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CURRENT SWITCHED 
MAGNETORESISTIVE MEMORY CELL 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions 
made by reissue. 

CROSS-REFERENCE TO RELATED 

APPLICATION(S) 

This application claims the benefit of Provisional Applica 
tion No. 60/291,209 filed May 15, 2001 for “CURRENT 
SWITCHED MAGNETORESISTIVE MEMORY CELL. 

BACKGROUND OF THE INVENTION 

The present invention relates to ferromagnetic thin-film 
structures exhibiting relatively large response magnetoresis 
tive characteristics and, more particularly, to Such structures 
used for the storage and retrieval of digital data. 
Many kinds of electronic systems make use of magnetic 

devices including both digital systems, such as memories, 
and analog systems such as magnetic field sensors. Digital 
data memories are used extensively in digital systems of 
many kinds including computers and computer systems com 
ponents, and digital signal processing systems. Such memo 
ries can be advantageously based on the storage of digital 
symbols as alternative states of magnetization in magnetic 
materials provided in each memory storage cell, the result 
being memories which use less electrical power and do not 
lose information upon removals of Such electrical power. 

Such memory cells, and magnetic field sensors also, can 
often be advantageously fabricated using ferromagnetic thin 
film materials, and are often based on magnetoresistive sens 
ing of magnetic states, or magnetic conditions, therein. Such 
devices may be provided on a Surface of a monolithic inte 
grated circuit to provide convenient electrical interconnec 
tions between the device and the operating circuitry therefor. 

Ferromagnetic thin-film memory cells, for instance, can be 
made very Small and packed very closely together to achieve 
a significant density of information storage, particularly 
when so provided on the Surface of a monolithic integrated 
circuit. In this situation, the magnetic environment can 
become quite complex with fields in any one memory cell 
affecting the film portions in neighboring memory cells. Also, 
Small ferromagnetic film portions in a memory cell can lead to 
Substantial demagnetization fields which can cause instabili 
ties in the magnetization state desired in Such a cell. 

These magnetic effects between neighbors in an array of 
closely packed ferromagnetic thin-film memory cells can be 
ameliorated to a considerable extent by providing a memory 
cell based on an intermediate separation material having two 
major Surfaces on each of which an anisotropic ferromagnetic 
memory thin-film is provided. Such an arrangement provides 
significant "flux closure, i.e. a more closely confined mag 
netic flux path, to thereby confine the magnetic field arising in 
the cell to affecting primarily just that cell. This result is 
considerably enhanced by choosing the separating material in 
the ferromagnetic thin-film memory cells to each be suffi 
ciently thin. Similar “sandwich' structures are also used in 
magnetic sensors. 

In the recent past, reducing the thicknesses of the ferro 
magnetic thin-films and the intermediate layers in extended 
'sandwich' structures, and adding possibly alternating ones 
of such films and layers, i.e. Superlattices, have been shown to 
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2 
lead to a "giant magnetoresistive effect” being present in 
Some circumstances. This effect yields a magnetoresistive 
response which can be in the range of up to an order of 
magnitude or more greater than that due to the well known 
anisotropic magnetoresistive response. 

In the ordinary anisotropic magnetoresistive response, 
varying the difference occurring between the direction of the 
magnetization vector in a ferromagnetic thin-film and the 
direction of sensing currents passed through that film leads to 
varying effective electrical resistance in the film in the direc 
tion of the current. The maximum electrical resistance occurs 
when the magnetization vector in the field and the current 
direction therein are parallel to one another, while the mini 
mum resistance occurs when they are perpendicular to one 
another. The total electrical resistance in Such a magnetore 
sistive ferromagnetic film can be shown to be given by a 
constant value, representing the minimum resistance, plus an 
additional value depending on the angle between the current 
direction in the film and the magnetization vector therein. 
This additional resistance has a magnitude characteristic that 
follows the square of the cosine of that angle. 

Operating magnetic fields imposed externally can be used 
to vary the angle of the magnetization vector in Such a film 
portion with respect to the easy axis of that film. Such an axis 
comes about in the film because of an anisotropy therein 
typically resulting from depositing the film during fabrication 
in the presence of an external magnetic field oriented in the 
plane of the film along the direction desired for the easy axis 
in the resulting film. During Subsequent operation of the 
device having this resulting film, Such operational magnetic 
fields imposed externally can be used to vary the angle to such 
an extent as to cause Switching of the film magnetization 
vector between two stable states which occur for the magne 
tization being oriented in opposite directions along the film's 
easy axis. The state of the magnetization vector in Such a film 
can be measured, or sensed, by the change in resistance 
encountered by current directed through this film portion. 
This arrangement has provided the basis for a ferromagnetic, 
magnetoresistive anisotropic thin-film to serve as a memory 
cell. 

