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I. INTRODUCTION

For several years there has been considerable interest in
using arrays of adaptive welghting elements for purposes of
pattern classification and for simulating certain functions of
neuron nets (1, 2, 3). Several applications of arrays of
welghting elements have been investigated including character
recognition, weather forecasting, disease diagnosis, traffic
control, speech recognition, power-load prediction, and the
identification of objects on photographs. Experiments with
computer simulated elements (4, 5, 6) and small numbers of
physical elements (7, 8) have shown that arrays of weighting
elements would be quite useful for handling pattern classifi-
cation problems of this nature., In addition, Mays (9) in a
discussion of adaptive machines has suggested that machines
composed of welghting elements would be useful for designing
switching functions, automatic manufacturing of certain de-~
vices, self optimizatlion of declision machines with time vari-
able lnput statistics, improving the reliablility of digital
processes, and automatic wiring and teéting of microcompo-
nents,

The adaptive welghtling element is an analogue memory
element which 1deally has unlimited, continuously=-variable,
linear gain which can be set and maintained internally (such

as the remanent magnetization of a maghetic core or film). - ..



Some device considerations include element size, number of
weight levels avallable, fabrication cost, time required to
change welght levels, stability with time and with disturd
conditions, repeatable performance, and variations in element
characteristics.

The performance required of physical weighting elements
depends to a large degree on the complexity of the particular
classification problem. For a simple problem 1nvol#1ng a
relatively small array, element tolerances may be relaxed by
increasing the number of elements without significantly in-
creasing the array cost. Some studles have been made on the
properties of non~-ideal adaptive arrays (5) but the relation
between the classification problem and the element properties
required has not been investigated in detail. However, the
elements which have been constructed can be compared on the
basis of cost for equal performance'assuming that stabllity
and other factors are the samé.

Several methods of constructing weighting elements have
been explored. Nagy (8) has reviewed elements constructed of
servo-driven potentiometers, thermistors, photochromic films,
ferroelectric dielectrics, ferrite cores, and reversible
electrochemlcal reactions. Other devices are magnetic fllms
" with magnetostrictive readout of the remanent magnetization
(8), magnetic cores with second harmonic readout'of the

remanent magnetization (10), and a supe:conducting weighfing



element (l1la). In addition, Pohm et al. (1llb) investigated
a magnetic thin film adaptive linear decision array. This

thesis reports continued work on the magnetic film element

which was directed towards improving the performance of the
memory port;on of the element.

The magnetic thin film version of an adaptive array
consisted of elements located at the intersections of input-
output lines, The elements acted as transformers which
coupled signals on row input lines to the column output lines.
Each element had a varilable coupling coefficient which was
adjusted by coincident sslection of that element. The
weighted input signals which described the pattern to be
recognized were summed on the output lines, The weights of
the elements were adjusted according to a "training" routlne
(algorithm) when a pattern was applied to the input lines.
The input patterns were repeatedly applied until each differ=-
ent pattern caused a different output line to-have a signal
larger than the signals produced on the other output lines.
The array had then been "adapted" to recognize the average
pattern of each class, ,

The magnetlic film welghting element consisted of two
permalloy=-plated wires closely spaced., One film with circum-
ferential magnetization was employed as a memory element. The'
magnetization of the memory element was incremented over sev-

eral stable states between saturation limits by easy=-axis



coincident fields. The other film with longiiudinal easy axis
was used to sense the magnetization state of the memory film,
The voltage output of the sense film when operated as a bal-
anced modulator (12) was proportional to a transverse bilas
field which was provided by the demagnetizing field of the
memory element. The sensing element performed satisfactorily,
but the plated permalloy memory elements switched too rapidly
for convenient use., However, the element was small, fast,

and could be easily batch fabricated at low cost., Also, the
element gain was easlly adjustable in increments by the appli-
cation of coinclident field pulses.

The purpose of this work reported in this thesis was to
examine the properties of high coercive force slow-switching
compositions of thin magnetic films which were expected to be
more suitable for use as analogue memory elements, The coer-
cive force, anisotropy fileld, and incremental-switching char-
acterlstics of nonmagnetostrictive compositions of CoFe, CoNi,
and NiFe were examined for several thicknesses of each compo-
sition., The magnetlzation reversal process was studied with
the Bitter technique for some of the NiFe films. The experi-
ments were concerned with determining the nuumber of avalilable
remanent magnetization states, the reliability of éttaining
a given state, and the stability of the remanent state when
disturb fields were applied.

The experimental results indicated that the performance



of the analogue memory element could be significantly improved
using CoFe for the material of the element. The CoFe element
switched more slowly and was more stable with disturd condi-

tions such as half-select currents or readout currents.



II. THEORY

Before dlscussing the magnetic film element further, the
characteristlices of thin magnetic films should be briefly re-
viewed. A thin magnetlic fllm is usually characterized by a
unlaxial anisotropy which results in a magnetic easy axis and
a hard axis. Along the easy axls the magnetization has two
stable states and the M-H hysteresis loop is almost square,
while along the hard axis the M-H loop is nearly closed as
shown in Figure 1, Flelds applied along the easy axis cause
the magnetlizatlion to reverse by the movement of magnetic
domain walls while fields applied along the hard axis cause
the magnetizatlion to rotate. Some parameters most often used
to characterize a fllm are shown on the hysteresis loops and
are the coerclve force H,, the anisotropy field Hy, and the
saturation magnetization Mg. Usually cgs units of oersteds
and gauss are used 1ln magnetic thin film work. Some typical
parameters for 81-19 NiFe (permalloy) films 1000 angstroms
thick are Hy = 2 oe, Hy = 5 oe, and Mg = 980 gauss.

