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Major innovations in the concepts of construction are
still required to obtain electronically addressable random access
memories with billion bit capacities. Because such memories would
have crucial practical impdrtance in a ﬁumber of applications, one
can optimistically assume that such concepts will be found. In
the meantime, electromechanical random access memories with
capacities of millions of bits and access times of about a second

will be utilized,

IV. FERROELECTRIC MEMORIES

In ferroelectric materials internal polarization effects
produce a hysteretic relation between the electric induction D and
an applied electric field E. The D-E loops are similaﬁ to the B-H
loops of ferromagnetic materials. Some materials such as barium

titanate, exhibit square hysteresis loops. (Fig. 23).

When a varying electric field is applied to a ferro-
electric condenser, the integrated current that flows through it
can be thought as being a trapped charge Q. A hysteresis relation
exists thus between the measurable quantities Q and applied voltage
V. With square loop materials, practically no current flows when
the condenser is driven from remanance further into saturation,
but a large current flows momentarily when the condenser is re-
versed from one remanent state to the other. The time of reversal
is inversely proportional to the excess of the applied electric
field with respect to a constant field (the coercive field). A

relation similar to relation (1) can be written,
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78,79

Proposed memory systems utilize an x-y array of
ferrocelectric condensers in which each condenser is connected be-
tween a row conductor X and a column conductor Y. (Fig. 23). The
application of voltages to one column and one row conductor pro-
duces a voltage difference on the element at the intersection
which is greater than that which appears on the other elements of
the selected lines, Consequently, if the hysteresis loop is
reasonably rectangular, voltage coincident systems similar to the
current coincident systems of magnetic memories can be used. Be-
cause no third electrode is available on the condenser, the read-
out cannot be obtained from an ad hoc circuit as is possible in
mnagnetic memories. One must resort to measuring the current
which flows in the selected lines at the instant of selection and
sense, whether or not it has an increment due to the reversal of
the selected element, Because of lack of perfect loop squareness,
the total current flowing through the unselected elements on the
selected line may be much larger than this increment. This makes
it very difficult to operate the memory in voltage coincidence, as

78,79, 80

was found in various reported attempts. In a word organized

memory sensing could become a manageable problem.

Most work was with barium titanate.78’79 Arrays of 16 x
16 elements were made on single crystals of less than a square
centimeter area by painting two perpendicular sets of parallel

strips on the two sides of the crysta1.78

Also arrays of single
units were used.79 Difficulties were encountered with element

uniformity, with creeping of the remanence due to repeated partial
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depolarizing voltages, and with loosening of the electrodes caused
by plezoelectric effects, With more recent materials such as Gash,
Thiouera, and Triglycine Sulfate these difficulties would not be

as severe.

The ferroelectric approach has not come out of the ex-
perimental stage and it is questionable whether it ever will be
able to compete with its magnetilc counterpart. Apart from prac-
tical difficulties encountered thus far, there are inherent
reasons for this. (1) The ferroelectric condenser is a two ter-
minal device which makes sensing difficult as mentioned above, and
precludes also any signal cancellation circuit arrangements. (2)
There is no topological necessity to provide for the geometrically
more complex linkage of windings through holes as in the closed
flux path magnetic approach. However it turns out that this topo-
logical necessity of magnetics is not as severe as first believed,
On the other hand, the problem of making electrodes with suffi-
ciently intricate and stable contacts is more difficult than first
suspected, This is because the slightest interface layer between
the dielectric and the electrodes introduces a series impedance
much greater than the impedance of the ferroeléctric at the in-
stant of switching. (3) In ferroelectric materials the stored
energy per unit volume is much higher than it is in magnetic
materials with which extreme miniaturization is already necessary
to bring drive requirements down to a reasonable level. (l) At
present, ferroelectric materials are not as fast as magnetic

materials,
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V. CRYOELECTRIC MEMORIES

l. Superconductive Memories

a., Principle

About five years ago D, A. Buck reported81 on his
plioneer demonstrations of the utility of superconductive phenomena
for computer elements, Since then, intensive work in this field
has established superconductive, and more generally cryoelectric,
techniques as main contenders for computer logic and memory
realizations. Loglc gating by cryotrons is based on the control
exercised by a magnetic field in the transition of the supercon-
ductive to the normal state. Memory cells, realizable by cryo-
trons, are obtalned more elegantly through the use of supercon-
ductive persistent currents or trapped flux. The operation of

such cells is as follows.