In contrast to this arrangement, the resistance in the plane 
of a ferromagnetic thin-film is isotropic for the giant magne 
toresistive effect rather than depending on the direction of the 
sensing current therethrough as for the anisotropic magne 
toresistive effect. The giant magnetoresistive effect involves a 
change in the electrical resistance of the structure thought to 
come about from the passage of conduction electrons 
between the ferromagnetic layers in the “sandwich' struc 
ture, or Superlattice structure, through the separating non 
magnetic layers with the resulting scattering occurring at the 
layer interfaces, and in the ferromagnetic layers, being depen 
dent on the electron spins. The magnetization dependant 
component of the resistance in connection with this effect 
varies as the sine of the absolute value of half the angle 
between the magnetization vectors in the ferromagnetic thin 
films provided on either side of an intermediate nonmagnetic 
layer. The electrical resistance in the giant magnetoresistance 
effect through the “sandwich' or superlattice structure is 
lower if the magnetizations in the separated ferromagnetic 
thin-films are parallel and oriented in the same direction than 
it is if these magnetizations are antiparallel, i.e. oriented in 
opposing or partially opposing directions. Further, the aniso 
tropic magnetoresistive effect in very thin films is consider 
ably reduced from the bulk values thereforinthicker films due 
to Surface scattering, whereas a significant giant magnetore 
sistive effect is obtained only in verythin films. Nevertheless, 
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the anisotropic magnetoresistive effect remains present in the 
films used in giant magnetoresistive effect structures. 
A memory cell based on the "giant magnetoresistive 

effect” can be provided by having one of the ferromagnetic 
layers in the “sandwich construction being prevented from 
Switching the magnetization direction therein from pointing 
along the easy axis therein in one to the opposite direction in 
the presence of Suitable externally applied magnetic fields 
while permitting the remaining ferromagnetic layer to be free 
to do so in the same externally applied fields. In one Such 
arrangement, a 'spin-valve' structure is formed by providing 
an antiferromagnetic layer on the ferromagnetic layer that is 
to be prevented from switching in the externally applied fields 
to 'pin' its magnetization direction in a selected direction. In 
an alternative arrangement often termed a “pseudo-spin 
valve' structure, the ferromagnetic layer that is to be pre 
vented from switching in the externally applied fields is made 
sufficiently thicker than the free ferromagnetic layer so that it 
does not switch in those external fields provided to switch the 
free layer. 

Thus, a digital data memory cell based on the use of struc 
tures exhibiting the giant magnetoresistive effect is attractive 
as compared to structures based on use of an anisotropic 
magnetoresistive effect because of the larger signals obtain 
able in information retrieval operations with respect to such 
cells. Such larger magnitude signals are easier to detect with 
out error in the presence of noise thereby leading to less 
critical requirements on the retrieval operation circuitry. 
An alternative digital data bit storage and retrieval memory 

cell suited for fabrication with submicron dimensions can be 
fabricated that provides rapid retrievals of bit data stored 
therein and a low power dissipation memory through use of a 
cell structure that has a spin dependent tunneling junction 
(SDTJ), or magnetoresistive tunnel junction (MTJ), device 
therein based on a pair of ferromagnetic thin film layers 
having an electrical insulator layer therebetween of sufficient 
thinness to allow tunneling currents therethrough. This 
memory cell can be fabricated using ferromagnetic thin-film 
materials of similar or different kinds in each of the magnetic 
memory films present in a “sandwich' structure on either side 
of an intermediate nonmagnetic layer where such ferromag 
netic films may be composite films, but this intermediate 
nonmagnetic layer conducts electrical current therethrough 
based primarily on the quantum electrodynamic effect “tun 
neling current mentioned above. 

This “tunneling current has a magnitude dependence on 
the angle between the magnetization vectors in each of the 
ferromagnetic layers on either side of the intermediate layer 
due to the transmission barrier provided by this intermediate 
layer depending on the degree of matching of the spin polar 
izations of the electrons tunneling therethrough with the spin 
polarizations of the conduction electrons in the ferromagnetic 
layers, the latter being set by their magnetization directions to 
provide a “magnetic valve effect”. Such an effect results in an 
effective resistance or conductance characterizing this inter 
mediate layer with respect to the “tunneling current there 
through. In addition, an antiferromagnetic layer against one 
of the ferromagnetic layers is used in Such a cell to provide 
different magnetization switching thresholds between that 
ferromagnetic layer and the other by fixing, or "pinning, the 
magnetization direction for the adjacent ferromagnetic layer 
while leaving the other free to respond to externally applied 
fields. Such devices may be provided on a surface of a mono 
lithic integrated circuit to thereby allow providing convenient 
electrical connections between each Such memory cell device 
and the operating circuitry therefor. 
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4 
A “sandwich' structure for such a memory cell, based on 

having an intermediate thin layer of a nonmagnetic, dielectric 
separating material with two major Surfaces on each of which 
a anisotropic ferromagnetic thin-film is positioned, exhibits 
the “magnetic valve effect' if the materials for the ferromag 
netic thin-films and the intermediate layers are properly 
selected and have sufficiently small thicknesses. The result 
ing “magnetic valve effect can yield a response which can be 
several times in magnitude greater than that due to the "giant 
magnetoresistive effect” in a similar sized cell structure. 
An example of a two state magnetoresistive device struc 

