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[571 ABSTRACT

A noﬁvolatile magnetic random access memory can be
achieved by an array of magnet-Hall effect (M-H) ele-
ments. The storage function is realized with a rectangu-
lar thin-film ferromagnetic material having an in-plane,
uniaxial anisotropy and inplane bipolar remanent mag-
netization states. The thin-film magnetic element is
magnetized by a local applied field, whose direction is
used to form either a “0” or “1” state. The element
remains in the “0” or “1” state until a switching field is
applied to change its state. The stored information is
detcted by a Hall-effect sensor which senses the fring-
ing field from the magnetic storage element. The circuit
design for addressing each cell includes transistor
switches for providing a current of selected polarity to
store a binary digit through a separate conductor over-
lying the magnetic element of the cell. To read out a
stored binary digit, transistor switches are employed to
provide a current through a row of Hall-effect sensors
connected in series and enabling a differential voltage
amplifier connected to all Hall-effect sensors of a col-
umn in series. To avoid read-out voltage errors due to
shunt currents through resistive loads of the Hall-effect
sensors of other celis in the same column, at least one
transistor switch is provided between every pair of
adjacent cells in every row which are not turned on
except in the row of the selected cell.
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1
NONVOLATILE RANDOM ACCESS MEMORY

ORIGIN OF THE INVENTION

The invention described herein was made in the per-
formance of work under a NASA contract, and is sub-
ject to the provisions of Public Law 96-517 (35 USC
202) in which the Contractor has elected to retain title.

This application is a continuation-in-part of applica-
tion Ser. No. 07/614,148, filed Nov. 15, 1990, now aban-
doned.

TECHNICAL FIELD

This invention relates to a nonvolatile random access
memory (RAM) and more particularly to a RAM utiliz-
ing an array of unit cells, each cell realized with a rect-
angular thin-film magnetic material having an in-plane
bipolar. remanent magnetization state with a high
squareness hysteresis loop, a Hall-effect sensor, and
integrated circuitry for incorporating the cells into a
matrix of conductors and switching transistors to pro-
vide read and write operations.

BACKGROUND ART

Ever increasing data processing requirements de-
mand faster and denser random access memory to keep
pace with improved CPU speed and throughput. Semi-
conductor memories such as dynamic RAM and static
RAM have very fast access times but are also volatile.
Electrically erasable/programmable read only memo-
ries (EPROMs) are nonvolatile but have very long
write times and offer a conflict between refresh needs
and radiation tolerance. A ferroelectric RAM (FRAM)
offers short read and write access times, but the data
retention (nonvolatility) and the longevity of the ferro-
electric material (reliability) are in question. The mag-
neto-resistive random access memory (MRAM) is non-
volatile and has no problem with longevity but has long
read access times (on the order of microseconds). None
of the existing technologies can satisfy all of the needed
data storage requirements. An objective of this inven-
tion is to provide an integrated fast access (< 100 nsec),
nonvolatile, radiation hard, high density (> 106bit/cm?)
random access memory for high speed computing using
magnetic material for storage and Hall-effect sensors
for reading out data stored.

It is noted that the concept of using magnetic material
for a nonvolatile RAM has been implemented before,
e.g., in core memory, cross-tie memory and the recent
magnetic random access memory (MRAM). The Hall
effect has also been used since it was discovered in 1879
to detect small magnetic fields. What has not been con-
ceived heretofore are memories which combine mag-
netic storage with Hall-effect sensing to form what is
referred to herein as magnetic-Hall random access
memory MHRAM. Recent improvements in InSb de-
position processing and technology, and recent studies
on very small and thin permalloy particles, currently
make possible the implementation of the novel
MHRAM concept for high density, fast access, nonvol-
atile, radiation hard, random access memory.