Consider a closed loop of superconductive metal and in
close proximity to it another, driving loop. (Fig. 24). Let us
suppose, that a superconductive current flows in the closed loop
in a given direction as a result of a previous write-in. Let the
current in the driving loop rise and the polarity be such that
the induced e.m.f, in the loop will tend to increase the super-
current., The loop current I will increase until it reaches a
critical value Ic at which time the loop becomes normal and the
current starts to decay as a result of the ngon-zero resistance.,
If the drive current is maintained, the loop current will decay

to zero. This occurs due to Joule heating of the loop by its
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current I which raises the temperature sufficiently to decrease
the eritical current Ic and keeps i1t lower than the curfent I so
that the loop does not become superconductive untll the current I
has decayed to zero. Now, if the driving current is turned off,

a supercurrent of opposite polarity will be induced which will not
reach the critical value since there is no previously induced
additive current. In this way the supercurrent of the loop is

switched,

The operation is similar to that of an element possessing
hysteresis. There are two distinct remenant states corresponding
to the two directions of flow of the supercurrent. These states
persist indefinitely without any external holding energy. To
switch from one state to the other the drive must exceed a certain
threshold in the direction establishing the desired state and it
must remain at the high value for a suffiéiently long time. In
the case of the superconductive cells, this time is necessary to
dissipate the stored magnetic energy in the resistance of the loop
and is determined solely by the thermal and IL/R time constants of
the element. It does not depend on the strength of the drive as
is the case with ferromagnetic and ferroelectric cells. The
operational similarity of the superconductive cell to hysteretic‘

cells allows it to be used in similar memory systems.

To obtain a low L/R time constant, the resistance R of
the material when it becomes normal should be as high as possible
and the magnetic flux created by the supercurrent should be as

small as possible, This can be achieved by using thin film
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superconductive elements made by evaporating in high vacuum suit-
able metals and separating insulating layers. Films about 2000 2
thick are found to have appreciable resistance in the short
lengths of interest. The magnetic flux around a superconductor
is kept small by confining it to occupy a very small volume, by
means of sandwiching superconductive ground films which are per-
fect magnetic shields., The 1limit of this confinement is the
ability of making adequate thin insulating films. Furthermore,
with this flat construction of the cells the ratio of heat dissi-
pating surface to heat storing volume is high so that the thermal
time constants can be very short., Indicative of the short L/R
and thermal time constants obtainable by the thin film techniques
are elements which have been switched to a few nanoseconds.82
The film fabrication techniques provide also a convenient means to
make in an integrated manner whole arrays of elements with all the
necessary interconne¢tions. For these reasons all current re-

search is with thin film devices in contrast to the earlier work

with wire wound devices,

b The Crowe Cell

A storage cell can be made83 by using a film with a hole
crossed by a narrow diametrical strip bar. (Fig. 25). The per-
sistent current flows in a figure eight pattern with a heavy con-
centration in the strip which is the active part of the cell., The
~drive and sense lines are placed on either slde of the cross bar
and are separated from 1t by proper insulation. When the drive

exceeds a threshold value the cell switches, i.e., the direction
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of the persistent supercurrent in the cross bar reverses, At that
instant the flux linkage around the cross bar and the sense

winding reverses and a voltage is induced in the sense winding.

An extremely important property of the Crowe cell is the
complete lack of spurious coupling between the drive lines and the
sehsing‘lines separated by perfect superconductive shields. The
coupling appears only at the desired location when the selected
cross bar becomes momentarily normal, Consequently the ratio of
wanted to unwanted signals is determined only by spurious pick-ups
in the leads. This pick-up can be compensated for with high ac-

curacy because there are no "delta" noise effects.

¢c. Continuous Sheet Superconductive Memory

The main difficulties experienced with Crowe cells are
the variation of the currents required for their switching. The
lack of‘uniformity may preclude their use in current coincident
systems., These variations are due chiefly to the strong depend-

ence of critical field on the nature of the edges of the bridge.au

There is a good promise85 that these difficulties can be
eliminated by using a con?inuous sheet of superconductor without
any fabricated holes in them. Two perpendicular sets of parallel
suitably insulated lead strips are evaporated on top of a con-
tinuous film of tin. When an X and a Y strip carry a current I,
the magnetic field pattern at their intersection is at u5° with
respect to the strips. (Fig. 26). The intensity of the field is

maximum at the intersection, and diminishes gradually with
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distance, Consequently there is a region limited by a definite
boundary within which the supercurrents induced by the change of
the field exceed the critical value and outside of which it does
not. In this way a superconductive elemental region is created
without the necessitg of any holes in the film. It is found that

these regions are stable.