As operated in an array the magnetization of the analogue
memory film would be swltched in increments by the coincident
application of double-polarity short-duration field pulses and
a long single-polarity blas pulse applied along the film easy-
axls., As shown in Figure 2a, the total megnitude of the field

pulses for one polarity of the double pulse should just exceed
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the value of fleld required to move the domain walls and
should step the magnetization as shown in Figure 2b. In this
way the direction of wall movement can be controlled by the
éelectlon of the polarity of blas field. Applying pulses just
greater than Hg but much less than Hy (threshold for rota-
tional switching for flelds applied along the easy axis)
should cause the film magnetization to reverse primarily by
the slowest process, that oé-dbmain wall motion. The short-
duration fileld pulses should nucleate large numbers of small
domains of reverse magnetlzation, This split state during
reversal has been observed in switching experiments (13) and
has been attrlbuted to inhomogeneties of the fllm magnetic
properties. It is desiréggfhét lafge numbers of reverse
domains be nucleated so that the effects of any variations
in the reversal process would tend to be canceled. Each
incrementing pulse should cause the reverse domains to
expand slightly by moving parts of the domain walls very
short distances. It is expected that reverse.domains will be
nucleated by each of the first few incrementing pulses. Also,
the film magnetization wlll reverse by the growth of tip
domains located along the film edges.,

The results of the investigation of the magnetic film
element (11b) indicated that a slower-switching material
would perform better as a memory element. That is, a material

in which the domain walls move more slowly could be incre-
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mented 1in more.steps between saturation limits. Domain wall
veloclity has been studled extensively both experimentally and
theoretically for many years. Some of the results as reviewed
by Dillon (14) and by Sooho (15) are summarized here.

Several experiménters have found for several different
materials that the domain wall veloclty is well described by
the equation v = R (Hg - H,) where R is the wall mobility, Hy
1s the applied fleld, and H, is a constant related to the
value of fleld requlred to initiate wall movement. Some of
thé materials investigated were as follows: Willlams gt al.
(16) studied 3% silicon-iron, Galt (17, 18) studied single
crystals of magnetite and nickel ferrite, De Blois (19)
studied iron whiskers, Dillon and Earl (20) studied manganese
ferrite single crystals, Ford (21) studied NiFe films, and
Copeland and Humphrey (22) studied NiFe films., The experi-
mental results tend to support domain wall motlion theory.

Theoretical investigations of domain wall motion such as
by Kittel and Galt (23) using the Landau-Lifshitz equation of
motion (24) have predicted that wall velocity should vary
directly as the applied fleld and inversely as a damping con-
stant which 1s deflned in the equation of motion, Durinz
domain wall movement energy is dissipated as heat by eddy-
currents and by the transfer of energy from the processing
electron spins to lattice vibrations. Energy 1s transferred

to the lattice by spin-lattice interactions and by spin-spin
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interactions called spin waves,

Wall mobilities in non-conducting materials are predicted
by relaxatlon damping conslderatlions while in conducting mate-
rials wall velocities agree with the theory (16) based on
eddy-current damping. Ford (21) investigated wall mobility
in permalloy films and found that relaxation damping was not
significant for films as thin as 700 angstromsi-

Eddy-current damping theory predicts that wall mobility
1s inversely proportional to MgoT where Mg is the saturation
magnetization, o is the electrical conductivity, and T is the
film thickness. Bulk values of Mg and o given by Bozorth (25)
for the three compositions investigated in this thesls indi-
cate that the CoFe materlal may have a slightly lower value
of wall mobility than the other compositions,

The relaxation damping constant can be obtalned from
resonance experiments. Lax.and Button (26) have reviewed the
theoretical development leading to the equations which relate
the measured values to the damping constant,

2/T =yAE and B = l/wT
where AH 1s the difference between the d-c fleld values at
which the absorption 1s one-half of maximunm, y is the gyro-
magnetic ratio (y/2x106 = 2.8 mc/oe-sec), T is the relaxation
time, w /27 1s the frequency at which the measurcments are
made, and B is_ the damping constant, |

The resonance data for Co (27) and for permalloy (28)
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does not indicate a significant difference in the relaxation
damping constant of these materlals. However there may be a
small difference which would be difficult to detect from the
data plots given.

Gyorgy (29) has discussed the measurement of relaxation
damping and suggests that the damping constant may be depend-
ent upon experimental conditions and that an 9xper1mental
value may not indicate the damping constant fér all types of
reversal processes,

This brief investigation of wall velocity did not result
in definite conclusions regarding the cholce of a slower
switching material because not enough information is available
on the wall mobilities and damping constants of these mate-
rials,

The reversal process can be studied in several ways as
reviewed by Dillon (14). In this study the reversal process
was primarlily observed by recording the percent of magnetiza-
tion switched during the applicatlion of an easy-axis reset
pulse which caused most of the magnetization to align in one
direction along the easy axis. Short-duration pulses were
app lled along the easy-axis to increment the magnetization
towards the opposite saturation state. During the reset pulse
the flux change, dM/dT, was sensed with a pickup coil and inte-
grated. The maximum voltage signal was recorded when the

polarity of the reset was alternated with no incrementing
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pulses applied. This was called the maximum flux change and
other signals were recorded as a percentage of the maximum
signal., In the experiment, the air flux coupling between
reset and sensing field colls was cancelled so that a flux
change was equivalent to a magnetization change.

The reversal process was also studied with Bitter pat-
terns and with the Kerr magneto-optic effect. The Bitter
solution is a colloidal suspension of iron particles which
are attracted to the domaln wall by demagnetizing fields which
result from the rotation of spins out of the plane of the
film, Thls method can not be used to observe the walls as
they move because one to three minutes are required for the
lron particles to collect on the walls, Also, this technique
does not indicate the directions of magnetization in the
domains.

Several attempts were made to use the Kerr effect to
observe the reversal process, however no useful results were
obtained. In the Kerr effect polarized light is reflected
from the film and rotated by the different directions of film
magnetization. An analyzer 1s used to obtain a contrast be-
tween the different rotations, The domains can be observed
during the switching process with this technique. The results
of attempts to use the Kerr effect indicated that perhaps many
reverse domains were nucleated which were too small to be

seen without magnification. Magnification requires a strong
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light and good optles which were not available.