STATEMENT OF THE INVENTION

In accordance with the present invention, a nonvola-
tile magnetic random access memory comprises an
array of planar memory cells, each having a Hall-effect
sensor and a thin-film magnetic layer made of material
having in-plane, uniaxial anisotropy and in-plane, bipo-
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lar remanent magnetization states. The memory cells
are organized in rows and columns. All voltage sensing
leads (sometimes referred to hereinafter as “conduc-
tors”) connected to side edges of the Hall-effect sensors
in the same column are connected in series to a separate
differential voltage amplifier for each column. In one
embodiment, read-out current leads (sometimes re-
ferred to hereinafter as “conductors”) of the Hall-effect
sensors on the same row are also connected in series,
with a read-current control switch at each end. Sepa-
rate write current leads (sometimes referred to hereinaf-
ter as conductors) are provided perpendicular to the
magnetic layer of each cell, and address switching
means provides for selecting cell write conductors and
the polarity of current through the selected write con-
ductors for storing a bit 1 or 0. The information stored
in the thin-film magnetic material is read out of a se-
lected cell by passing a sensing current through the
series connected Hall-effect sensors in the row of the
selected cell, which then produces a differential poten-
tial, the polarity of the differential potential depending
upon the polarity of magnetization of the magnetic
laser.

A problem with operation of this first embodiment is
that the Hall-effect sensors are resistive loads so that
when a current is conducted through the Hall-effect
sensors of a row for reading out a selected cell in one
column, shunt current can also flow through voltage
sensing conductors of the selected Hall-effect sensor
and of all other cells in the column. This shunt current
introduces an error voltage that results from not only an
IR voltage in the Hall-effect sensor of the selected cell,
but also of other cells in the column of the selected cell,
and to differential potentials produced on Hall-effect
sensors of other cells in the column due to shunt current
through them. These potentials are added or subtracted
to the differential potential of the selected current, de-
pending upon whether the bits stored in those other
cells are a 1 or a 0. To eliminate that source of readout
error, at least one current control transistor switch is
provided between pairs of adjacent cells in each row to
block any shunt current.

The novel features that are considered characteristic
of this invention are set forth with particularity in the
appended claims. The invention will best be understood
from the following description when read in connection
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a illustrates the structure of a magnet-Hall
(M-H) element employed in a unit memory cell of a
2xX2 MHRAH memory shown in FIG. 3.

FIG. 1b illustrates a side view of FIG. 1a taken along
a line b—b in FIG. 1a when the magnetic layer is mag-
netized in one state shown in FIG. 1a.

FIG. 1c illustrates the structure of FIG. 15 when the
magnetic layer thereof is magnetized in an opposite
state from that shown in FIG. 15

FIG. 2 is a circuit diagram of a 2 X2 MHRAM mem-
ory having two rows and two columns of magnetic-Hall
clements M-H 11 through M-H 22.

FIG. 3a illustrates a layout of the M-H elements for
the 2X2 MHRAM memory shown in FIG. 2. FIG. 3b
is a cross section taken along a line b—b in FIG. 3a and
FIG. 3c is a cross section taken along a line c—c in FIG.
3a.
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FIGS. 4a and 4b illustrate schematically two alterna-
tive designs for circuitry to read out of selected cells of
the memory array that avoid effects of shunt currents in
the design of FIG. 2.

DETAILED DESCRIPTION OF THE
INVENTION

The structure of a magnet-Hall (M-H) element shown
in FIG. 1a for a unit memory cell uses an in-plane,
thin-film magnetic layer 1 and a Hall-effect sensor 2.
Since the Hall-effect sensor only detects the vertical
component of the magnetic field B, the center of the
sensor is positioned at the edge of one narrow end of the
magnetic layer 1, as shown in FIG. 15 and 1c where the
fringing field through the sensor is 2 maximum. Increas-
ing the in-plane aspect ratio of the thin film magnetic
layer of each unit cell with a narrow end near the center
of the Hall-effect sensor increases the squareness of the
hysteresis loop, which in turn increases the fringing
field of magnetic flux passing through the Hall-effect
sensor from the proximal narrow end of the thin-film
magnetic layer. Because the sensor is not located on the
same plane as the magnetic layer as shown in FIG. 15,
the fringing field from the magnetic layer has a nonzero
component passing through the Hali-effect sensor.
When the state of magnetization of the magnetic layer is
reversed by a current Ips through a conductor 3 in an
opposite direction, the sense of the magnetic field B also
reverses, as shown in FIG. 1c.

