a frequency of 1 k Mc, which is as-
sumed to be representative of the film switching waveform.

Four film-loop cases are considered with the main requirement
in each case being that the average loop field during the switching pro-
cess be 1 Oe. (This field is adequate for bias field purposes.) The
results of a number of calculations with these cases are shown in Fig.
5.1, In Case I, the loop conductors are thick silver sheets at room
temperature. The minimum film size b is 1.36 x 10~4 m, and the
corresponding film thickness is 13.6 A. Use of these film dimensions
has a number of scrious disadvantages. To achieve the minimum value
of loop resistance, the conductor thickness ¢ should be of the order
of ten times the skin depth & of the material, thus yielding conductor
thicknesses of 203, 000 A. This thickness would probably require a
plating process, as well as a previous vacuum deposition process,’
leé,ding to a complicated fabrication procedure. In addition, since the
conductor thickness is not negligible compared to the film dimensions,
use of the line charge flux model indicates that an appreciable amount
of film flux cuts the conductors, leading to eddy current fields which
té.nd to slow the film switching process.

Case II is obtained by increasing the film dimensions by an

order of magnitude,allowing a decrease in conductor thickness to
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Logic Circuitry

Miniaturization Limits of Integrated Deposited
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2030 A. This thickneés is easily attainable by vacuum deposition, and
- is ',alsobnegligible compared to the film diménsions, indicating low eddy
current effects.

The minimum film size can be reduced quite significantly by
operation of the circuitry at a reduced temperature. At a temperature
of about lOOK, the resistivity of silver is reduced by a factor of 100
over its room temperature value. (Possible variation of film switching
time, due to the extremely low temperature environment, should be

]

considered. However, recent Work[ 19 indicates that the switching
speed is not significantly different from its value at room temperature. )
As shown in the results of Ca.’se III, this reduction leads to an order of
magnitude decrease in minimum film size to 1.36 x lO_Sm, with a cor-
responding thickness of 1.36 A. In this case, a conductor thickness of
106 yields a value of 20,300 A which can be readily obtained by vacuum
deposition. Howéver, as in Case I, the ratio of conductor thickness to
film size can lead to a significant eddy current field, affecting the film
switching.

Case IV is obtained by increasing the film dimensions of Case
III by an order of magnitude, thus allowing a decrease in conductor
thickness to 203 A. (Due to an increase in resistivity at this small
thickness [8) , a somewhat thicker conductor may be required.) This
thicl%ncss, being small compared to the film dimensions, should result
in low eddy current fields.

Further reduction in ambient temperature will result in a fur-
ther decrease in minimum film size. However, since many metals

become superconducting at about 5°K, operation of circuitry close to
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the transition region between super and normal conductivity may be

‘ iné.dvisablé, due to the rapid change of resistivity in this region. (If
the circuitry is operated with the 1o‘op in a superconducting state, a
permanent loop current is set up when the film switches. This new
mode of operation may have significant application in future circuitry,
but is not discussed further in this work.)

Circuit miniaturization leads to the use of very thin films, with
thicknesses ranging down to 1 A. Recent work[ 20] indicates that the
anisotropy is essentially constant for film thicknesses greater than
80 A. Below about 80 A, the magnitude of K , the anisotropy constant,
drops and reaches zero around 30 A. This drop matches a reduction
in film magnetization M as the film thickness decreases but is slight-
ly faster so that the value of the anisotropy field, HK =2 K/M, drops
below about 80 A, Thus, the drive field requirements of very thin
films are somewhat less than for thicker films. For given film flux
requirements, the decrease in M with reduced thickness can be off-
Set by an increase in film thickness over the nominal value. It is
surmised that the longitudinal demagnetizing field is not significantly
increased by this procedure, since this field is also dependent on the
value of M . It is concluded that films with equivalent magnetic thick-
nesses down to the order of 10 A can be successfully utilized.

By assuming a sinusoidal time variance of Vthe induced voltage
in the loop, the average voltage values were calculated and are indicated
in Fig. 5.1. The voltage values are compared to the rms thermal

[21]

noise voltages , generated in the frequency range from zero to

10 k Mc, which are also shown in this figure. The noise voltage is
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most significant in C‘ése III, being about 5% of the induced voltage.
This resuli: indicates that, although the problem should not be a severe
one, some consideration should be given to the effect of noise voltages
in this type of miniaturized circuitry.

Operativon of magnetic films in the transverse switching mode,
which is required for nanosecond switching with moderate drive fields,
leads to little hysteresis loss in the film material. With low-loss
~ dielectric material, the power requirements of magnetic film circuitry
are chiefly dependent on the power losses in the coupling loops. Figure
5.1 shows that the power dissipation is less than 1 milliwatt (mw) per
film element for all four case.s considered. An upper limit to the
powér density is obtained by the use of film elements closely packed
in parallel planes which are separated by a distance equal to the size
of the film elements. (Using the line charge flux model, a separation
of this order is e;xpected to result in small interaction between adjacent
films.) The power density is seen to have a constant value of about
: ‘100 mw/ cm3, independent of the film size. This upper limit to the
power density indicates that heat dissipation problems in deposited
circuitrybwill not be severe.

The range of suitable loop insulation thicknesses is determined
by a number of considerations. Since the film sizes used are extreme-
ly small compared to the width of the film switching waveform, the loop
passive circuit'proﬁerties are accurately described by its lumped cir-
cuit values. When the loop is termlinated in a short-circuit impedance

its response is dependent on its L/R time constant, while, with the
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loop open—qircuited at one end, the RC time constant is of most signi-
fiéance. By restricting both of these qﬁantities to values less than

O; 1 nsec, the slowing effect of loop passive circuitry will be kept small.
The resulting limits on the valués of insulation thickness are shown in
Fig.” 5. 1. Assuming dielectric material with a relative permittivity of
unity, the minimum thickness is always quite small (< 130 A), being
easily attainable by a vacuum deposition process. For Cases Il and IV,
_the upper 1imifs to the values of insulation thickness are 63, 000 A and
6,300 A, respectively, thus giving a wide range of allowable insulation
thicknesses above the minimums set By the RC time constant require-
ment. For Cases I and III, the minimum value of LL/R is 0. 157 nsec.
Thié limit is due to the contribution of the magnetic field in the con-
ductors to the loop inductance and is an additional reason for avoiding
the use of thick lopp conductors.

Two other requirements also set minimum limits to the value of
insulation thickness. By restricting the average voltage gradient across
the insulation to 106 V/m (a conscrvative valuc, equal to the breakdown
voltage gradient for air), a set of values of insulation thickness, shown
in Fig. 5.1, were calculated. These values are seen to be somewhat
greater than the limits set by the RC time constant requirement, but
are still quite small. In additioh, the average loop field Hav(O'le),
due to loop capacitance is restricted to values less than 0.1 Oe by use
of values of insulaﬁc;n thickness greater than those shown in Fig. 5. 1.
In Case II, this lower limit dominates the two other limits, calculated

previously, but is still quite small.
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An upper limit to the value of insulation thickness is also set
bjr the requirement of small flux closure within the deposited loop.
Assuming conductors of zero thickness, maximum values of insulation
thickness, corresponding to a 1% film flux closure, are shown in Fig.
5.1. For Cases Il and IV, the conductor thicknesses are seen to be
small, compared to these limits and so have little effect on the amount
of flux closure. For Cases I and iII, since the skin depth is about
twice the limiting value of insulation thickness, use of conductors with
thicknesses equal to 106 will result in appreciable flux loss. This
factor indicates a further objection to the use of thick conductors in
such circuitry.

The wide range of allowable insulation thicknesses enables
capacitive cross-coupling between drive and sense loops to be kept to
a small value, by use of a tightly coupled sense loop and a relatively
loosely coupled drive loop. For Case II,. a maximum attenuation factor

of the order of 40 db is indicated.

Logic Elements

The transfer of information between two magnetic films is an
impoi‘tanﬁ characteriétic of integrated deposited circuitry. When two
fitlms are coupled by a deposited loop, the switching of one film can be
controlled by a bias or drive field, produced in the loop by the switch-
ing of the other film. The moderafe loop field requirements and the
use of an external power source to energize the circuitry indicate the
greater suitability of using the loop for bias rather than for drive field

purposes.
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An informatioﬁ transfer scheme, [1,5,22]

which uses the coup-
ling ldop of two films for bias purposes;, will now be discussed. Ele-
mentary compﬁter circuits ba‘sed on this scheme will then be presented.
The scheme which is illustrated in Fig. 5.2a operates in the following
ma91ler.