From the data presented by Bozoxrth (25) two nearly zero
magnetostrictive compositions of high coercive force materials
were selected for investigation and comparison with permalloy
as memory elements., These slower-switching compositions were
95-5 CoFe and 80-20 CoNi, The composition of NiFe investi-
gated was 83-17 before deposition. |

The films examined here were obtalned by flash evapora-
tion in a vacuum. Other methods were studied for possible use
including eledtron bombardment, electron-beam technique, sput-
tering, and induction melting of metals suspended in a mag-
netic fleld. However these methods would have required a
large investment of time and money. Evaporation of the mate=-
rials from a cruclible and from a tantalum boat wefe attempted
without success because of insufficlient temperature and alloy=-
ing problems with the boat. An excellent reference for depo-
sition work is by Holland (30).

The materials to be evaporated were hung in loops on a
metal filament which was placed approximately 6 to 12 em below
the substrate holder. Cover glass slides approximately 9 mils
thick and 0.86 inches square were used for substrates, which
were heated to roughly 200°C in a vacuum of 5xlo'5 mmHg. Dur-
ing the deposition the film magnetization was oriented by a
30-40 oe d=c field to produce field-induced anisotropy. The
CoFe films were made from loops of 95~5 CoFe alloy, the CoNi
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'films from loops of pure Co and Ni in an 80-20 combination,
and the NiFe films from loops of 73-27 NiFe and pure Ni in an
83-17 combination. It was noted by weighing the filament
before and after deposition that approximately 50% of the
material hung on the flilament was not evaporated.

The film thicknesses were measured by the Tolansky method
(31) with a home-made version of a multiple~beam interferometer
which is shown in Figure 3. Normally the beam splitter shown
is mounted inslide the microscope as in a metallurgical or
interference microscope. The fringes observed were not as
sharp as desired and it was estimated that 5-10% accuracy was
obtained. Normally 1% or 100 angstroms is the accuracy ob=-
tained with the Tolansky method. The film thickness is given
by T = Ab/2a where a is the distance between fringes, b is the
height of the step, and A is the wavelength of the monochro-
matic light used. A detalled discussion of the various
methods of measuring film thicknesses 1s given by Holland
(30). |

The gross magnetic properties, Hy and Hy, of the films
were measured with a 60 cps hysteresis loop tracer. Most of
the CoFe and CoNi fllms examined were either bilaxlial or iso-
tropic while the NiFe films were usually uniexial.

The H, and thicknesses for the fllms examined are glven
in Table 1. The value of Hygyy given was the total magnitude
of coincident fleld required to cause a 10% change in the film
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Table 1, Some properties of films examined for use as

memory elements

Bit
dimensions
H ’ - Hya11 Easy Hard
Film Thickness c Film Bit axis axis
Material no, angstroms oe oe oe mils mils
CoFe 82 2730 16 21.4 15.5
87 1062 17.2 17.1% 15.5% 40 75
92 1540 26.3 26.9 25.5
97 675 13 14 13.8
102 1810 14 19 10.7
CoNi 106 1475 20.9 23.6% 21.98% 35 73
111 1293 33.5 37.2 -
NiPe 5 , 860 1.2 4,9 -
_ 13 1040 2.1 1.62 0.4% 35 50
lu 1503 1.7 109 =

aValues of Hyg)] measured using single-polarity pulses.

magnetization.

Several experiments were performed to determine the per-~

formance of these fllms as memory elements,

The experiments

were concerned with determining the number of usable remanent

magnetization states, the reliabllity of attaining a given

state, and the stability of the remanent state when disturdb
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fields were applied. 1In summary,'the percent magnetization
change vs the number of incrementing pulses (single-polarity
pulses and double=polarity pulses coincident with a bias
pulse) was examined for several film thicknesses of each of
the three compositions. The single-polarity pulse experiments
were performed to provide initial information concerning the
number of expected welght levels and to provide information
for comparison and explanation of other experiments. The
double-polarity pulse experiments provided information as to
element reliability; stability, and performance when coinci-

dent currents were used to adjust the magnetization.
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III, EXPERIMENTAL

A, Apparatus

1., Field colls

The coils for incrementing and reseting the film mag-
netization and sensing the magnetization change during reset
were wound on glass form as shown in Flgure 4, This arrange=-
-ment was chosen so that Bitter pattern studies could be made
later. The Bitter technique requires a second layer of cover
glass to spread the Bitter solution in a thin layer. Provid-
ing for the Bitter pattern experiments greatly increased the
problems involved in designing the field coils. Much larger
currents were required to provide sﬁfficient fleld strength
to switch the film than would be required if the films could
have been placed much closer to the coil. The increased
applied voltage results in large capacitively-coupled currents
in the sense coll which are difficult to cancel. The capac-
itive coupling between reset and sense coils was decreased by
splitting the reset coil and placing tbe sense coll in between
the two halves.

Both reset and increment coils consisted of 8-~turns of
No. 44 wire (2-3 mils in diameter) which was arranged as two
L-turn segments placed on either side of the L-turn sense
coil, A 5-mil thickness of mylar was placed between reset

coll and the increment coil which was wound on top of the
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réset coll,

The switching colls were designed to provide the neces-
sary field strength to switch the film and to keep the induc~-
tance low enough so that 25 nsec field pulses could be used
to increment the film magnetization. During the experiments
a second layef of cover glass was placed on top of the film to
position the film midway between the fleld coiis.

The mutual air-flux coupling between the three coclls was
cancelled for:the most part by similar colils oppositely wound
on the same glass form as shown in Figure 5. The mutual coup-
ling between the reset coll and the sense coll was more closely
adjusted to zero by varying the position of a ferrite-powdered
strip of cover glass which was partially inserted into the
mutual cancelling colls shown on the far right in the middle
- of Figure 5.