As will be noted more fully hereinafter, it is intended
to use CMOS integrated circuit technology with all
components of an M-H element deposited on a chip.
Consequently, it is to be understood that a layer of
electrical insulating material is provided between the
magnetic layer 1 and the Hall-effect sensor 2 on one side
and the conductor 3 on the other side. That is accom-
plished by depositing an oxide layer (not shown) over
the Hall-effect sensor 2 before depositing the magnetic
layer 1 and again before depositing the conductor 3 of
each M-H element, or preferably diffusing the conduc-
tor 3 in a substrate and then after growing an oxide
layer, depositing the thin layer of magnetic material
followed by another oxide layer and then the Hall-
effect sensor, thus inverting the arrangement of FIG.
1a. In order to produce the Hall-effect sensor 2 in a
p-type substrate, n-type impurities could be diffused in
the necessary pattern, and then the layer 1 of magnetic
material and the conductor 3 may be laid down with
insulating oxide layers in between. In that case, the p-n
junction between the n-type sensor and the p-type sub-
strate would need to be reverse biased in order to elec-
trically isolate the sensor.

One organization for a 2X2 bit MHRAM is shown
schematically in FIG. 2 using CMOS technology. The
M-H elements are implemented with in-plane, thin-film
Permalloy NiFe as shown in FIG. 1a. Consider the unit
cell M-H 21 at the intersection of the second row and
the first column. During reading, transistors Q7 and Q9
are turned on by an address signal RS2 which sends a
sensing current through the second row conductor RC2
to produce a Hall voltage V g at every Hall-effect sensor
in the second row. Each Hall voltage produced by a
sensor in the first column is amplified by an amplifier
Al Note that the output voltage terminals of the Hall-
effect sensors in each column are connected in series,
but only one Hall-effect sensor (M-H 21) has a sensing
current through it. Consequently, only that one Hall-
effect sensor produces an output Hall voltage Vg be-
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tween output conductors OC1 and OC2 which can be
calculated in volts by the equation

105 Ry
Vg = 7

IRB,

where

Ry=Hall coefficient, cm3/coulomb,

t=thickness of Hall sensor, cm

Ir=sense current, Amp,

B=magnetic flux density, kilogauss.

The unit cell M-H 22 in the second column also con-
ducts the sensing current Iz in the second row conduc-
tor RC2 and. therefore produces a Hall voltage. How-
ever, only transistor Q1 for the first column is turned on
by a column select address signal CS1.-Write, so that
only the Hall voltage output from the unit cell M-H 21.
is amplified as the final output, V,ur.

For an n-type material in the Hall-effect sensor, a
Hall voltage Vg is developed across conductors OC1
and OC2 with conductor OC1 being negative with
respect to terminal OC2 when the sensing current Isis
flowing through it to the right, and the magnetic field B
is pointing out of the paper as shown in FIG. 1a. The
polarity of the Hall voltage reverses when the direction
of the magnetic field B is reversed, as shown in FIG. 1c.

The output sensitivity of the Hall-effect sensor using
InSb semiconductor material is 0.5 mV/mA/Qe. A 10
mV output signal can be obtained at 0.4 mA and 50 Oe
field. Unit cells implemented in this manner are incorpo-
rated by an integrated circuit into a matrix of read/-
write cell-selecting transistors to form a nonvolatile
random access memory. Note that the command signal
Write could be substituted by a totally separate Read
command signal.

A write operation will now be described. Assume
that the same unit cell M-H 21 at the intersection of the
second row and the first column is selected for writing.
If the bit value to be written is a “1,” that is to say
“data” is true, then transistors Q3, Q8 and Q11 are
turned on, and if the bit value to be written is a *“0,” then
transistors Q2, Q8 and Q10 are turned on. Which pair of
transistors is turned on (Q2, Q10 or Q3, Q11) depends
upon whether the data bit is 0 or 1. The bit value then
determines the sense of the write current Insthrough the
conductor 3 over the thin-film magnetic element and
therefore the sense of the in-plane magnetization. Tran-
sistor Q8 is thus turned on in either case by the row
select signal RS2. Transistors Q7 and Q9 are also turned
on by the row select signal RS2 in the same way as for
a Write operation, but the transistor Q1 is not turned on
because aithough the column select signal CS1 is true,
the Write command signal is not true.

A magnet-Hall effect random access memory
(MHRAM) thus stores information magnetically in
small thin-film elements of magnetic material allowing
unlimited data retention time, unlimited number of re-
write cycles, and inherent radiation hardness, i.e., im-
munity to single-event upset (SEU) due to impact by
ionized particles, making the MHRAM suitable for
ground based as well as space flight applications. It is
highly immune to the areal property fluctuation in the
thin-film magnetic element, so that high yield can be
achieved in large scale IC fabrication.