The two film easy axes are parallel to the loop axis and initially
the magnetization of film 1 is aligned along one of these directions.
The drive field H2 is first applied and, being larger than HK , drives

the magnetization of film 2 to its hard axis. The field H, is then re-

moved and simultaneously, tl;e drive field H, is applied to film 1.

1
A coupling loop field, whose direction depends on the initial orientation
of the magnetization of film 1, then acts on film 2. This field acts as
an easy axis bias field and determines to which easy axis direction the
magnetization of film 2 falls. Thus, the final orientation of this mag-
netiéation depends on the initial orientation of the magnetization of film
1 and so a transfer of information is effected.

Some characteristics of this information transfer scheme were
obtained by means of the following experiment. With a magnetic film
oriented with its easy axis perpendicular to an external drive field, a
steady field (= 7 Oe) was first applied along the film hard axis. A
drive field of equal magnitude but of opposite direction was then applied
and resulted in cancellation of the net drive field on the film. An easy
axis stéady bias fieid was used to steer the film rﬁagnetization back to
one easy axis direction and the efféct of varying this field was deter-

mined. The switching time of the film in this '"fallback' mode was also

observed.
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The results of éxperiments, conducted with a number of fiims
~having bHK varying from 2.5 Oe to 5. 5 Oe, 'show that effective steer-
ing occurs with a minimum bia;s field of 10% to 20% Hy . Above this
minimum value, the flux change and switching time of the film are es-

sentially independent of the bias field, until this field becomes large
enough to affect the initial position of the film magnetization signifi-
cantly, The switching time of this fallback mode is about 2 nsec and
is comparable to the time obtained by application of a transverse drive
‘field of the order of HK (equivalent drive fields varied from 1.25 I—IK
to 1. 50 HK). This result is rationalized by observing that, according
to the Stoner-Wolfarth model [_23 ] , with the film in its easy axis state
the anisotropy effect is equivalent to application of an easy axis field
HK . With an HK value of 3 Oe, the coupling loop field required for
the information transfer scheme already described is of the order of
0.5 Oe. As already shown in a number of previous experiments, this
field will have little effect on the switching time of film 1. Using a
drive field of about 2 HK,the switching time of film 1 is less than the
fallback time of film 2 and so, using two equal sized films, a positive
flux steering action is_obtained in the initial stages of the fallback pro-
cess. ‘At a later stage, when film 1 has completed its switching pro-
cess and the magnetization of film 2 is still returning to its easy axis,
the bias field has reversed direction and opposes the fallback of film 2.
However, if at this stage the magnetization of film 2 makes an angle of
at least 300[ 5] with its hard axis direction, the fallback process
should be completed satisfactorily. The relative phasing of the drive

[5]

fields on the two films is quite important to the success of this scheme:
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Since the switching time of film 1 is less than the fallback time
of film 2, a positive flux steering action on film 2 may be achieved
even when the flux output of film 2 has a larger value than that of film
1. This situation corresponds to an increase in the thickness and/or
film dimension, perpendicular to the loop axis of film 2. In addition,
since a higher loop field could be tolerated for film 1 without increasing
its switching time too severely, use of film 2 with an increased dimen-
sion parallel to the loop axis (and a corresponding increase in loop
width over film 2) may be considered. It is concluded that successful
information transfer is possible even when film 2 is larger than film 1.

An upper limit to the relative film sizes [or the modified inform-
ation transfer scheme, depicted in Fig. 5.2b, is now discussed. This
scheme differs from the one presented previously in having a number
of loops enclosing the drive film 1. These r loops can have their con-
ductors stacked above one another so that each loop covers the entire
film area, or can be placed side by side over the film so that each loop
c’onductor width is approximately 1/r times the film dimension along
the easy axis. With a given film switching time, both loop arrange-
meknts have equal induced voltages from film 1. In addition, with a
given loop current, the loop field acting on film 1 is the same for both
cases. Due to this equivalence, the arrangement having the conductors
laid side by side is preferable, since it rcquircs the lesser number of
deposition layers and has lower eddy current losses, due to the closer
spacing of the magnetic film and the loop conductors. |

The bias field acting on film 2 must be sufficient to guide the
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fallback of this film magnetization. At the same time, the loop field

‘ acfing on film 1 must be restricted to a value which does not require

an cxcessive drive field in order to vproduce fast switching of this film.
These conditions limitj the ratio of the two fields thus yielding the in-
equality br S K, where K = maximum field ratio. Another restriction
is placed on the film dimensions by requiring that the maximum voltage
output of film 2 does not exceed that of film 1. When the switching time

7, of film 1 is less than the switching time T of film 2, this condi-

1

tion ensures a positive flux steering action on film 2 in the initial stages
of the fallback process and results in the inequality £t < ;r_—l r . The
limiting value of the relative volumes of the two films is given by the
quahtity bit = K 72/71 , and is seen to be independent of the number

of turns on film 1.

Assuming K = 6 (corresponding to a bias ficld of 0.5 Oc on
film 2 and a loop field of 3 Oe on film 1) and '7-2/'7'1 = 2 (corresponding
to a 1 nsec switching time for film 1 and a fallback time of 2 nsec for
film 2), the limiting values of b = 6/r and {t = 2r are obtained.
With r = 1, the easy axis flux ratio is restricted to two although the
filin dimension rati‘o b can be made quite large. With r =2, a re-
ceive film of similar shape to film 1 and having four times the easy
axis ‘ﬂux of this film, can be utilized. Thus, the use of multiple turns
on the drive film is seen to allow greater choice in the shape of the V
magnetic films. In :particular, a square drive film can be used to bias

another square, but appreciably larger film. By using the values

r=1/2;t=1 it can be seccn that a film should bc ablc to bias a film
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of the same thickness, defined by £ =1; b = 12. This calculation
indicates that, with a single turn on the drive film, a fan-out to twelve
films of the same size is conceivable, when each receive film is en-
closed by a two-turn loop.

It should be noted that the above fan-out ratio calculations
neglect the detrimental effects of such parasitic effects as capaéitive
currents, éddy currents, loop circuitry, film easy axis dispersion,
skew, etc. In fact, there is considerable difficulty in obtaining a fan-
out ratio of unity. However, with circuit miniaturization, which allevi-
ates some of these parasitic factors and by improved film character-
istics, which will result from further resecarch into film preparation,
a fan-out ratio considerably greater than unity should be easily attain-
able.

The information transfer scheme just studied can be readily

[1]

adapted to produée a shift register , as indicated in F'ig. 5.3a. By
use of the three-phase drive field system, supplied by other .loops (not
‘shown) from a central clock source, information is propagated in the
direction indicated, in a manner similar to that described for the two-
film case. Since, as already shown, a film can be used to bias an
equal or larger film, there is no limit to the length of a recirculating
register, which is obtained by coupling the first and final films of the
string by a common loop. An open string of films in this configuration
can be used as an amplifying device by progressively increasing the

size of the films. This latter circuit may have application for the pro-

duction of relatively large output signals for output devices.
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A circuit which can perform majority logic or AND or OR logic
" functions 1s illustrated in Fig. 5.3b. Iriitiaily, a number of films
1---n hold the n inputs to the 1ogic‘gate. By simultaneously driving
all these films to their hard axes, a loop current, whose magnitude and
direction depends on the initial state of the input films, is obtained.
At the same time, a hard axis drive field on the receive film is relaxed.
If the loop field is the only bias field present, its direction determines
the fallback direction of the receive film and so a majority logic decis-
ion is obtained. With an auxiliary bias field which is applied along the
negative easy axis of the receive film and which requires positive sig-
nals from all input films to reverse the net bias field, an AND logic
function is obtained. By reversing the direction of the‘auxiliary bias
field so that a net positive bias field is obtained except when all the
input films give negative output signals, an OR logic function is obtained.
The complement éf any logic signal can be obtained by a film pair in
which the coupling loop conductors are transposed in going between the
fwo film elements.

A limit to the fan-in ratio of the AND and OR logic circuits pro-
po‘sed above is set by the requirement that the change in loop field due
to one film be sufficient to bias the receive film and that the auxiliary
bias field be less than the film coercive force. (Possible creep[24]
restricts this latter field still further.) With a minimum loop field of
0.5 Oe and an Hc of 1 Oe, the maximum fan-in ratio is about two.