Several experiments were performed with another set of
fleld colls without cancellation between the increment coil
and the other colls, It was found that one polarity of the
double-polarity incrementing pulse was coupled into the trans-
istor clrcuits which resulted in a sighificant decrease in the
field produced by that polarity of current.

During the experiments a magnet was used to cancel most
of the ea:th's magnetlic fleld in the vicinity of the film.

The cancellation was measured with Hewlett-Packard magneto-

meter fleld probde.



22

yd
}25(/ MADE OF GLASS

- PIECES 0.009
0.636 e THICK
00"~
fe——027" ]

GLASS FORM FOR FIELD COILS

RESET SENSE COIL

colL l;‘7§ /—PLASTIC SPACER 0.005" THICK

| S i == i~ R wane |
0.036"%

FIELD COILS MOUNTED ON GLASS FORM

RESET — YN TEI e T GTT—
SENSE — TY0T —————— JHT———— 2000000000 —

INCREMENT — 5 i ——————— 0000 ——
WINDING DIRECTIONS OF FIELD COILS

FiIG. 5 -—ARRANGEMENT OF FIELD COILS ON GLASS FORM



23

The incrementing coils produced a computed maximum field
(d=c calculation) on the coil axis of 61,1 oce/amp which
occurred near the center 6f each 4-turn segment. The average
(effective) field between the points at which the field was
one-half of the maximum value was computed as 52.25 oe/amp.
In the experiments described later the field values mentioned
are effective fields. The maximum reset field was approxi-
mately 40 oe/amp. The method of calculating the maximum and
effective filelds is given by Hoper (32).

2, Circuits

The arrangement of the equipment used to perform the
experiments is shown in block diagrém form in Figure 6. The
purpose of the equipment was to provide incrementing and reset
pulses in a sequence as shown in Figure 7. The reset pulses
were generated every'loo msec and the incrementing pulses were
produced within 70 msec. The blas field was applled continu-
ously or as a long pulse coincident with the incrementing
field pulses,

The clrcults which were designed to produce the reset
pulse and double=-polarity incrementing pulses are shown in
Figure 8 and photographs of the pulses produced are shown in
Figure 9. A reset pulse of sufficient magnitude to switch all
the films examined was provided by the‘tggnsistor‘pulse ampli-

fier which mainly consisted of three transistors placed in
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parallel for increased current. The rise time of the reset
puléé was about 150 nsec,

The 25 néec, single-polarity incrementing pﬁlses were
obtained from a Rese 1051 pulse generator which uses a mercury
wetted relay and a delay line to produce the pulse. A shorted
delay line placed in parallel with the incrementing coil and
an impedance matching network as shown in Figure 8 was used to
produce a delayed pulse of opposite polarity and thus produce
the double polarity pulse. The delay line consisted of 10
feet of 50{) cable which delayed the second pulse by about
35 nsec. The pulse magnitude was monitored with a Tektronics
585 oscilliscope using a 100 me¢ probe,

Several attenuator heads were used with the 100 mc probe
to monitor the magnitude of the incrementing puises. The
attenuator heads and the probe were calibrated by observing
flux changes caused by a large number of incrementing pulses
of a certailn magnitude and recording the d-c blas necessary
to cause the same flux change for a decreased pulse magnitude.
Several measurements were made with this procedure to insure
the calibration. It was noted that the signal helght moni-
tored by the probe was changed 1f the probe was moved slightly.
Also, the changed signals differed slightly in shape from pre-
vious signals, Thus any change in the probe calibration was
easlly detected by observing the signal waveshape. The cali-

bration values agreed quite closely with values obtained by
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adjusting the attenuator heads to give a proper waveshape for
a fast rising pulse and then using the calibrated output
pulses of the 585 scope to callbrate the attgnuator heads and
probe. ‘

The d-c blas field was supplied as shown in Figure 8 by
a d-c¢c power supply placed in series with a manual switch. In
some of the later experiments a relay was used in place of the
manual swiltch,

Dufing the application of the reset pulse the film mag-
netization wés returned to the 1lnitlal saturation state. The
voltage signal produced in the sense coll was amplified and
integrated wlth the circult shown in Figure 10. The circult
was designed to present a large'impedance yo the sense coil so
that the coll would not draw much current and have a short
enough time constant to follow most of the switching signal,

fhe inductance of the sense coll was measured as about
1 microhenry. Assuming sbme distrlbuted capacitance, the time
constant of the sense coll and 500 ohm resistor was estimated
to be 5 to 10 nsec. With this short time constant the coil
should respond to most of the switching signal.

The integrating network shown had a time constant of
about 5S5usec which was about 10 times as long as any switching
signal observed during the reset pulse.

The performance of the integrator was measured by apply-

ing short duration pulses of various magnitudes and pulse
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widths to the sense amplifier input. The sense amplifier out-
put signal was plotted vs. the area of the iInput pulse as
shown.in Figure 1l. The rise time of the testing pulse was
less than 20 nsec which Indicated that the sense amplifier
will satisfactorily integrate the major portion of the switch-
ing signal during reset,

Some samples of switching signals and flu# changes ob-
served are shown in Figure 12 for a fixed number of increment-
Ing pulses with a variable pulse magnitude. The signals shown
were recorded using the 100 mc probe. The initial spike volt-
age shown iIn Figure 12a was caused by capacitive coupling

effects and was not part of the switching signal,
B, ' Measurements

Presented here are experimental results which indicate
the performance of'CoFe, CoNi, and NiFe films as memory ele=-
ments. Experiments were performed to determine the number of
usable remanent magnetization states, the rellability of
attalning a given state, and the stability of the remanent
magnetization state when disturbing magnetic fields were
applied. Also, the performance of strips of magnetic film
(L.e. continuous film planes) was compared with that of film
 bits.