In all othér respects the continuous sheet element
operates as the original Crowe cell. The sense winding is located
on the opposite side of the film with respect to the drive lines
and picks up a voltage only at the instant and location at which

a selected element is switched,

de. Other Types of Cells

Another type of cryoelectric memory element is the per-
sistor86 and the closely related persistatron.87 In the persistor
memory element, a superconducting inductor is in parallel with a
switch element that is normally superconducting, but which becomes
resistive when the current exceeds a critical value. When a suit-
able current pulse is appliéé to a persistor memory element, a
persistent cireculating current is stored. A second pulse in the
same direction as the first makes no change, but a pulse in the
opposite direction reverses the circulating current and produces a
voltage across the element., By mutual inductance coupling to two
or more driving circuits, these memory elements can be made to

operate in matrices. Memory elements of this type have been

operated with 15 millimicrosecond pulses at a 15 mc repetition



- 66 -

rate, The great advantage of complete shielding of the sense line
from the drive lines afforded by the memory planes in the Crowe
type memories is not obtained in persistor memories and thus

arrays of only limited size can be made,

e, Memory Systems

The circuits for addressing and sensing superconductive
memory array can consist of cryotrons. These devices can be fab-
ricated by similar thin film techniques making it possible to make
the whole memory by an integral construction. This has the ad-
vantage that only a few leads, = for the n address bits, the m
information bits and for controls and power supplies — need to be
brought into the cold chamber. Cryotron trees and cryotron
sensing amplifiers can be used. The speed of the memory would
depend mostly on the speed of the cryotrons. Although low gain
can be tolerated in this application, it is unlikely that cycle
times of less than one microsecond could be obtained with any

reasonable storage capacity.

It is possible also to use transistor or tunnel diode
circuits at room temperature‘in conjunction with superconductive
memory arrays. Higher speeds of operation could be obtained in
such a hybrid arrangement which do not seem to present insur-
mountable matching problems., Cycle times of tens of nanoseconds

are conceivable,
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fo Outlook

Superconductive techniques for memory have a number of
inherent advantages: persistent current flow 1s & natural form
of storage, there are sharp switching thresholds, there are per-
fect shields against undesired signals, switching times can be of
the order of a few nanoseconds, and the stored energy per bit can
be very low. Furthermore, elements small enough to allow packing
of at least 100/cm seem possible vielding a transmission delay of

12

only 10~ sec/bit, There is also promise in vacuum evaporation

for a good integrated technique of memory fabrication.

The necessity of maintaining the memory at the tempera-
ture of boiling liquid helium is an inconvenience at present.
Special experimental techniques are required. Liquid helium
although reasonable in price is not always readily available, it
is wasted. However, closed cycle refrigerators are being
developed88 with sufficient cooling capability for a reasonable
computer, typically capable of maintaining an electric load dissi-
pating as much as 3 watts and occupying a cubic foot at a tempera-
ture of 3,3°k. When these become an economic reality, cryo-

electric elements may prove no less practical than conventional

components requiring air conditioning or cooling systems.

Results of efforts to implement these great potenti-
alities have been reported in three areas: (1) greater under-
standing of the superconductive phenomena particularly with regard

to the transition between superconductive and normal states,
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(2) experiments with single and a few memory cells demonstrating
that all required properties for memory systems can be obtained

and that the switching times can be very short, and (3) suggestions
on methods to make memory systems. No fundamental difficulties

have been found. The problem seems to be chiefly one of techno-

logye

It is reasonable to expect that superconductive memories
with thousands of words and cycle times in the microsecond range

will become a reality in the near future.