The use of films with a higher HC can lead to an increase in the value

of this ratio. Alternatively, this limit can be significantly increased
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by replacing the steady bias field by a pulse field, which is present

“only during the occurrance of the loop bias field.

Large-Film Deposited Circuitry

The use of integrated deposited circuitry with magnetic films of
cons%.derably larger dimensions than the miniaturization limits already
established is envisaged in future applications. These applications will
arise in the initial stages of development of deposited circuitry, before
‘extreme miniaturization is attempted and in the use of films for output
devices where relatively large voltage output signals will be required.

It has been seen in Section IV that the capacitive current fields
which occur during nanosecond switching of the experimental film as-
semblies caused an incrcasc of the order of two in the film switching
time. A study of the experimental results led to the conclusion that,
for a film of the standard dimensions (0.45" x 0. 36" x 1500 A), with an
HK of 3 Oe, loop insulation layers 100, 000 A thick and loop conductors
of the same size as the film, the effect of capacitive current on film
switching should be quite small. Thus, this parasitic effect can be
made negligible for films which have quite large flux outputs, and for
loop cbnfigurations, Which can be readily obtained by a deposition pro-
cedure.

The slowing effect of the capacitive current may be used to ad-
vantage in some applications. In a large array, an increase in switch-
ing time is required to allow for the effect of transit times on signals
from distant parts of the system. When operated in the transverse

switching mode, this increase may be accomplished by use of a film
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drive field less than . HK . However, in this case, the flux output also
 decreases and so the voltage output decreases significantly. By using
a drive field greater than HK and é loop conductor spacing which
causes an appreciable capacitive current field, a long switching time
may be obtained without any reduction in flux output.

The switching signal observed at the output of a sense loop

differs from the signal induced in the loop. For a loop with high im-
pedance termination, two factors which affect the output waveform are
the spatial distribution of the induced voltage along the loop and the
transmission line attenuation of the loop. These two factors are clear-
ly significant when large magnetic films are used. However, in thc
case of the standard film assemblies, it has been shown in Section III
that the effecf of both factors in slowing the observed switching signal
is quite srﬁall. In general, the spatial voltage distribution only causes
significant lengthéning of a pulse, when the electrical length of the ex-
cited loop is more than 10% of the pulse width. For shorter loops, a
loop attenuation of at least 10 db is required to produce a significant
effect on the switching waveform. With a low-loss dielectric, such as
silicon monoxide, the attenuation is due primarily to resistive losses
in the loop conductors. For the standard film vassembly, an attenuation
of 10 db corresponds to the use of conductors, which have thicknesses
less than 4000 A. In addition to avoiding the use of very thin conductors
the line attenuation can be further decreased by increasing the line im-
pedance. This increase can be achieved by use of larger conductor

separation and/or insulating material of lower capacitivity. This



-127-

latter procedure has the added advantage of decreasing the loop elect-

‘ :;-icjal lehgth and so decreasing the effect of the spatial voltage distribu-
tion. The factors which affect the rise time of a ‘pulse inserted into a
deposited loop coupling a magnetic film are the loop length, determined
by the film dimensions, _é,nd the loop attenuation. The effect of these
factors is, in a general way, similar to their effect on the output wave-
form of a sense loop. Thus, loop passive circuit effects can be kept
small for films with quite large dimensions,.

Due to the low characteristic impedance and appreciable series
resistance of a deposited transmission line, high attenuation may be
obtained in quite a short length of line and may thus restrict the physi-
cal size of integrated circuit arraJys. As an example, the attenuation
of a line having the conductor separation and thicknesses of the stand-
ard film assembly is about 288 db/ft. However, this figure can easily
be reduced to a more acceptable valﬁe by suitable design. Using silver
conductors, each 20,000A thick apd separated by a distance of 200,000 A,
an attenuation of about 7 db/ft is obtained. The attenuation of this line

can be still further reduced by operation at a reduced temperature

(e.g., at 52000C, the value is less than 2 db/ft) while operation of a
line with the conductors in a superconducting state[é] reduces ohmic
losses very significantly and may be advisable for pulse transmission
over long distances. Under these conditions, the losses in the dielect-
ric material become important in determining the line attenuation.
Thus, the interconnection of film elements over reasonably long dis-

tances(of the order of 1 ft) is quite feasible without incurring excessive

attenuation.
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Conclusions

The potentialities of magnetic thin films can best be attained by
the use of these elements in an integrated deposited circuit configura-
tion. Due to the close film-loop coupling of this configuration, extreme
circuit miniaturization can be achieved. This miniaturization enables
the parasitic effécts of loop capacitance and loop circuitry on film
switching to be made quite small. In addition, the effect of signal
transit time and deposited transmission line attenuation is kept small
by bringing various film elements close together. However, large-
film deposited circuitry is also feasible since, by suitable layer design
and operation at a reduced temperature, the above parasitic effects and
the line attenuation can be kept within reasonable bounds for film sizes
of the order of 1 c:1'n2 and for circuit array sizes of the order of 1 ft. 3.

When dcposited circuitry is operated at a temperature of about
IOOK, the 1imiting film size is about 14 microns. Existing deposition
procedures involving photo-etching techniques, are capable of produc-
ing line widths down to 1/2 micron and so are quite adequate for the
deposition of miniaturized circuitry, including conductor widths down
to 10% of the film size, as may be required for minimization of eddy
current fields. The insulation layer thicknesses, corresponding to
these very small film sizes, are of the order of a thousand angstroms.
These small thicknesses will require the development of better insul-
ator deposition techniques, since it has been seen that silicon monoxide
(an otherwise suitable material) is liable to develop pinholes in layers

less than 50, 000 A thick.
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A set of logic elements, suitable for fabrication in a deposited
cdnfiguration, has been shown to be capable of reasonable fan-in and
fan-out ratios. The successful design of these elements is dependent
on the operationyof an elementary information-transfer scheme. The
minimum time of operation of these elements is limited by the fallback
time of film magnetization from the hard axis to the easy axis and so
is of the order of 2 nsec. Attainment of this limiting operating speed
is dependent on the production of films with more ideal characteristics
than presently available but, with continued research along these 1ines‘,

cycle times of 10 nsec or less should be possible.



-130-

VI EXPERIMENTAL EQUIPMENT AND METHODS

Fllm Assembly Fabrication

The film assemblies, which were made by a vacuum deposition
process, consisted ofvpermalloy films closely coupled by, but insulated
frorﬁ, conducting loops. Aluminum was chosen for the conducting ma-
terial of the loop since it has good electrical conductivity and forms a
tough film layer. (Although the oxidation rate of aluminum is high, the
oxide layer formed is very thin and does not significantly affect the
electrical properties of the material.) Silicon monoxide was used for
the insulation material of the configuration, since it is relatively easy
to deposit and has high leakage resistance.

The deposition of complete assemblies was effected without
opening the vacuum of the system. This procedure minimized contam-
ination of the various layers. The patterns deposited were determined
by masks interposed between the various material sources and the sub-
strates. The film assemblies were made four at a time. In this way
various loop configurations having corresponding layers of equal thick-
ness were associated with identical magnetic films. The assemblies
Were'depésited on pléne glass substrates, made from microscope slides.
During the permalloy and silicon monoxide depositions the substrates
were held at 300°C. The aluminum was deposited on a cool substraj:e.
The pressure in thcf system during the assembly deposition was of the
order of 10" *mm. H

The magnetic film was deposited from a slug of nickel-iron al-

loy (83% Ni, 17% Fe, by weight) contained in an alumina crucible and
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heated by an induction heater. A steady 40 Oe field in the plane of the

' substrates 'Was‘ used to determine the direction of each film easy axis.
This field was aligned parallel to the deposited loop axis with an accur-
acy of ilo and had a maximum variation in direction of 10. 2° over the
~entire surface of the substrates. This field was present from the be-
ginning of permalloy deposition until the substrates had been cooled to
room temperature just prior to their removal from the deposition sys-
tem.

Figure 6.1 shows a plan view and sectional elevation of a typical
film assembly. The dimensions shovvﬁ on the plan view are exact,
whilc those on the elevation are nominal, varying with the deposition
and the test requirements of the assembly. FEach layer of material
had at least one edge which was deposited directly on the glass sub-
strate. This edge facilitated interferometric measurement of layer
thickness, when needed. The tab of the permalloy layer was also used
to determine the insulation between the conducting loop and the magnet-
ié film. The output of the loop was measured between the ground plane
conductor and the end tab on the loop conductor. The easy axis direct-
ioh was along the loop axis so that, with the drive field applied perpen-

dicular to the loop axis, switching occured in the transverse mode.