The easy-axls remanent magnetizatioh of planar films of

the three composlitions was incremented between saturation
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limits by 25 nsec easy-axls fleld pulses with magnitudes
greater than H,. The percent magnetization change vs. the
number of incrementing pulses was examined for several film
thicknesses of each of the three compositions. Domain wall
formation and movement were examined with Bitter patterns for
some of the permalloy films, Additional measu;ements were
also made with 3 double polarity pulse fileld and a slowly
varying bilas fleld. Eddy~current damping was investigated as
a means of 1ncreasing the number of remanent states of the
CoFe film bits,

The experimental results for one fllm of each composi-
tion were selected for presentation here. These results are
typlcal for each composition investigated. The results for
all 10 films examined are not presented since this would in-
volve an excessive'number of data plots, However the addi-

tional information provided by these data is discussed.

1. Single-polarity pulse experiments

The increment-switching characteristics of films and bits
of film of the three compositions were firstA1nvestigated by
applying 25 nsec single-polarity field pulses along the film
easy axls, These data indicated the nﬁmber of welght levels
which could be expected, the fleld values required to.switch
the films, and relative switching speeds of the three composi-

tions.
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The increment-switching characteristics of the films
and film blts are shown in Figures 13-18. The percent of the
maximum flux change was plotted vs. the number of incrementing
field pulses for various magnlitudes of applied field. The
parameter, percent of maximum flux change, was used in the
figures so that the data might be more easily presented. A
maximum flux change was recorded when the film magnetization
was switched by alternating the polarity of the resef pulse
wlth no incrementing pulses applied. In the figures a value
of 0% A?max corresponds to one of the two magnetization satu~-
ration states while 100% Adp.x means that the film magnetiza-
tion was reversed to the opposite saturation state. Since the
air-flux coupling was cancelled, a flux changé recorded was |
equivalent to a magnetization change.

The experimental results for the film strips are shown
in Figures 13, 14 and 15. In each case the magnetization
switched per pulse decreased with an increasing number of
pulses, For higher magnitude fields the first few increment-
ing pulses, 50-100, caused a relatively large change in the |
film magnetization and slope of the magnetization curves
changed rather abruptly to a very gradual slope. The NiFe
film strips had the largest number of magnetization states
which varied nearly linearly with number of pulses. Over 300
states could be used for an appropriate choice of field mag-

nitude. CoFe had the fewest number of linear states, 50 for
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large magnetization changes and about 150 for smaller applied
fields.
The incremental swltching characteristics of the film

bits are shown in Figures 16, 17 and 18, As compared with the
results for the film strips the initial magnetization change
per applied pglse increased greatly for the NiFe composition
and increased slightly for the other film sampies.

The magnetization change for a large number of incre-
renting single-polarity pulses was measured as.the magnitude
of the pulse was varied. The results of these measurements
are shown in Figures 19 and 20 for the film stripé and film
bits. Examination of the slope of the curves reveals a de-.
creased slope for the film bits which was probably caused by
demagnetizing flelds from the £1lm edges. Of interest here
are the fieid magnitudes required to initiate and to complete
the reversal process, This is important because the results
of double=-polarity pulse experiments discussed later indicate
that the coincldent fleld magnitudes when added cause nearly
the same flux change as single-polarity pulses of that magni-
tude. Therefore, Figures 19 and 20 show what combination of
double~-pulse magnitude and bias magnitude can be used to
switch the film magnetization. Also indicated are the shake-
‘down or partial-switching effects of the coincident currents
when applied individually.

As shown in PFigure 19 for the film strips, coincident



8

®CoFe FILM # 87

oF 305 PULSES
©CoNi FILM # 106
305 PULSES
SO BaNi Fe FILM #13
é 470 PULSES
3 !
P

b1
]

(4

PER CENT OF MAXIMUM FLUX CHANGE

(o) 10
SINGLE -POLARITY PULSE MAGNITUDE — oe

FIG. I9— EASY-AXIS REMANENT MAGNETIZATION OF Co Fe, CoNi, AND Ni Fe

FILMS INCREMENTED BY MANY SINGLE-POLARITY EASY AXIS
FIELD PULSES

£4



8

0—CoFe FILM #87
470 PULSES

@—CoNi FILM # (06
305 PULSES

®— NiFe FILM 13

%A ¢M A'X

?
O
N
T
=

o | 10 ': 20 30
SINGLE-POLARITY PULSE MAGNITUDE— Hpylse—0€

. PER CENT OF MAXIMUM FLUX CHANGE

FIG. 20— EASY-AXIS REMANENT MAGNETIZATION OF CdFe, NiFe,
AND CoNi BITS INCREMENTED BY MANY SINGLE-
POLARITY EASY-AXIS FIELD PULSES

fh



b5

fields each equal to 1/2 of the total field required to switch
most of the magnetlzation can be used to adjust the remanent
state. These fields when applied alone cause less than a 2%
change in the remanent state of either the CoFe or CoNi com-
positions. However, at least a 10% change occurred in the
remanent state of the NiFé film and a slight increase in the
field magnitude will cause a much greater change..