High storage density is achieved since the unit cell
size is less than 100A2, where A is the minimum litho-
graphic feature size, so that a density greater than 106
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bit/cm?is achieved using 1 um lithography. A unit cell
consists only of one transistor and one magnet-Hall
effect element, such as transistor Q8 and M-H 21 for the
first column, second row of the 22 array of unit cells
in FIG. 2. By comparison, a DRAM unit cell has one
transistor and one capacitor, and an SRAM unit cell has
six transistors.

An example of the layout of a 2X2 bit MHRAM
memory array of unit cells is shown in FIG. 3¢ without
the addressing transistors and conductors, i.e., with
only one transistor per unit cell used for selecting the
polarity of the current Insshown in FIG. 1a to store a bit
0" or *“1.” That one transistor of a unit cell is formed at
the intersection of a rectangular diffusion region 30
outlined by a heavy line for one unit cell, and a polysili-
con region 31 similarly outlined by a heavy line. The
diffusion region 30 fulfills the function of the conductor
3 in the M-H element of FIGS. 14, b and ¢ for one unit
cell and is therefore preferably made as wide as the
thin-film magnetic element 1 is long so that the current
flowing through the transistor (with a polarity selected
by transistors not shown in this array of unit cells) pro-
vides a uniform current across the length of the mag-
netic element 1, and therefore a uniform magnetic field
that sets the magnetic element in the desired state. The
magnetic element is shaded for that one M-H element of
a single unit cell. In this layout, the size of the unit
memory cell is 9A X 10A, or 90A2, where A is the mini-
mum line width.

It should be noted that to make the MHRAM mem-
ory, only two more masking steps are required besides
the standard IC processing steps for the CMOS cir-
cuitry (assuming a single-poly double-metal CMOS
process of fabrication), one for deposition of InSb semi-
conductor material in the desired pattern of Hall-effect
sensors and conductors and one for deposition of the
desired pattern of in-plane magnetic elements. It is
therefore possible to fabricate an array of unit cells in an
IC chip together with the necessary addressing cir-
cuitry.

FIGS. 3b and 3c show cross sections taken along lines
b—b and c—c, respectively, for the M-H element of a
single unit cell. Starting with a silicon substrate, the
region 30 is created by diffusion and then a layer of
§iO, is grown. Next a polysilicon strip 31 is grown
(FIGS. 3a and 3b) followed by another SiO; layer. Then
the layer of magnetic material is grown by molecular
beam epitaxy. After growing another SiO; layer, the
pattern of semiconductor material for the sensor is de-
posited. Note that the sensor pattern includes horizontal
and vertical interconnecting conductors, and that only
the square portion where the conductors intersect will
function as the Hall sensor. That portion is shaded in
FIGS. 3b and 3c. After growing another layer of 8iO;a
horizontal metal conductor 32 is deposited, and after
growing yet another layer of SiO; a vertical metal con-
ductor 33 is deposited. A final layer of SiO; is then
grown over the entire IC chip. But first the SiO; layers
are opened in a rectangular region 34 to connect to one
end of the diffusion region 30. Thus, rectangular region
35 is opened to connect the vertical conductor 33 to the
other end of the diffusion regions 30. As noted hereinbe-
fore, this integrated circuit layout has not been opti-
mized, and the sequence of steps to be employed have
not been finalized. The layaout of FIG. 3q is presented
as a suggested approach to an optimized and finalized
layout with emphasis given to consideration of how to
fabricate the M-H elements of the unit cells rather than
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the CMOS circuit shown in the schematic diagram of
FIG. 2.

The MHRAM implemented with CMOS integrated
circuit technology is expected to have short access
times (< 100 nsec). Write access time is expected to be
short because on-chip transistors are used to gate cur-
rent quickly, and magnetization reversal can occur in a
few nanoseconds. The switching field for the magnetic
storage elements using Permalloy NiFe (78.5% nickel,
21.5% iron) is about 50 Oe, so that sufficient stability is
obtained while minimizing switching currents to reduce
the power dissipation. Read access time is expected to
be short because the Hall-effect sensor (InSb) produces
a large signal voltage in response to the fringing mag-
netic field from the thin-film magnetic element.