Static Film Assembly Measurements

A number of static measurements were made on the fabricated
film assemblies to determine their suitability for the various switching
experiments. Using a low frequency (20 cps) hysteresis loop tracer,

the easy and hard axis loops were observed and the values of HC and
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'HK were noted. (The quantity HK was defined as the value of applied
‘ fiéld, corresponding to the intersection of the extrapolated low drive
slope and the saturation flux density.) Good magnetic films had very
square easy axis loops and closed hard axis loops. In general, it was
required that both B-H loops be similar to those for the other films of
the set. The values of HK obtained mostly ranged from 3 Oe to 6 Oe,
although some films with considerably higher HK values occured. In
~assemblies designed for switching speed experiments, a low He (3 Oe
to 4 Oe) was preferable in order to obtain a short switching time with
the maximum drive field of 7-1/3 Oe,‘ and usable signals with drive
fields down to about 2 Oe. When the assemblies were designed speci-
ficaily for flux measurements,a wider range of HK was considered
acceptable but, in general, a film with HK > 6 Oe was discarded,
owing to excessive drive requirements. Since the films were operated
in the transverse switching mode only, the value of Hc was not critical.
(Measured I—IC values ranged from 0.5 Oe to 2 Oe.) The relative
orientation of the film axes and the deposited loop axis was also deter-
mined by means of the hysteresis loop tracer. This measurement was
accomplished by rotating the assembly relative to the drive field until
the hard axis loop was obtained in its most symmetrical form and then
observing the angle between the deposited loop and the drive field.
Assemblies having film é,xis deviations less than 1° were found to be
suitable for s&itchihg experiments. Film assemblies with larger de-
viations had very unsymmetriéal output signals when switched from

both directions of the easy axis.



-134-

‘Thé iﬁsulation resistance betwéen the loop conductors and the

' mé,gnetic film was measured by means of an ohm-meter, using indium
test probes to avoid damage to the assembly layers. For many assem-
blies, the value obtained was of the order of 100 k2. However, fre-
quently assemblies had an insulation resistance of a few ohms. These
low values were due to pinholes in the silicon monoxide layers, thus
allowing contact between the magnetic film and the other conductors.
Application of about 20 V between the two conducting materials usually
resulted in increasing the insulation resistance to an acceptable value
(> 10k Q), by burning out the regions‘of low resistance. During this
process, the pinholes were evidenced by a momentary scintillation at
varioué parts of the assembly.

The resistance of the deposited loop was also measured. Due
to oxides formed on the aluminum the measured resistance was usually
greater than the calculated series resistance of the conductors. These
oxides formed on the exposed surfaces of the loop conductors and at
fhe interface of these conductors. In many cases, high interface re-
sistance was very muéh reduced by exerting mechanical pressure on
the assembly in this region, by a block of soft metal such as indium.
Excessive oxide formationb on the exposed surfaces of the conductors
was _I'emoved without damage to the assembly by rubbing with 4/0
emery paper. Assembiies with measured loop resistances in the rahge

of 1to 5 were considered most suitable for switching experiments.
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Film Switching Test System

The bswitching properties of the film assemblies were investi-
gated by means of a test system, in which both pulse and static mag-

- netic fields were applied to the magnetic thin film. The resulting film
output, a magnetic flux change sensed by linkage with a conducting loop,
was obtained in both unintegrated and integrated form by use of a samp-
ling oscilloscope and integrator unit. A general description of the test
system is followed by a more detailed account of some of the system
components.

A block diagram of the test sysfem is shown in Fig. 6.2. The
coaxial charge cable, charged by the high voltage, high oulput imped-
ance D. C. power supply, was dischérged by a relay with mercury-
wetted contacts. This arrangement gave a fast-rising pulse (rise time
< 1 nsec) which traveled along the strip line containing the test assem-
bly and was absorbed in the matching load. This pulse produced a fast-
rise magnetic field in the test region of the strip line. Cancellation of
the earths magnetic field iln this region was accomplished by a suitably
oriented current-cartrying coil while static magnetic fields were ap-
plied in the plane of the assembly by means of Helmholtz coils. The
relay control circuit, which drove the mercury relay at a 60 pps rate,
also drove a reset coil, which produced a suitably phased magnetic
reset field for resetting the film magnetization to a definite condition
before each drive puise was applied. The repetitive film output signal
was monitored on the sampling oscilloscope, which was triggered by a

signal derived [rom the drive field pulse. The analog output of this
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oscilloscope was integrated in the integrator unit and the resulting
tiﬁne variance of observed film flux was recorded on the X-Y plotter
‘and the D. C. oscilloscope.

The power supply consisted of a conventional tube rectifier cir-
cuit, fed from the output of a step-up transformer, whose primary
voltage was controlled by means of an auto-transformer. The open
circuit voltage of the supply was continuously variable from zero to
10 kv. A voltmeter, consisting of a D. C. milliammeter and a wire-
wound resistor, was used to measure the output voltage and, after
calibration of the magnetic drive field, to measure the magnitude of
the magnetic field in the test région of the strip line. The output im-
pedance of the supply was required to be very large compared to the
52 Q charge cable impedance and so a 52.5 k € non-inductive resistor
was inserted in series with the supply output. This resistor, consist-
ing of three 17.5 k 2 Dalohm NH resistors, each rated at 250 W, also
limited the short-circuit current flow of the supply to a reasonable value.

The charge cable consisted of Belden RG-8/U 52 Q coaxial cable.
The cable length was 300 ft. and, since the output pulse had a width
equal to twice the electrical length of the charge cable, a pulse width
of about 1 usec was obtained. Thé capacitance of the charge cable was
0. 02 pf, giving an RC time constant of about 1 msec in association with
the power supply output impedance. The discharge relay was open for
about 10 msec in each cycle and so the cable voltage at the time Qf relay
closure was very close to the supply voltage at that time.

The mercury relay was the glass-encapsulated portion of a
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Western Electric D-168479 relay mounted in a coaxial holder fitted
With a drive coil, and inserted into the coaxial line between the charge
cé,ble and the test strip line. The normally-open contact of the relay
~was used in the circuit, so that the charge cable was discharged when
the relay was actuated. The relay drive cqil was driven by a 60 pps
rectangular voltage, supplied by the relay control circuit and synchron-
ized to the utility line frequency. Use of a mercury relay resulted in
an output pulse having a rise time of less than 1 nsec. The voltage ap-
plied to the relay contacts ranged up to 5.5 kv and the relay operated

’ quite satisfactorily under these conditiéns, except for a tendency to
close somewhat erratically at the upper end of the voltage range.

The trigger take-off consisted of an electrostatic probe which
picked off a signal from the output line of the mercury relay. The
electric coupling of the probe to the coaxial line was very low and so
the probe did not noticeably affect the signal passing down the line.

Two views of the test strip line are shown in Fig. 6.3. The
line was designed to have a characteristic impedance of 52 2 so that
the pulse from the charge cable traveled along the line with no reflect-
ion at the junctions. The transition between the coaxial and planar
strip line geometries was aided by the tapering of the ground planes at
both ends of the strip line. The test region of the strip line, where the
magnetic film samples were placed, was centered at the mid-point of
| one of the ground plaﬁe walls, since this region has the maximum mag-
netic field uniformity in the line. The films and their associated test

probes and loops were mounted on 3-3/4'"" diameter assembly holder
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plates, which fitted flush with the inner surface of one ground plane
' Wéll and were secured in place by four screw clamps. The diameter
of the plates was made quite large in order to minimize the disturbance
in the electromagnetic field, due to the discontinuity in the ground plane.
The details of the test circuitry mounted on the plates are given later.
The matching termination for the strip line was a 51.5 Q
Termaline Coaxial Resistor, Model 81 BHN (Bird Electronics Corpor-
ation) with 80 W dissipation rating, and was connected to the strip line
by 8 ft. of RG-8/U cable. When terminated in a matching load, the
field calibration was experimentally determined to be 1. 33 Oe/kv (the
method of calibration is outlined later)., Using a maximum charging
voltége of 5.5 kv, a 7-1/3 Oe magnetic field is obtained. When it was
desired to obtain higher drive fields than 7-1/3 Oe, a shorting plug was
used at the end of the strip line. This termination resulted in an in-
phase reflection of the current wave on the line, thus doubling the mag-
netic field in the test region. Since this region was not at the position
of the shorting plug, the rise time of the current wave to its final value
was longer than the rise time of the incident wave. For this reason the
use of the matching termination was preferred, except for tests where
only the final magnitude of the field was important. The charging volt-
age was limited to 3.5 kv, when the shorting plug was used. This charg-
ing voltage gave a field of 9-1/3 Oe in the test region of the strip lin.e.
A reset field, having a maximum amplitude of 10 Oe, was pro-
duced in the test strip line by means of the reset coil. This coil was

driven by an unsmoothed half-wave 60 cps rectified output voltage,
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supplied by the relay control circuit. Correct phasing of the reset
- field with tbhe drive field was achieved Whenf the drive pulse occured in
the off-period‘of the reset field.