The results for the film bits given in Figure 20 indicate
that the magnetization of the NiFe film bit can not be satis=~
factorily adjusted by coincident fields. The data show that
there 1s no combinatlion of bias and incrementing pulse magni-
tudes which can be used to switch most of the film magnetiza-
tlon without having one of the fields large enough such that
the field applied alone would cause a considerable magnetiza=
tion change. This observation was confirmed by the double-
polarity pulse experiments. However, the performance of the
NiFe blt could probably be improved by decreasing the width of
the bit which should decrease demagnetizing effects along the
easy axls.

a. Summary of single-polarity pulse experiments The
results of incrementing the magnetization of the film strips
indicated that the NlFe fllm switched more slowly than the
other films when incremented with the lower magnitudes of
applied pulses. However, the NiFe film obviously switched

faster than the other {ilms when incremented with the highexr
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values of applied fleld. This is explained by the measure-
ments made with a large number of pulses (Figure 19). As
shown in Figure 19 the NiFe curve of % Aoy Vs. magnitude
of applied pulse has a greater slope than the other curves
and that CoPFe has the least slope. The slope of these curves
is important since the flux switched per applied pulse is
directly related to the area of the pulse which exceeds the
curve, It ls apparent that more pulse area exceeds the curve
for CoFe than for the other films, However, as the pulse mag-
nitude is increased to values which nearly saturate the film
magnetization, the effect of the slope of the curves should
. become less important. Therefore, the switching speeds of
these films should be compared at the highexr values of applied
field, The comparison at higher fields as mentioned above
- reveals that the NiFe films switch faster than the CoFe films,
The results of incrementing the film bits agree with the
above conclusion. Note that the switching speed of the NiFe
blt was increased over that of the NiFe film and was much
greater than that of either the CoFe or CoNi bits. However,
the slope of the NiFe bit characteristic for a large number of
pulses (Figure 20) was greater than the slopes of the other
bits. The increased switching speed of the NiFe bit agrees
with the decreased slope of the characteristic and the éonclu-
sion that the NiFe composition switches faster is not affected
by the slopes of the characteristic (if the NiFe bit slope was
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less than the other slopes then there might be some doubt by
the preceding argument). ‘

The results indlcate that the performance of the CoFe
composition wés superior to the Nilfe composition in terms of
switching speed and stability. Also, the CoFe bit performance
can probably be improved by changing the bit shape and by

obtaining films wlth a more "square"™ hysteresis loop.

2, Double-polarity pulse experiments

As explalned earlier, the magnetization of the memory
film in an array would be switched in increments by the coine
cident application of double-polarity pulses and blas pulses
applied along the film easy=-axis. The experiments discussed
here indicate the performance of the film samples .when coin-
cident currents are used to adjust the magnetization.

The percent magnetization change vs, the number of incre-
menting pulses was examined for films and bits of films of |
nearly all the film samples listed in Table 1 on page 16.
Presented in Figures 21-25 are the results for film samples
87, 106 and 13. The films were incremented from both saturaQ
tion states in order to investigate the symmetry involved.

- The data were taken in the following manner: the number of
incrementing pulses was fixed, the flux change was recorded
for one polarity of blas and reset, and then the flux change

was recorded for the other polarity of bias and reset. The
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bias and reset flelds were applied in opposite directions,

In order to obtain symmetrical flux changes for the film
strips for both polarities of bias field it was necessary to
first demagnetize the film by applying a large alternating
field along the transverse axls of the fllm., Sometimes nearly
symmetric flux ¢hanges were observed after thiq procedure. In
that case a small magnet was momentarily placed near.the film
with the field applied along the hard axis which caused a
slight change in the remanent state. Thls process was re-
peated until symmetrical flux changes were recorded. Sym-
metrical flux changes were always recorded for the film bits.
The problems encountered in obtaining symmetrical flux changes
for the film strips indicated that fields from the surrounding
film sériously bias the reversal process. In fact, these re-

- sults indicate that continuous film analogue memory elements
would not perform satisfactorily unless the entire memory
plane could be demagnetized (or magnetized and the effect bal-
anced) before beginning to classify input patterns.

The resulﬁs of the measurements for the film strips are -
| shown in Flgures 21, 22 and 23. A comparison of the results
for the film strips indicates that NiFe films switch faster
than the other compositions for the larger values of applied
flelds. The data for the other films examined support this

observation.
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The performance of the bits incremented with colincldent
double~polarlity pulses and a blas pulse was as before qulte
different than the results for the films. As was indicated
in the singlefpolarity pulse experiments, the NiFe bit did not
perform satisfactorily. The data in Figure 24 for the NiFe
bit show that shakedown effects caused by the double-polarity
pulses or switching caused by the bias pulse would prevent the
successful coincident-current operation of an array of NiFe
bits.

The CoFe bit and CoNl bit performed almost the same as
film strips of the same compositions., As shown in Figures
25 and 26 a slight increase in the switching speed was ob-
served for the blts; 1l.e. the initlal slopes of the curves
are steeper for the bits than for the film strips for equal
flux change after a large number of 1norehenting pulses.,

Of the three compositlons the CoNi bit apparently had
the largest number of linear remanent states. However, one
other CoNl film examined did not have as many linear states.
All five of the other CoFe film bits examined had nearly the.
same switching characteristics which indicated that the re-
versal process was nearly the same for each film.

These data indicate that the CoFe and CoNi film bits can
be incremented with coincident easy-éxis field pulses over a
large range of magnetization with 1little shakedown or partial-
switching for fields applied alone, Also, the film magnetiza-
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tion was repeatedly incremented to a given remanent state
after hours of performing experiments which indicated that
the reversal process was stable with time and reliable.

The percent magnetization change for a large number of
double-polarity pulses was measured as the magnitude of the
coincident bias was varied as shown in Figuresﬁ27-31. The
purpose of these measurements was to determine the charac~
teristics for this mode of coincident adjustment of the ﬁag-
netization., As shown in Figures 27, 28 and 29 the character=~
istics for each fllm composition did not differ significantly
for the continuous films, However, the performance of the
fllm bits differed as before. Data are not given for the
NiFe bit because the magnetization could not be satisfactorily
ad justed by colincident currents without having one of the
coincident currents large enough to cause a significant change
in the film magnetization when applied alone. The results
for film bits of CoFe and CoNi are shown in Figures 30 and 31.
Note that the effect of decreasing the pulse magnitude was to

shift the characteristics on the bias axis.