Although the Permalloy NiFe is preferred, other
magnetic materials may be employed, such as Fe;O3 or
Fe304, both of which may be deposited like Permalloy,
e.g., by sputtering. Another possibility is cobalt poly-
crystal which may be vapor deposited. And although
silicon is used as the substrate in order to more economi-
cally produce the CMOS integrated circuit, a GaAs
substrate may be used, in which case the Hall-effect
sensors and interconnecting conductors may be formed
in the substrate by starting with a p-type substrate and
diffusing an N-type pattern for the sensors and intercon-
necting conductors as suggested hereinbefore. Other
substrate materials include InSb and InAs which may be
preferable to GaAs. In all of these compound substrate
materials, where the Hall-effect sensors and intercon-
necting conductors are formed by diffusion of impuri-
ties, the p-n junction needs to be reverse biased in order
to isolate the sensors and interconnecting conductors.
Still other variations may occur to those skilled in the
art with attention to the electron mobility and Hall
coefficient in order to achieve acceptable read access
times for the particular application of the MHRAM
fabricated.

Full Memory Organization and Operation

The organization of a memory plane using in-plane
M-H elements has been shown in FIG. 3a for illustra-
tive purposes; it has not been optimized for density,
power or speed considerations. In implementing a full
memory having N-bits per word, N memory planes
would be stacked and driven together for row and col-
umn select (i.e., for selection of an N-bit memory loca-
tion) while each plane is controlled individually for
storing individual bits in the separate memories just as in
a conventional RAM scheme. Each M-H element in
every plane is implemented as shown in FIGS. 1a-c,
and every plane is organized as shown in FIG. 2. The
same cell is selected in the same way for every plane,
only the data bit stored in the selected unit cell of each
plane may differ from the other planes.

The number of sense amplifiers in each plane can be
reduced from one for each column to just one for the
entire plane if each selection transistor corresponding to
the transistor Q1 in FIG. 2 is placed at an input terminal
of the one sense amplifier, thus time-sharing with each
column the single sense amplifier for the plane. This is
possible because only one column may be selected to
read out at any one time from each memory plane.

The write operation for a full memory is straightfor-
ward. The value of the datum determines the sense of
the current I through the conductor 3 over the mag-
netic element 1 as shown in FIG. 1a and therefore the
sense of the in-plane magnetization. Note that there is
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no half-select problem, i.e., the switching current Isis
applied only to the magnetic element of the selected
unit cell of each plane, the rest of the magnetic elements
in the entire memory are not subjected to any switching
current. Consequently, the switching current can be set
higher than the maximum required switching threshold
of the magnetic element and the writing process is im-
mune to fluctuations in the threshold value. With this
memory organization, large operating margins and
hence high chip yields can be achieved.

A full memory organized in accordance with this
invention can replace ROMs, EPROMs, EEPROMs,
and SRAMs, because it offers better performance in
every aspect with higher density, higher speed, lower
cost, lower power dissipation and true nonvolatility.

It has been discovered that the nonvolatile random
access memory described with reference to FIG. 2 may
have a current shunting problem when a large number
of memory cells are arrayed in a matrix of rows and
columns. Although the 2X2 matrix shown in FIG. 2
may not be large enough to manifest the problem, de-
pending upon resistance parameters, it can be used to
point out the nature of the current shunting problem
that would manifest itself in a larger array, such as a
32X 32 matrix. Therefore, the memory organization for
the read-out in the memory array in FIG. 2 will be
reviewed in order to point out the problem.

In order to share the sense amplifiers A1 and A2 in
FIG. 2, all the voltage leads of the Hall sensors in the
same column are connected in series, e.g., the voltage
leads of the Hall sensors in the first column of cells M-H
11 and M-H 21 are connected in series between the
input terminals of the differential sense amplifier A1, In
that manner, only one sense amplifier is needed for each
column. The horizontal read current conductors of the
Hall sensors of cells on the same rows are also con-
nected in series by current leads RC1 and RC2. Sensing
current for each row of cells is controlled by two tran-
sistors, one on each end of the row. To read the cell
M-H 21, the signals RS2 (row select 2) and CS1 (col-
umn select 1) become high, and the control signal Write
becomes low (Write becomes high), so that transistors
Q7, Q9 and Q1 are turned on. With transistors Q7 and
Q9 turned on, sensing current flows through the current
lead RC2 and the Hall sensors in cells M-H 21 and M-H
22 so that each of the sense amplifiers A1 and A2 pro-
duce a signal at its output terminal. However, since only
transistor Q1 is turned on, only the signal from sense
amplifier Al is passed to the output, Vour.