2., Cryosar Memory Applications

A high speed semiconductor cryoelectric element, the
Cryosar, reported recently,93 may be used for making ransom access
'or fixed memories or for driving superconductive memories. The
Cryosar is a two terminal device made of doped germanium. There

are two forms,

In one, the impurities such as indium are not compensated.
The element exhibits a very high resistivity up to a certain
critical field after which the current increases by orders of magni-
tude. There are thus two distinct regions: one of high and one of
low resistance, Such diodes can be used for making fixed memories
or function tables,93 It‘has also been proposed to use these
monostable diodes for drivers of superconductor memories.gu Such
drivers could probably switch more current in less time than cryo-
trons. Devices of this kind have been proposed for making fast

amplifiers.95
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To obtain the read-out signal several solutions are
possible despite the difficulty presented by the use of two ter-
minal devices already mentioned in connection with ferroelectri-
city. The signal can be obtained by direct pick-up from a common
circuit resistively or ceapacitively coupled to all elements
corresponding to a bit of a word. This attenuateé the signal in
proportion to the number of words and thereby brings about an
unavoidable delay due to necessary high amplification. Several
methods to couple through induction or radiation have been sug-

gested also.gO’S

Drivers of  tunnel diode arrays must be able to supply
pulses of relatively large power. The current is large because
many elements are driven in parallel, and the voltage is high
because the voltage of the series current regulating resistances
must be several times greater than the voltage swing of the tunnel
diode., Typically, hundreds of milliamperes and several volts must
be provided. The best promise for a switch of this power handling
capability operating in nanoseconds is the tunnel diode itself,
Sufficient voltage can be obtained by connecting a number of tunnel
diodes 1n series, and adequate current simply by using sufficiently

high current units.

Physically small storing elements are possible. The
acti#e region of a tunnel diode is typically about a square mil so
that very close spacing is possible with adequate integrated
ktechnology, Presently available individually packaged units have

been reduced to a capsule 1.2 mm in diameter and .7 mm high.
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These units and their associated resistances can be packed at
about 5 per cm., The delay per bit is thus about .02 na/bit. A
tolerable 5 ns transmission delay permits the use of 250 elements
per line. Center-tapping of the lines and other artifices permit

one therefore to contemplate memories of about a thousand words,

It appears thus that tunnel diode memories may achieve
cycle times of the order of ten nanoseconds: the diodes themselves
are fast enough, there does not seem to be insurmountable sensing
or driving problems, and the physical size of the storing elements
is sufficiently small. Their use entails the requirements of dec
holding power not necessary with hysteretic devices. Also the
cell structure of a tunnel diode element is relatively more com-
plicated than that of magnetic storing elements. Despite these
disadvantages with respect to the more elegant hysteretic types,
the tunnel diode offers at the present time the best andvpossibly

the only solution to ten nanosecond random access memories,

VII. CONCLUSION

About 15 years ago the central importance of a high
speed electronic memory for computers was recognized. The first
types depended on serial access., These were soon followed by the
development of electrostatic storage tubes with which it was
possible to obtain far more versatile random access addressing.
About eight years ago random access magnetic memories started to
displace tubes and are now the dominant type in use. Ferrite core

memories with capacities of hundreds of thousands to a million
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bits and access cycle times of 2 to 15 microseconds are common.

Present efforts with impulse switching of single and
multiple apertured ferrite cores as well as the work with thin
magnetic films are likely to lead to memories with an access time
of 100 nanoseconds. The advent of the tunnel diode two years ago
opens the possibility of memories with an order of magnitude

shorter access time,

Ferrite aperture plates, three years ago, and the twistor
two years ago, were significant steps to provide the integrated
fabrication methods necessary to obtain large storage capacities,
Ferroelectric memory experiments for the same purpose did not show
promise., On the other hand, superconductive elements which have a
history of only five years, offer great promise., These cryo-
electric elements can be fabricated through vacuum evaporation by

methods which may provide the required integrated technique.

Selective addressing by coded addresses known as random
access is a great improvement with respect to serial time address-
ing. This is chiefly because of the freedom of organizing suc-
cessive processing steps in any desired order, and in particular
in an order depending on the progress of the processing itself. A
still greater versatility of addressing would be obtained if it
were possible to address the memory directly by its stored contents
instead of indirectly by the labelling addresses, This would
allow, for example; to answer the question as to whether or not a

given word 1s stored in the memory without scanning through all
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the words. Also it would be possible to find a complete stored
word upon giving a few of its digits. Such content addressable
memories muét have logic circuits associlated with all storage
elements. Some experiments with content addressable memories or
"catalog" memories were reported four years ago91 and utilized
wire wound cryotrons for storage and logic. More recent work is

with evaporated cryotrons,gz

Progress of computer memories in the last fifteen years
has been tremendous and its rate steadily increasing. This trend
is likely to continue because the memory is the central part of
all data processors and any improvements in it have a determining
influence on the performance of the whole system. We can look

forward to faster, larger, cheaper, and more versatile memories,
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