3. _CoPFe operating characteristics

The preceding measurements were concerned with determin-
ing the initlal lncremental switching characteristics of films
and bits of films, Of interest also is the character of re-

turning the magnetization tewards the initial state by coin=-
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cldent incrementing pulses. Only CoFe bit No. 87 was examined
because the measurements took considerably longer than pre-
vious experiments, the relative performance of the various
compositions of fllms and bits of film had already been in-
vestigated, and the preceding measurements indicate that a
CoFe bit would be the most useful memory element.

The measurements were made by applying a pulse series as
follows: a large number of incrementing double-polarity
pulses were applied coincldent with one polarity of bias,
then a varlable number of incrementing pulses witb the oppo-
site polarity of blas were applied, and finally a large reset
pulse was applled. The results of these measurements are
shown in PFigures 32, 33 and 34 for three values of increment-
ing pulse magnitude. One characteristic was selected from
each of Figures 32, 33 and 34 for summary in Figure 35.

These measurements indicate that the element magnetiza-
tion can be incremented back and forth between saturation
limits over at least 35 remanent states which are nearly
linear with the number of applied incrementing pulses, Sev-
eral hundred states can be obtained for smaller changes of
maghetization or for nonlinear operation.

The operating characteristics were also obtained for a
large number cf incrementing pulses as shown in Figure 36,
In this mode of operation the magnetization was adjusted by

varying the magnitude of the blas pulse., The pulse sequence
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for this experiment was the same as for the preceding measure-
ments except the number of pulses was equal for each polarity
of blas and the magnitude of the second polarity of bias was
varied. An lmportant result was that the "hysteresis"™ loop
was more closed as the film was adjusted over a larger range
of magnetization change. Note that the initial slopes of

the three "returning" curves vary greatly. Thépefore, this
mode of adjustment 1s highly nonlinear and would not be suit-

able for use in a linear decision array.

b, Stability

Some data which indicate the stability of the magnetic
film memory element have already been discussed. The perm~
alloy bits have been shown to be highly subject to shakedown
or partial switching for either of the coincident fields.
Although the stabllity of the higher H, films of CoFe and
CoNi was indicated by the results'of the single polarity and
double polarity experiments, further measurements were made
to determine the effects of shakedown from various remanent
states for the CoFe bit.

The data indicate the stability of half-selected ele=-
ments in an array.

The percent magnetization change vs. number of double
polarity pulses with a d-c blas was obteined for one value of

pulse magnitude. Then the same data were taken when pulses
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of the same magnitude were appllied as before and in addition
a large number of double polarity pulses of that magnitude
without blas were applied.

As shown In Flgure 37 only a siight change in the
remanent state occurred. The percent of magnetization change
varied almost linearly with the number of shakedown pulses
and was about 5.2% for 162 pulses. Also shown 1s the effect
of increasing the blas magnitude and decreaging the double
polarity pulse magnitude while maintaining the same flux
change. The shakedown was slgnificantly decreased from 5.2%
to 1.7%. The values of bias used here were way below the
coercive force (Figure 17) and would not disturb the remanent

state when applied alone.

5. _Bitter pattern studiles

As discussed earlier the Biltter technique was used to
study the domaln wall formation and movement during the
increment switchlng process, Presented here are results for
permalloy film strips. Several unsuccessful attempts were
made to observe domain walls in films of the other composi-
tions,. It was assumed that the walls of these thin, high
coercive force films were too tight to be observed.

For convenience the permalloy film strips with easy éxis
in the long dimension were placed on top of the field coils.

A layer of wax paper along with a layer of mylar were used to



Hg, 5= 5.508 —»

PER CENT OF MAXIMUM FLUX CHANGE

% 50
<
& [ EFFECT OF DECREASING Hgy e FOR 162 SHAKEDOWN PULSES
3 HpyLse-08 | Hgag-02 | %SHAKEDOWN FROM 77.5%Adux .
25 18 5.5 52 ©
| 5.6 6.9 3.4
13.8 8.3 1.7
o). 1 ] 1 { 1 1 ]

(o) 100 200 300
. - NUMBER OF DOUBLE-POLARITY PULSES - N,

FIG. 37— EASY-AXIS REMANENT MAGNETIZATION OF CoFe BIT # 87 INCREMENTED
BY COINCIDENT EASY-AXIS DOUBLE-POLARITY FIELD PULSES
AND BIAS PULSE .



71

contain the Bitter solution in a puddle. A 6 mil cover glass
was used to spread the solution in a thin layer. The pat-
terns were photographed with a 35 mm camera through a micro=-
scope at app:qximately 30X. A Layfette microscope adapter
was used to obﬁain the correct focus. The exposure was 1/4
sec, the focus was set at infinity, and the lens was wide
open. After each incrementing pulse was applied about 1 1/2
min.were allowed for the iron particles to collect on the
domain walls,

Some typlcal results are shown in Figure 38, The number
of incrementing pulses is given beneath each spot. Several
interesting observations were made. The wall positions were
nearly repeated for each sequen¢é“of pulses indlicating re- |
peatable performance. No changes in wall positions for a
glven remanent state were noticed over a period of several
minutes as shown midway through the sequence. The nucleation
of new walls apparently contiﬁued during most of the initial
increment~switching process., Each pulse moved existing walls -
and nucleated new reverse domains,

These results support previous observations that the
magnetic film welighting element is reliable and stable with

tinme,
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'6. _Eddy-current damping

Although the number of states of the magnetic thin film
memory element compares fevorably with the performance of
other types of elements, a much larger number of welght
values would be desirable, Eddy;cufrent damping was investi-
gated as a means of increasing the number of usable remanent
states.