The problem is that the Hall-effect sensors are resis-
tive loads. When transistors Q7 and Q9 are turned on to
let the current Ig flow through Hall-effect sensors of
cells M-H 21 and M-H 22, the current can also flow
from that current conductor of cell M-H 21 through its
upper voltage lead to the Hall-effect sensor of cell M-H
11, then through the current lead RC1 to the Hall-effect
sensor of the cell M-H 12, and from there through its
lower voltage lead to the Hall-effect sensor of cell M-H
22. This shunt current will introduce IR voltage drops
in the Hall-effect sensors of the cells M-H 21 and M-H
11. The IR voltage thus produced in the Hall-effect
sensor of the cell M-H 21 will be added algebraically to
the differential potential developed in the Hall-effect
sensor of the cell M-H 21 and thus be presented to the
input terminals of the sense amplifier A1 as an error in
the output voltage from amplifier A1

In addition, current which passes from the lower
voltage sensing lead of the Hall-effect sensor of the cell
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M-H 11 to the sensing current lead RC1 will produce a
differential potential between the side edges of the Hali-
effect sensor in the cell M-H 11. That differential poten-
tial may be less than is normally produced by read-out
sensing current through transistors Q4 and Q6, but it
will have a polarity which depends upon whether the
bit stored in the cell M-H 11is a 1 or a 0, and it will be
added algebraically to the differential potential of the
cell M-H 21 that has been selected to be read out. .

The total effect of the IR and differential voltage
errors from all cells of the column selected by the col-
umn select signal CS1 applied to transistor Q1 will
depend upon the number of cells in the column and the
relative position of the selected cell in the column. It
would therefore be impractical to attempt to compen-
sate for such shunt current errors. The shunt error volt-
ages produced in other cells in the column of the cell
M-H 12 are also added to the differential voltage pres-
ented to the sense amplifier A2, but that amplifier is
isolated from the voltage output terminal, Vo, since
the column select signal CS2 is not high in this example;
only the column select signal CS1 is high to turn on the
transistor Q1 in order to read out a cell in the first col-
umn. Thus only the error voltage introduced by shunt
current through the Hall-effect sensor of the cell M-H
11 is a problem.

The solution to this problem is a read circuit design
with at least one transistor switch between every adja-
cent pair of cells in each row. A first example shown in
FIG. 44 uses two transistor switches, one on each side
of the Hall-effect sensor for the cell. For example, cell
M-H 21 is isolated by transistors Q7a and Q75. To read
information from the cell M-H 21, read-out control
signals CS1 and RS2 become high and Write becomes
low (Write becomes high). Current flows from Vpp
through transistors Q12, Q75 and Q74, and cell M-H 21
to circuit ground. Transistor switches Q4a and Q45
prevent any shunt current from flowing through cell
M-H 11. Similar transistor switches on each side of
every Hall-effect sensor of cells in the same column as
M-H 11 and M-H 21 prevent any shunt currents because
only the transistor switches Q7a and Q75 are turned on
by the row select signal RS2 while the column select
signal CS1 applied to transistor switch Q12 allows Vpp
to be applied to only the current sensing leads of the cell
M-H 21. All other cells of the array have their current
sensing leads isolated by the transistor switches on each
side of their Hall-effect sensors.

In the second example shown in FIG. 4), only one
transistor is added between every pair of adjacent cells
to the arrangement of FIG. 2 which uses for each row
of cells one transistor switch at each end of cells in the
same row. The advantage of this design is that each pair
of adjacent cells in a row share one transistor switch to
block shunt current instead of each cell having two
transistor switches as shown in FIG. 4a. In both cases,
when the row-select signal RS2 is high, transistors Q7,
Q12 and Q9 are on for read-out current on the conduc-
tor RC2, but since the row-select signal RS1 is low,
corresponding transistors in the first row are off so
there is no shunt current through cell M-H 11.