Appropriate external loops and deposited loop probes were
mounted on the‘assembly holder plates. Figure 6.4 shows a typical
configuratio.n. One end of the enamel-insulated external loop conductor
was connected to the brass plate, while the other end passed through the
plate and was attached to a BNC connector, situéted on the opposite side
of the plate. The copper tubing shielded this conductor from the elect-
ric field of the test strip line. Since, in all experiments, the magnetic
drive ficld was applied perpendicular to the loop axis, no air-flux com-
pensation loop was required. In this orientatidn, the residual pickup
signal in the loop was small, being about 25 mv for a drive field of 5 Oe.
The assembly substrate was placed between the external loop and the
brass plate, Withvthe assembly in contact with the plate. The substrate
was held in place by a piece of plastic secured to the plate by plastic
Screws.

The deposited loop probe consisted of a length of ceramic-
covered copper wire. Before insertion in the assembly holder, the end
of the probe was ground normal to the axis of the wire to ensure .maxi—
mum contact area between the probe and the deposited loop conductor
and to minimize scratching of the conductor surface. A good probe end
was obtained by placing the wire in a hole drilled normal to one surface
of a brass block, and then lapping this surface on a flat sheet of Crit

No. 360A paper. The probe was pressed into contact with the deposited
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loop conductor by means of the spring and plunger arrangement, illus-
" trated in Flg 6.4, with pressure adjustment being controlled by the
screw top of the plunger barrel. Céntact between the probe and the
BNC connector was made by a piece of flexible wire to avoid lateral
pressure on thé probe.

The drive field pickup signal of the deposited loop was measured
by blocking film switching by means of a large static blocking field |
; (= 150 Oe). This signal, which was electrostatic in nature, varied in
amplitude with the total loop resistance, being largest at high resistance
values. With a drive field of 7 Oe and a loop resistance of 2 2, the sig-
nal amplitude was about 50 mv. This low value was due to the close
prdximity of the film assembly to the strip line ground plane and to the
correspondingly very small protrusion of the probe into the strip line
field region.

The monifbring system is discussed at length in the next sub-
section, since it incorporates a new method for the integraﬁon of sig-
ﬁals having rise times in the nanosecond range. However, the samp-
ling oscilloscope input circuitry is now described since it forms the
termination impedance of the monitored loops.

Figure 6.5 is a diagram of the input circuit of one channel of
the sampling oscillo‘scope. (The oscilloscope had two identical channels,
thus allowing simultaneous monitoring of the outputs of two loops. ) The
delay line ’introducéd a 120 nsec delay in the loop output signal relative
to the trigger pulse for the sampling oscilloscope. This delay was re-

quired to compensate for an internal delay in the oscilloscope sweep
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circuit and allowed display of the leading edge of the loop output pulse.
Tﬁe termiﬁation impedance of the monitored loop was 53.5 Q, for pulses
with lengths less than 15 nsec. (Fovr longer pulses a small reflected
pulse reached the loop due to the slight mismatch of the cable and the
delay line. ) The vadvertised response time of the oscilloscope with the
vertical amplifier is less than 0.5 nsec. Allowing for the distorting
effect of the delay line, which rounds off the upper 20% of fast-rising
~pulses, an effective response time of 0. 8 nsec was assumed for the

complete input circuit.

Monitoring System

This system, consistiﬁg of a sampling oscilloscope and inte-
grator unit, was designéd to effect intcgration of fast film-switching
signals, thus yielding flux waveforms with switching times in the nano-
second range. In contrast to other integration systems which integrate
the film output signal, this system integrated a signal similar in shape
to the film output signal but having a greatly expanded time scale. This
system had an effective response time of 0. 8 nsec, which compares to
a minimum response time of about 4 nsec for the other schemes indi-
cated‘ above. This system was capable of measuring, with 1% accuracy,
the switching characferistics of a film with a flux of 4 x 10_1 Ovolt-sec,
when switching in a time of less than 10 nsec. The effective decay time
of the system was 4 sec.

General Description - The analog output voltage of the samp-
ling oscilloscope consisted of the superposition of two signals, (a)a

stepped waveform, passing through the sample points displayed on the
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_6scillo‘scope écreen and (b) an offset voltage, corresponding to the
cé’ntering Voltage applied to the oscilloscope deflection plates. With
the offset voltage sct equal to zero,‘ the integral of the analog output
voltage was similar in shape to the flux output of the magnetic film
being switched. However, due to drift of the oscilloscope vertical
amplifier, initial zeroing of the offset voltage became ineffective in a
period of a few minutes and, if uncompensated, would have led to er-
rors of the order of 10% in the measurement of the total flux output of
the film.

The integrator unit illustrated in Fig. 6.6a incorporated a cir-
cuit which compensated for all relatively long term drift of the oscillo-
scope (above 8 sec). The operatién of this circuit consisted in obtaining
a voltage proportional to the offset voltage of the oscilloscope output,
during one sweep time, and then utilizing this voltage to cancel out the
effect of the offset voltage during the next sweep time while the film
output signal was being integrated. The integration cycle was divided
into two phases, the compensation and signal phases. These phases
are indicated in Fig. 6. 6b, which shows the timing diagrams of the re-
'_ lajrs of Flig. 6. 6a, as well as those for two other relays, A and D, ne-
cessary for the operation of the system. At the beginning of the compen-
sation phase, the capacitors Ci and CZ were discharged so that the
output voltages of both integrators were initially zZero. During this v
phase, the input to the sampling oscilloscope was grounded by means of
the coaxial relay Al and the offset voltage of the analog output, fed

through the adder (the other input being grounded) was integrated in
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both sigﬁal and compensator integrators. At the end of this phase, the
‘ oufput volta;ges‘ of both integrators were proportional to the mean offset
letage of the sampling oscilloscopev analog output during this phase.

At thg beginning of the signal phase, the capacitor C1 was
again dischérged so that the output voltage of the signal integrator was
initially zero. During this phase, in which the relay A1 connected
the film output to the sampling oscilloscope, the input of the compen-
sator integrator was grounded and the constant output voltage of this
integrator was fed through the inverter to the adder, where it opposed
the offset voltage contained in the oscilloscope output. To effect cancel-
lation of this offset voltage, the adder output voltage due to the combined

effect of the two above inputs must be zero, thus leading to the condition

R,C, R, R
Kk, = _& 2 "6 4 6.1

T R,7 R5

where k4 potentiometer gain setting on input 2 of adder

T

oscilloscope sweep time.

When the above condition was satisfied, the signal integrator output

voltage dliring the sighal phase was similar to the output flux of the

magnetic film. At the beginning of the next compensation phase, both

integrators were discharged and the integration cycle started over again.
The signal integrator output was observed on the D. C. osqilio-

scope and the X-Y élotter. The flyback time of the plotter was about

1 sec, which was comparable to the sampling oscilloscope sweep time

(4 sec). To eliminate recording errors due to the flyback, the time
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base oﬁtput of the sampling oscilloscdpe was connected to the plotter
» through reiay A2 , only during the signal phase.

| Analog Circuit Design - The basic operational amplifier used
was the CIT chopper-stabilized D. C.l amplifier [25] . It had combined
noise and hum voltages of 3 mv with 1 M @ input and feedback resistors,
a drift figure of 2. 6 mv/hour with a gain of 100, and an output saturation
level of about +80 V. Wire wound resistors, and polystyrene capacitors
~having at least 10 M 2 leakage resistance were used in the input and
feedback paths of the amplifiers.