The principle of damping investigated here was that
eddy-currents lnduced in a shorted turn by magnetization
changes should oppose the wall movements and thereby increase
the number of states. The shorted turn should be designed to
have a short air-flux time constant which would allow the
penetration of incrementing field pulses and a long magnetic
flux time constant to oppose the wall movements,

The shorted turn used here consisted of a 90 mil wide
bronze strip, 1.2 mils thick, which was wrapped around a
permalloy bit on a 1 mil thickness of mica., The permalloy
bit was 45 mlls wide (hard axis) and 75 mils long (easy axis).
The alr-flux inductance was calculated using a solenoid
approximation, L = uANz/d where u = 47 x10~7 henrys/m, N =
1 turn, A = 1 mil x 65 mils, and 4 = 90 mils. The resistance
was calculated using the d-c resistance formula, B =pd;/Ay
where d; = 132 mils, A = 1.2 mils x 90 mils, and p= °
resistivity of 9.4 x 1.724 x 10-6 ohm-cm, These calculations
give L = 2.31x10"%1, R = 7.8x10"7, and L/R = 3x10~7 sec.
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The results of the eddy-current damping experiments are
shown in Figure 39. The percent of maximum flux change vs.
the number of pulseé was obtained for three magnitudes of
applled fleld with the permelloy placed in the §horted turn
and with the permalloy blt placed between two giass pleces.
As shown, eddy=-current damping significantly decreased the
flux switched pér pulse. Further improvement could be ob-
talned using deposited and plated conductors in Q more optimum
geometry to obtain a better time constant.

The shorted turn geometry required for a decrease in the
switching speed was calculated as follows:#

The inverse switching time can be ﬁritten as

1= -
= S(HE ~ Hg)

where T - switching time

6 1

oe=sec

S = switching constant; for permalloy S = 2,5x10
H - applied field
Hc - coercive force,

which can be written with damping included as

dB -
&2 = Sm(H - Hy - Hy)

where B - fllm flux density
Sw 2By x S = 5x10%0
He -~ fleld ascribed to eddy=-currents.

¥Pohm, A, V,, Department of Electrical Engineering,
Ames, Iowa, Calculation of shorted turn geometry. Private
communication., 1965. . -
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Hr 1s caused by f'lux changes and 1is
= kA dB ;,,-8
He B a7 x10

where k =~ coupling constant Qb

W
A - film cross sectional area

for a plane

Ry, - loop resistance.

The inverse swltching time can be rewritten as

dB = 5. (H - He - k& , 4B x10"8)

dT Ry, 4T
or
dB - _ Sm(H - He) _ H - H
ar KA Sy 0078y (- + KR 11078)
(1 + R x107°) (5 * E

If‘%% Su x10'8 1s equal to 4, for example, then the switching

time has been increased by a factor of approximately 4, For
this case, RL would be:

Ry = § ki Sp x1072 .
For a 1 cm X 1 cn damping strap using 2000 angstroms film,

1 {0.47)(2x1075 cm?) (4x1010) x10-8

lcm

By,

1}

0058 .
Since

B, = B
where 1 - strap length

A - conductor cross sectional area,



77

which rearranged is,

1
T = _,.,___

where T = conductor thickness
W3 =~ conductor width
p -~ reslistivity of copper
or

p = (1.7%1076Q-cm) (2 cm)
(1 cm) 5x10~3

.54xlo‘3 cm 0,4 mil .

H

The value of T/2 is 1/2 the skin depth at 40 mc (1/25
nsec) and will allow penetration of the increment fields.
However, the flux will wrap around the shorted turn and pene-
trate the magnetic material; therefore the most important con-
sideration here is the air-flux time constant which limits
the bulld=-up of fields within the turn, The time constant
for a 10,000 angstrom air gap was calculated as 1 nsec which
is much shorter than the pulse rise time and should not affect
the build-up of fields within the shorted turn.,

This calculatlion shows that the switching speed can be
decreased by a factor of 4 using a 0.4 mil plated shorted
turn., Thus the number of linear weight levels can be in-

creased by at least a factor of 4 using this geometry.
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IV, DISCUSSION

It has been shown in thils investigation that the perform-
ance of the magnetic film analogue iemory element can be sig-
nificantly improved by using CoFe for the material of the
element., The CoFe composition switched much slower than the
NiFe composition and the CoFe film bits were found to have a
much larger number of stable remanent states than the NiFe
bits. Also, the remanent magnetization of the NiFe bits could
not be satisfactorily adjusted by coincident flilelds. It was
shown that half-select currents and readout currents would
only slightly disturb the CoFe film but would seriously dis-
turb the NiFe film,

It was found that continuous films would not be suitable
for use in an adaptive array because demagnetizing fields
from film areas adjécent to the element seriously influenced
the memory element, This also indicates that the bit density
in an adaptive array may have to be smaller than in magnetic
film memories.

The CoN1 composition had a few more remanent states than
the CoFe element but much larger fields were required to
switeh the magnetization which would increase circuitry costs.

The CoFe analogue memory element has been shown to be
stable with time and with.disturbing fields. The element 1s

rellable 1n that the magnetization can be repeatedly inecre-
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mented to a given state., It was shown that coincident cur-
rents can be used to increment the magnetization back and
forth between saturation limits and that at least 35 linear
states are avallable for large changes in magnetization and
several hundred may be obtalned for small changes in mag-
netization,

The results indicate that the performance of the CoFe bit
can be improved by changing the bit shape so as to decrease
the demagnetlzing effects which tend to shear the hysteresis
loop. Also, obtalning films of CoFe with more "square"
hysteresis loops will improve the performance, The perform-
ance of the CoFe element can be further improved by using
eddy-current damping in the form of a shorted turn as was
shown using a permalloy bit., |

The characteristics of the magnetic film analogue memory
element compare very well with those of other types of ele~-
ments which have been 1nyestigated. As reviewed by Nagy (8)
most of the elements have less than 100 weight levels. The
elements with more levels are eilther much too expensive even
for small arrays or are unstable with time., Of all the ele-
ments constructed the magnetic film element is by far the |
least expenslive, the smallest, and the fastest., In fact, the
cost and element geometry would permit the construction of
large arrays of ILOLP elements using magnetic film memory fech-

niques.,
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