It should be noted that in each design of FIG. 2, FIG.
4b and FIG. 4b there could, theoretically, be some shunt
current from the second row conductor RC2 through
the voltage leads of the Hall-effect sensor of cell M-H
21 to the differential amplifier A1 that would then intro-
duce an IR voltage error, but in fact there is not any
shunt current through that path because, as a differen-
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tial voltage amplifier, the amplifier Al is designed to
have a very high input impedance. That is inherent in
the design of every voltage amplifier, and in particular
a differential voltage amplifier, as is employed here.
The adaptation of either of these designs to a memory
array larger than.2 X2 without limit is straightforward.
In general, the number of transistors needed per cell is
either 2 or (N+1)/N, where N is the number of cells in
a row. In the special case of a minimum number N=2
used for illustration in the examples, the number of
transistors needed per cell in the example of FIG. 4b is
(N+1)/N=1.5 instead of 2 for the example shown in
FIG. 4q, but as the number N is increased to 16, 32 or
64, for example, the number of transistors needed per
cell approaches 1. In both cases (FIG. 42 and F1G. 4b),
the circuit design for writing a bit into a selected cell
remains the same as in FIG. 2 for an array of any size.
Although particular embodiments of the invention
have been described and illustrated herein, it is recog-
nized that modifications and variations may readily
occur to those skilled in the art. Consequently, it is
intended that the claims be interpreted to cover such
modifications and equivalents.
We claim:
1. An array of nonvolatile magnetic random access
memory cells arranged in rows and columns, each cell
having
a Hall-effect sensor of semiconductor material and a
magnetic storage element, said Hall-effect sensor
comprising a rectangular shape of said semicon-
ductor material and said magnetic storage element
comprising a thin-film layer of magnetic material
having a discrete width and a length greater than
said width, said magnetic material having an in-
plane uniaxial anisotropy and in-plane bipolar re-
manent magnetization states, both of said in-plane
characteristics of said magnetic material being in
said layer of magnetic material along said length,
said magnetic storage element being positioned
with one end having said discrete width near the
center of said Hall-effect sensor,
separate switching means for each row of cells for
selectively conducting a sensing current through
said Hall-effect sensor of each cell in a row from
one end to an opposite end of said rectangular
shape in a direction perpendicular to said length of
said thin-film layer of magnetic material, thereby

~ producing a differential in electrical potentials on
sides of said rectangular shape that are parallel to
said sensing current conducted through said Hall-
effect sensor, and

separate means for each column of cells for amplify-

ing said differential in electrical potentials of each
cell in a row selected by said separate switching
means, whereby a signal is produced the polarity of
which corresponds to said bipolar remanent mag-
netization state of said layer of magnetic material
along said length thereof,

each cell further having a conductor perpendicular to

and overlaying said length of said layer of magnetic
material, and

switching means for momentarily applying a current

through said conductor with a selected polarity for
storing a binary digit 1 or O in said layer of mag-
netic material, thereby setting said bipolar rema-
nent magnetization state of said layer of magnetic
material to a selected state representative of a bi-
nary digit of 1 or 0.
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2. A nonvolatile random access memory comprising a
plurality of nonvolatile magnetic random access mem-
ory cells arranged in a matrix of rows and columns,
each cell having a Hall-effect sensor of semiconductor
material and a magnetic storage element, said Hall-
effect sensor comprising a rectangular shape of said
semiconductor material having a length oriented along
one of said rows and said magnetic storage element
comprising a thin-film layer of magnetic material hav-
ing a discrete width and a length greater than said width
oriented along one of said columns, said magnetic mate-
rial having an in-plane uniaxial anisotropy and in-plane
bipolar remanent magnetization states oriented along
one of said columns, said magnetic storage element
being positioned with one end having said discrete
width near the center of said Hall-effect sensor,
each cell having a conductor perpendicular to and
overlaying said length of said layer of magnetic
material, and the memory further comprising

switching means for momentarily applying a current
through said conductor with a selected polarity for
storing a binary digit 1 or O in said layer of mag-
netic material, thereby setting said bipolar rema-
nent magnetization state of said layer of magnetic
material to a selected state representative of a bi-
nary digit of I or 0,

conductors for connecting in series said Hall-effect

sensors of cells in each row,
switching means for selectively conducting a sensing
current through said Hall-effect sensor of each cell
of one row at a time from one end to an opposite
end thereof, thereby producing a differential in
electrical potentials on sides of each Hall-effect
sensor of polarities that depend upon polarities of
magnetization states of said magnetic material,