The sampling oscilloscope had‘ three sample densities, nominal-
ly 1000, 200 and 50 samples per time base trace, thus giving sweep
periods of about 17, 3 and 1 sec with an input signal which had a repeti-
tion rate of 60 pps. The medium speed sweep having a measured sweep
period of about 4 sec, was chosen for the operation of the analog cir-
cuit. With this sweep speed the integration period was minimized,
while ensuring a sufficiently high scanning density to reproduce the os-
cilloscope input signal with good accuracy.

The sampling oscilloscope trace had a useful vertical deflection
diétance of +5 cm about its mid-position with a corresponding open-cir-
cuit analog output voltage of +1 V. Due to a slow switching component
noted in the output of many films, it was found necessary to use a time
base period of the order of five times.longer than the fast componenf
switching time in order to record the complete flux change. Thus, the
signal displayed on the oscilloscope screen was limited to an average
value of about +1 cm deflection over the entire sweep period with a cor-

responding average open-circuit analog voltage of about +0.2 V.
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‘Consider first the response of the uncompensated analog cir-
“cuit, . consis’bting of the adder and signal integrator’, to the above equi-
valent film output signal. Since the éource impedance of the oscillo-
scope analog output equaled the input impedance of the adder, the cor-
responding signal at the adder input is 0.1 V. Using the component
values indicated in Fig. 6. 6a, the adder output voltage is 2.5 V and
the signal integrator voltage at the end of 4 sec integration time is
50 V (= 65% of operational amplifier saturation level).

The circuit components of the compensator loop were chosen to
satisfy Eqn. 6.1 with k4 = 0.8 . This value allowed a wide range of
adjustment for the input potentiometer to achieve correct compensation.
For 4convenience, the compensator integrator was made identical with
the signal integrator. Thus, the maximum offset voltage which could
be compensated cor?cspondcd to about +1 cm deflection on the oscillo-
scope screen. |

The relays indicated in Fig. 6. 6a were controlled by an auxili-
a’ry control circuit (described later). These relays had operating times
of less than 40 msec. This time, being about 1% of the time base per-
iod, had little effect on the theoretical operation of the analog circuit.
The time constants of the discharge circuits of C1 and C2 were each
0.2 msec, and so these capacitors were completely discharged, as re-
quired, when these circuits were completed for a few milliseconds.

The relays in the analog circuit were standard plate circuit relays and
the relay A1 , which switched the input signal to the sampling oscillo-

scope was a coaxial relay with a bandwidth of at least 1 k Mc. This
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latter relay was found to cause no obsbervabl_e distortion in the input

signal. In 'ope_ration, the sampling oscilloscope was adjusted so that
the film switching analog output signal began not less fhan 400 msec

after the initiation of the time base sweep and so the various relays

completed their operation before this signal began.

Analog Circuit Operation - The analog circuit was adjusted
for correct compensation in the following manner.

1) When the sampling oscilloscope and operational amplifiers
had warmed up and stabilized (at least 1/2 hour), the amplifiers wei‘e‘
balanced, observing the output v,oltagé by means of an oscilloscope.
The output voltages of the adder and inverter Qere limited to 1 mv and
the integrated output drifts of the integrators were limited to 1 mv/sec.

2) Abéut 0.1 V was applied to adder input 1 from a battery
source. During the compensation phase, the output of the signal inte-
grator was a ramp signal rising to a maximum amplitude of about 50 V.
During the signal phase, the output of this integrator ideally remained
zero, if the correct amount of compensation was used and so the input
potentiometer on adder input 2 was adjusted by trial-and-error until
the output voltage observed was minimized. (A voltage of about 50 mv
was generally achieved.) On reversal of the input signal to the system
the output should also reverse. Any failure to do this was an indication
of lack of balance in the amplifiers and necessitated a recheck of step 1.

When obsvervihg the integrated signal it was noticed that thg am-
plitude varied slightly én succeeding oscilloscope sweeps. Measure-

ments such as amplitude and rise time were most accurately carried
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out by allowing the X-Y plotter to trace out the desired signal a num-
ber of successive times. The average signal was then quite apparent
from inspection of the 1nultiple—tracé pattern.

Monitoring System Characteristics - The operational ampli-
fiers of the analog circuit caused negligible distortion of the oscillo-
scope output signals (amplifier open-loop gain > 10, 000 up to a fre-
quency of 500 cps). The effective response time of the system was
‘thus equal to the response time of the sampling oscilloscope, i.e.,

0.8 nsec. The 4 sec interval between the ending of one signal inte-
gration and the beginning of the next signal integration was taken as
the effective decajr time of the system.

The compensation loop‘of the analog circuit was designed to can-
cel the effect of a steady component in the analog output voltage. Best
operation of the system was obtained when the noise and short-term
drift (less than 8 éec) of this component were minimized, i.e., on the
least sensitive (200 mv/cm) scale of the sampling oscilloscope. Using
this scale setting with no oscilloscope input signal but with an offset
analog output voltage of +0.1 V, it was found possible to limit the output
of the signal integrator during the signal phase to +100 mv. The 1100 mv
error signal in the integrator output caused a 1% errdr in the flux mea-
surement of a film which produced a 10 V signal at the same point.

This 10 V signal would result from a steady 40 mv input signal to the
oscilloscope and thus, on the 1 nsec/cm scale, from a film with a flux
output of 0.4 x 10_9 volt-sec. When the oscilloscope was used on more

sensitive scales it was found tha_t the noise and short term drift of the
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analog output increased. These factors resulted in larger residual
output voltéges from the sigﬁal integrator. ‘It was concluded that the
performance of the compensation loép deteriorated for a vertical scale
sensitivity greater than 50 mv/cm.

With a repetitive film switching signal being monitored on the
sampling oscilloscope the final amplitude of the signal integrator output
was found to be subject to some variation. Although some of this vari-

~ation resulted from noise and short term drift in the oscilloscope, the
major part of this variation was attributable to a change in the time
base period due to occasional mis-triggering of the sampling oscillo-
scope. This mis-triggering consisted of a failure to trigger when the
trigger level was low or of additional triggering when the trigger level
was high. The latter effect was due to a spurious trigger signal, follow-
ing the normal signal by a féw microseconds. This spurious signal oc-
curred only at high values of the test strip line drive field (above 3.5 kv
charging voltage). On many occasions, it was found extremely difficult
to adjust the trigger level for normal operation of the oscilloscope time
base.

Auxiliary Control Circuit - The auxiliary control circuit which
controlled the relay contacts of the monitoring system is illustrated in
Fig. 6.7. The drive for tlﬁs circuit was derived from the time base
output of the sampling oscilloscope. This signal had a maximum amp-
litude of + 12 V, starting from zero at the beginning of the oscilloscope
sweep. The input RC network was chosen to effect differentiation of

this signal giving a negative pulse of about 25 msec duration, when
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time ba»se flyback occurred. This pulse was amplified and inverted by
V1A and W;’;LS fed through the cathode-follower V1B. The cathode-
follower drove a single-pole relay E (see Fig. 6. 6a,b) in the anode
circuit of V3A , whose current was insufficient to operate the relay
except during the occurrance of the positive pulse from the cathode-
follower.

The cathode-follower also drive the flip-flop V2. The square-
‘wave output of the flip-flop operated a four-pole double throw relay in
the anode circuit of V3B, which swung between cutoff and full-on states
as the flip-flop changed state. The four sets of contacts of this relay
were designated A, B, C, D respectively (see Fig. 6.6a, b). Relay
contacts A were in the drive circuit of the coaxial relay A1 , and of
relay A2 . Contacts B and C were used in the analog circuit, as in-
dicated in Fig. 6. 1. By driving D1 through the differentiating circuit,
the relay closed fér a short period of time each time contacts D closed

(to the normal-open position).

Calibration of Drive Field Circuit of Test Strip Line

The magnitude of the magnetic drive field in the test region of
the sti'i_p line depvended on the charging voltage of the charge cable.
With a matching termination on the strip line, a calibration value of
1.33 Oe/kv charging voltage was obtained for the drive field circuit in
the folldwing manner. |

An electrostatically-shielded loop was inserted in the test region

of the strip line with its axis parallel to the drive field. The output
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_vdltag¢ of this loop, due to the change in flux linkage of the drive field,
- was integré.ted in the monitoring system. - The flux, corresponding to
the final value of the monitoring syétem output voltage, was determined
by integrating a calibration pulse of known area in the same system.
(As -shown in Appendix B, the ratio of the measured flux to the flux
linkage of the loop depends only on the steady state attenuation of the
loop and its termination impedance.) On dividing the flux linkage value
. by the loop cross-sectional area, the corresponding magnetic field
strength was determined. The calibration value stated above was ob-
tained from the mean of a number of ineasurernents, taken at various
magnetic field strengths and was estimated to have an accuracy of at

least 5% over the entire range of drive field voltages.

Basic Procedure for Film Assembly Switching Experiments

Two different methods were used to align the external loop and
the film assembly with the drive field. The choice of method depended
on whether the deposited loop output was being monitored. If the out-
puts of both loops were required, the deposited loop was first visually
aligned in the same direction as the external loop, with the deposited
loop éondﬁctor tab dil—'ectly over the loop probbe. After clamping the
substrate in position and obtainjng satisfactory contact between the de-
posited loop and its probe, the assembly holder was inserted in the test
strip line. A steady blocking field (about 150 Oe) was applied in the
plane of the film By means of the horizontal Helmholtz coil to block any
response of the film to the drive field. The output of the external loop

was then mainly due to magnetic drive field pickup in the loop. The
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‘assembly holder was rotated until this pickup voltage was minimized.
The exterﬁal loop axis was then perpendicuiar to the drive field and
thus the film easy axis was also perpendicular to this field, if the
easy axis was exactly parallel to the deposited loop axis. The magni-
tude of the residual output voltage of the loop, due to electrostatic
pickup and other causes was of the order of 10 mv, for a drive field
of 2 Oe. This voltage is small, compared to an output voltage of the
order of 1 V when the magnetic film (> 1000A thickness) was switching
under the influence of the same field. The output signal of the deposit-
ed loop was also observed when the film switching was blocked. This
signal, which was mainly electrostatic in nature, was of the order of
twice the magnitude of the external loop signal and so was small com-
pared to the film switching signal.

When the film flux change was observed only by means of the
external loop, thé alignment method for the external loop and the film
assembly was much simpler. With no film assembly present, the film
’holder was first rotated in the strip line wall until the external loop
voltage was minimized. The film assembly, taped to the center of a
1ekngth of 1/16" diameter glass rod, was inserted in the external loop
and was visually aligned with the loop by adjustment of two supports on
which the glass rod rested. .This procedure facilitated a rapid change
of film assemblies, but its use was sormewhat limited as the exact
position of the film assembly relative to the strip line ground plane
was not known.

Application of either of the two above methods results in the
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external loop axis being accurately aligned ‘(iO. 1°) perpendicular to the
drive field. 1Ideally, the film easy axis and the deposited loop axis are
then also perpendicular to the drive field. In this case, reversal of the
reset field, which is directed along the easy axis, reverses the output
voltages of the loops with the corresponding waveforms and the net flux
changes remaining unchanged. When the drive field exceeds H,, , the
Stoner-Wolfarth model [23] predicts that the final position of the film

- magnetization with the drive field still present is along the film hard
axis. The net flux change during switching then attains its maximum
value, being unchanged by any further increase in the magnitude of the
drive field.

When the film hard axis is not aligned exactly with the drive
field direction the film switching waveform and the net flux switched
are dependent on the easy axis direction from which the film magneti-
zation is switched. The effect of this misalignment on the flux switched
may be predicted by means of the Stoner-Wolfarth model. The details
of this calculation are given in Appendix D and the results obtained are
shown in the following table. These results indicate the effect of ap-
plying a normalized field h = H/ HK perpendicular to the sensing loop
axis when the film hard axis makeé an angle B with the direction of
the drive field. The quantity 6 is the angle that the final direction of
the film magnetization makes with tile easy axis and the quantity F is
the ratio of film fllixes obtained on switching the magnetization from
both directions of the easy axis. It is seen that, for fields of the order

of HK , slight misaiignment of the {ilm hard axis has a large effect on
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6° 60 b o 1.5 2.0 2.5 3.0
1 | 71.43 87.01  88.00 88.33  88.50
2 66.69  84.08  86.01  86.67  87.00
3 63.40 81.24 8404 8502 85 51
4 60.79 78.54  82.09  83.37  84.02
5 58.59  75.99  80.18 81.74  82.54

F b0 1.5 2.0 2.5 3.0
BO
1 0.536  0.933  0.966  0.977  0.983
2 0.467  0.872  0.933  0.955  0.966
3 0.428 0.817  0.902  0.933  0.949
4 | 0.402 0.770 0.872  0.912  0.933
5 0.383  0.728  0.844 0.892  0.917

the final position of the magnetization and on the flux ratio. A mis-
alignment of only 1° results in a flux ratio of about 0.5 for a drive field
h equal to unity. ’

Misalignment angles of a few degrees were commonly encount-
ered in the film assemblies and so the loop output signals obtained on
reversal of the res_ét field were often quite different. However, when
H >HK , Appendix D (Eqn. D-2) indicates that the mean value of the
two flux changes is within 1/2% of the film flux for misalignment angles

less than 5° and this mean value was used as a measure of the flux
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switched. In addition to compensating for the effect of misalignment
 of the film 'axis‘, the use of this mean value canceled out integrated
signals caused by loop pickup, sincé such signals added to one flux
value and subtracted from the other value. When the total film flux
was the only quantity of interest, a drive field of 9 Oe was used to
switch the film. This field corresponded to a value of h = 1.5 for
films having HK values up to 6 Oe and resulted in flux ratio values
. close to unity (0.9 to 1.1 was considered an acceptable range of
values). The distortion of the drive field waveform, due to the finite
distance between the film assembly and the strip line shorting plug
produced complex film switching waveforms but did not affect the
total flux switched.

The easy axis alignment has been shown to be a critical factor
in determining the amount of film flux switched. Clearly, also, accur-
ate measurement vof film switching times required the use of films
whose axes were aligned accurately with the loop axes. A -I-_lo toler-
énce was found to result in flux signals having reasonable symmetry
at all drive fields on reversal of the reset field direction. The switch-
ing time was measured for both reset field directions and the average

value was taken as the experimental switching time.
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APPENDIX A

EVALUATION OF THE TRIPLE INTEGRAL OF EQN. 2.3

f dx (:1:;;;Z dy
I, = f j A-l
Pode a2 [(£/2)% + (s, -x )" +y2 ] 72

Integrating first with respect to y , by the use of integral
26

tables [

a/2 b/2

dx, dx
=% J[ J[ - 2 ) 72
o (b2 [(£/2)% + (s, -x )7 T[(£/2)% + (- )) Y

A-2

Since the kernel of this double integral is a function of (xz-xl)
only, I1 may be readily evaluated by introduction of the new coordin-
ate X3 = (xz—xl) .~ As indicated in Fig. A-1, integration with respect

to x4 and x., over the rectangle defined by Xy = 0,...,a/2;

2
%, = -b/2,...,+b/2 , is recplaccd by integration with respect to %3
over the same area defined by Xy = -(b+a)/2,...,+b/2 and appropri-
ate elemental areas dA . Two cases result, dependent on whether b
is greater than or less than a/2. Since the loop dimension b is
greater than the film dimension‘ a, the case b>a/2 s considere.d

first and is illustrated in Fig. A-1. The integration is divided up

into three regions of x5, as follows.
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? x3 = b/2 xz = (b-2)/2
3 3
A f /C
// /
(0, b/2) LA /
' s 21 (al2, b/2)
/
il ) s
/ /
7
g 7
4 /,Jx3 = -b/2
Ey y;
// 71 -Xl
‘ v
-/
/
/LXB = -(bt+a)/2
7/
/
(6, -b/2) “(a/2, -b/2)
7D
/
/
7/

Fig. A-l. Integration Region
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‘ a/2. b/2
I, = f(x,, x,) dx, dx,
1 S b2 X Xz‘ i R
= ff F(X3)dA
ABCD
= ,U F(x,)dA, + _[f F(x,)dA, + fj F(x,)dA
BAE 31 EB¥D 3772 BFc 37003
where dA, = [—x3 + b/2] dx,
dAZ = [a/Z] dX3'
dA, = [X3 +(b+a)/2] dx,
b/2: (b-a)/2 -b/2
Thus I =j Fo(x,)dx +j F_(x,)dx, + j F,(x,)dx
1T a2 1T L 27318 T ey 3033
Af-?)
/ b/2 /(b-a)/Z /-b/Z
b - a (b+a)
= 21, (x) + = I, (x) + I,(x)
2 A weayz 2 A b2 2 AT bra)/2
/b/Z /—b/Z
- I (x) + I (x) ' A4
BT (b-a)/2 B -(bta)/2
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where

hdx

1,(x)

.