conductors for connecting in a series circuit said
Hall-effect sensors of cells in each column, thereby
producing across ends of said series circuit a poten-
tial difference at sides of a Hall-effect sensor in said
one row selected by said switching means to con-
duct sensing current,
means comprising a plurality of differential amplifiers
for amplifying said differential in electrical poten-
tials produced across each series circuit of each
column of cells, thereby sharing a single differen-
tial amplifier with all cells of a single column, and

separate switching means for each column of cells for
coupling a selected one of said plurality of differen-
tial amplifiers to a single output terminal for said
matrix, whereby a single differential amplifier out
of said plurality of differential amplifiers serves all
unit cells of a single column for providing an out-
put data bit in each column of said matrix while
said switching means for selectively conducting a
sensing current is conducting sensing current in
only one memory cell of each column.

3. A nonvolatile random access memory as defined in
claim 2 wherein said switching means for selectively
conducting a sensing current through said Hall-effect
sensor of each cell of one row at a time comprises a
row-select transistor switch at each end of each row of
said series connected Hall-effect sensors for directing
sensing current of predetermined polarity through each
cell in a selected row of said matrix in response to a row
select control signal.

4. A nonvolatile random access memory as defined in
claim 3 wherein said switching means for selectively
conducting a sensing current through said Hall-effect
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sensor.of each cell of one row at a time includes a sepa-
rate transistor switch between said Hall-effect sensors
of each pair of adjacent cells of each row of said series
connected sensors, whereby said series connection in
cach row is made through said separate transistor
switches, and said separate transistor switches are nor-
mally nonconducting and are selected to be conducting
together with said row-select transistor switch at each
end of each row of said series connected Hall-effect
sensors.
. A nonvolatile random access memory comprising a
plurality of nonvolatile magnetic random access mem-
ory cells arranged in a matrix of rows and columns,
each cell having a Hall-effect sensor of semiconductor
material and a magnetic storage element, said Hall-
effect sensor comprising a rectangular shape of said
semiconductor material having a length oriented along
one of said rows and said magnetic storage element
comprising a thin-film layer of magnetic material hav-
ing a discrete width and a length greater than said width
oriented along one of said columns, said magnetic mate-
rial having an in-plane uniaxial anisotropy and in-plane
bipolar remanent magnetization states oriented along
one of said columns, said magnetic storage element
being positioned with one end having said discrete
width near the center of said Hall-effect sensor,
each cell having a conductor perpendicular to and
overlaying said length of said layer of magnetic
material, and the memory further compressing

switching means for momentarily applying a current
through said conductor with a selected polarity for
storing a binary digit 1 or 0 in said layer of mag-
netic material, thereby setting said bipolar rema-
nent magnetization state of said layer of magnetic
material to a selected state representative of a bi-
nary digit of 1 or O,

switching means for selectively conducting a sensing
current through said Hall-effect sensor of one se-
lected cell at a time in one row, thereby producing
a differential in electrical potentials on sides of each
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Hall-effect sensor of a polarity that depends upon
the polarity of magnetization states of said mag-
netic material in said selected cell,
conductors for connecting in a series circuit said
Hall-effect sensors of cells in each column, thereby
producing across ends of said series circuit a poten-
tial difference at sides of a Hall-effect sensor in said
one row selected by said switching means to con-
duct sensing current, ]

means comprising a plurality of differential amplifiers
for amplifying said differential in electrical poten-
tials produced across each series circuit of each
column of cells, thereby sharing a single column
differential amplifier with all cells of a single col-
umn, and ‘

separate switching means for each column of cells for
coupling a selected column differential amplifier to
a single output terminal for said matrix, whereby a
single column differential amplifier selected out of
said plurality of differential amplifiers serves all
unit cells of a single column for providing an out-
put data bit in each column of said matrix while
said switching means for selectively conducting a
sensing current is conducting sensing current in
only one memory cell of each column.

6. A nonvolatile random access memory as defined in
claim 5, wherein said switching means for selectively
conducting a sensing current through said Hall-effect
sensor of one selected cell at a time in one row, thereby
producing a differential in electrical potentials on sides
of each Hall-effect sensor of a polarity that depends
upon the polarity of magnetization states of said mag-
netic material in said selected cell, comprises two
switching transistors one at each end of each Hall-effect
sensor for each cell, said two switching transistors being
controlled by a read-out control signal together with
control of said separate switching means for each col-
umn for selection of said selected column differential

amplifier.
* * % * *»