[(/2)% + X*1[/2)% + n% + x~ 1172

-1 2hx

z[(ﬂﬂ./z)2+hz+xz]1/2

tan

I
S AN

[27]

by the use of integral tables

I (x) = hx dx
B [(€/2)% + =2 1[(€/2)* + 0% + = ]1/2

£
L {Lw/2? + P no[/2)% + P 4 B2y 2 g (22
=zl Z . .2
£/2)" + x
by the use of integral tables [28]
Using the relationships
IA(—X) = —IA(X) A-5
Eqn. A-4 can be written in the following form
(b+a)/2 (b-a)/2
I1 = XIA(X)V + IB(X) ( A-b

(b-a)/2 b+a)/2
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On considering the case b< a/2 , it can readily be shown that

b/2 -b/2 ' (b-a)/2
b (b+a)
I = 21,(x) + bl (x) + 1.(x)
VU2 e A a2 A Lpay2
b/2 (b-a)/2
-Io(x)] + I(x) : A7
B bz BT | Lpra)2

This can be reduced to Eqn. A-6 by use of the relationships

A-5. Thus, Eqn. A-6 is valid for all values of b/a .

Numerical evaluation of the integral I1 by means of Eqn. A-6

was used to determine the variation of I1 with the four parameters

a, b, £, h. Two bounds, which are somewhat simpler to ecvaluate,

can be obtained for I1 in the following manner.

Since the integrand of Il (Egn. A-1) is always positive, this

integral is bounded between upper and lower limits, I2 and 13 re-

spectively, expressed by

a2 b/2 dx., dx

1 2
I = hf A-8
2,3 o “-b/2 [(CZ, 3)2 + (XZ-X1)2]3/2

02

where c

[(£/2)% + n2711/2
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When h<< £/2, it can be seen that the values of I2 and 13

ai‘e close to each other and their average value 14 = (IZ + 13)/2 is
then a good approximation to I1 .
Integrating Eqn. A-8 by introduction of the coordinate

X3 = (XZ—XI) , leads to the expression

(bta)/2 (b-a)/2
2,3 2.3

! =X1’<X)/ +1’(x)/ ALG
where

2,3 e . }

1“2 (x) = h _ |

’ [eg, )% +x 175 ey 3 [y )" #5171
by the use of integral tables [26]

2,3 | x dx -h

I ? (X) = h -

7 [(e, 2421772 e, 5 +"1"2

By suitable manipulation, it can be shown that
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Thus,
2 2
B L R o B N L )12
? (e/2)*
2 2
I L s R B = +n271/2
3 (i/2)2+h2
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APPENDIX B

PASSIVE NETWORK ATTENUATION OF THE TOTAL TIME

INTEGRAL OF AN INPUT PULSE

Consider a linear, passive, lumped parameter, 2-port network,
The ratio of the output voltage V2 to the input voltage V1 is expres-
sed, in Laplace transform notation, as:

—V—Z(S)/VI(S) :P(S)/Q(S) » B-1

where —V—Z(S) is the transformed output voltage, vl(s) is the trans-
formed ihput voltage and P(s), Q(s) are polynomial functions of the
variable s . Assuming that all the time derivatives of VZ and Vl’

exist and that the values of the voltages and all their time derivatives

vanish at initial and final time, Eqn. B-1 yields:

‘ 2, .2 _ P(0) 2, .2
[1+Cpd/dt+ Cyd™/dt™ +---]V, = W[I+Kld/dt+K2d [t +--1V,
B-2
‘where 'Cl’ CZ---,KI,/KZ———, are constants.

Integrating Eqn. B-2 timewise between the limits t = 0 and

t = o gives:

0 : o0

f VZ dt Z-g%-g-;—f V1 dt -B-3
o o]
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Thus, the ratio of the time integrals of the two voltages is
identical with the steady state attenuation of the network, and so is

determined by thc rcsistive properties of the circuit.
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APPENDIX C

CURRENT DISTRIBUTION IN A SEMI-INFINITE THIN RECTANGULAR

PLATE, WITH A SYMMETRICALLY-PLACED POINT CURRENT

'SOURCE

Figure C-la shows a sketch of the rectangular plate and its
associated point current source. Assuming material of uniform re-
sistivity p , the voltage and current density distributions (U and i
respectively) are given by the equations

Ve U

Il
o

i = -= g U

with the béundary condition that the normal component of i be zero
at the edges of thek plate (excebt at the current injection point). This
two-dimensional probiem can.be solved by mapping the rectangular
plate in the z-planc into the upper half of .the zl—plane, as indicated

in Fig. C-1b. The following mapping functi‘on[zg] effects the desired
transformation, with corresponding points +a of both planes being

images of each other. This mapping function is

= in (L.2 -
Zl,_ a sin (2- a) C-2

The field solution W' of the zl—plane problem is

W=U+iV=-K1nzI Cc-3
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- where U = potential function
V = stream function
_8U . :
By evaluating -Sg = lg—z-v on a semicircle of radius r , centered at
P' , and equating the total current flowing across this boundary to the

injected current I, it can be shown that K =

I?p . On substituting

Egn. C-2 into Egn. C-3, the solution of the z-plane problem is obtained

as
W = _lp In [a sin (E-E)]
™ 2 a

The derivative , whose absolute value at any point gives

d
dz _
the magnitude of the electric field at that point, is expressed by

dw

T = ExtIEy
C-4
I ,
B gy
where EX = x-component of electric field
v = y-component of electric field
The absolute value of the current density is expressed by
1 jdwW I ‘ T z
il = 2 2= = = .2 -5
|1| p ldz 2a ICOt (2 a CA

The quantity 'I/2a is the average current density in the plate
at a point far distant from the current injection point and so the ratio

of the absolute value of the current density to the average density is
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given by

C-6

The direction of current flow at any point of the plate makes an angle

a with the x-axis, where (using Eqn. C-4)

E m (2Y)
a = 1:an“:l (=X) = ta,n-1 dz Cc-7
E AW, -

X -Re (—a-z)

The current distribution over the plate is shown in Fig. 4.8. The dir-
ections of the arrows indicate the direction of current flow at various
point’s which are situated at the tails of the arrows. (Due to symmetry
only half the current vectors are shown.) The values of N are shown
at the heads of the arrows.

The currenf density is higher than the average over one half of
the conductor sﬁrface and is less than the average over the rest of the

surface. On the lines =z = ia/Z + iy , the current density is identical

with the average value.
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APPENDIX D

EFFECT OF MISALIGNMENT OF FILM HARD AXIS AND DRIVE

FIELD ON FLUX SWITCHED IN TRANSVERSE MODE

Figure D-1 shows a representation of a magnetic film having an
easy axis defined by El and _52 . The drive field H 1is applied at an
angle B to the film hard axis and the resulting flux change is measured
by means of a closely coupled loop, whose axis makes an angle a with
the film easy axis. According to the Stoner-Wolfarth model[ 23] , When
H = Hy there is only one stable equilibrium direction for the film mag-

netization M and this direction makes an angle @ with the film easy

axis, where @ satisfies the equation

MHcos (B+P) = Ksin 20 D-1

which can be written as
2h cos (B +B) = sin 26 D-2

where h (= H/(2K/M) = H/ HK) is the normalized drive field. For
given Valués of h and/ B , this equation may be solved iteratively
for 0.

When the magnetization is switched from the direction of —51 )
the magnitude of the flux change in the direction of the loop axis is

given by

lAqSllz M [cos @ - cos (a+ 0)]
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Fig. D-1, Orientation of Magnetic Film, Drive Field
and Loop Axis
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The corresponding flux change magnitude obtained in switching from

the direction of EZ is given by

|A¢2| =M [cosa+ cos (a+ 6)]
The mean value of these flux change magnitudes is
IAqbl = M cos « D-3

which is within 1/2% of the value of M for a< 5° . The ratio of

|Aq31l‘to |A¢Z

is denoted by

F:cosa—cos(q+9) D4
cos a + cos (a+ 6)

The effect of easy axis misalignment was determined for the
case of a film, whose loop axis was aligned exactly perpendicular to
the drive field (i. é. , a=0). The variation of 9 and ¥ with the
quantities p and h was obtained by means of a computer program
Which solved Eqn. D-2 iteratively for 6 , and then calculated the
corresponding value of F . The results obtained are tabulated in the

final subsection of Section VlI.
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