ture that is generally common to both of these kinds of 
memory cells is the “pinned sandwich' structure shown in the 
layer diagram of FIGS. 1A and 1B where the section line of 
FIG. 1B defines the view shown in FIG. 1A. This layer dia 
gram gives an indication of the structural layers, but is not a 
true cross section view in that many dimensions there are 
exaggerated or reduced relative to one another for purposes of 
clarity. 
A substrate, 2, Supports an interconnection structure, 3, as 

the bottom contact electrode to a magnetic material (ferro 
magnetic material) free layer, 4, (meaning its magnetization 
is relatively free to be rotated to an alternative orientation) 
that is separated by a nonmagnetic material spacer layer, 5. 
from a magnetic material (ferromagnetic material) relatively 
fixed layer, 6, (meaning its magnetization is much less free to 
be rotated to an alternative orientation, i.e. "pinned'). This 
"pinning of layer 6 is provided by a further magnetic mate 
rial layer, 7, the "pinning layer, that is of an antiferromag 
netic material which is magnetically coupled to pinned layer 
6 and thereby serves to make this two layer pinned structure 
relatively resistant to rotation of its initial joint magnetization 
direction in the presence of moderate external applied mag 
netic fields. An aluminum cap layer, 8, serves as the device top 
contact electrode providing a conductive path to a further 
interconnection, 9. 

If spacer layer 5 is an electrical conductor, Such as Cu, then 
the structure will exhibit the giant magnetoresistive (GMR) 
effect and be termed a “spin valve'. If spacer layer 5 is an 
electrical insulator, such as Al-O that is sufficiently thin, 
then the device will exhibit the spin dependent tunneling 
effect and be termed a “magnetic tunnel junction”. In either 
situation, the electrical resistance of the device is typically 
higher when the magnetizations of the free and fixed layers on 
either side of the spacer layer are oriented antiparallel to one 
another, and is lower when these magnetizations are oriented 
parallel to one another. The electrical resistance versus exter 
nal applied magnetic field response characteristic for a spin 
valve that is measured for sense current being established 
across the magnetic material layers with the conductive layer 
therebetween is greater interms of fractional change than that 
characteristic measured for the sense current established par 
allel to these layers because the entire collection of spins in 
the sense current electrons is forced to interact with both 
magnetic material layers for the sense current being estab 
lished across these layers but only a fraction of these electrons 
interact with both layers for sense currents established paral 
lel thereto. 

Plots of the high externally applied magnetic field range 
and the low externally applied magnetic field range response 
characteristics of a typical spin valve are shown in the graphs 
of FIGS. 2A and 2B, respectively. The device resistance ver 
Sus externally applied magnetic field response characteristics 
of a magnetic tunnel junction are qualitatively similar. How 
ever, the magnitudes of the resistance values and the resis 
tance change values may be quite different. FIG. 2B shows 
that at moderately high positive externally applied magnetic 
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fields the device resistance is largest, corresponding to the 
antiparallel alignment of the magnetizations of free and fixed 
layers 4 and 6; and the device resistance is Smallest for mod 
erately high negative externally applied magnetic fields, cor 
responding to the parallel alignment of the magnetizations of 
free and fixed layers 4 and 6. 
As stated above, operating magnetic fields imposed exter 

nally can be used to vary the angle of the magnetization vector 
with respect to the easy axis in the ferromagnetic films of 
these various kinds of memory cell devices, particularly the 
free layers. Such operational magnetic fields imposed exter 
nally can be used to vary the angle to Such an extent as to cause 
Switching of the layer magnetization vector between two 
stable states which occur for the magnetization being oriented 
in opposite directions along the easy axis of the layer, the state 
of the cell determining the value of the binary bit being stored 
therein. One of the difficulties in such memories is the need to 
provide memory cells therein that have extremely uniform 
Switching thresholds and adequate resistance to unavoidable 
interjected magnetic field disturbances in the typical memory 
cell State selection scheme used. This externally applied oper 
ating fields scheme is based on selective externally imposed 
magnetic fields provided by selectively directing electrical 
currents over or through sequences of Such cells thereby 
giving rise to Such magnetic fields so that selection of a cell 
occurs through coincident presences of such fields at that cell. 
Such a coincident interjected magnetic fields memory cell 
state selection scheme is very desirable in that an individual 
Switch, such as that provided by a transistor, is not needed for 
every memory cell, but the limitations this selection mode 
imposes on the uniformity of Switching thresholds for each 
memory cell in a memory make the production of high yields 
difficult. 

Such memory cells can be modified to use Curie point or 
Néel point data storage, or writing, techniques based on the 
thermal pulse accompanying a current pulse provided in or 
near the cell. If such storing currents are established that are 
sufficient to heat these storage layers to the Curie temperature 
thereof, then much less magnetic field strength would be 
needed to change the magnetic states of the storage layers and 
the values of the storing currents could be much reduced to 
effectively avoid significant magnetization rotation thresh 
olds in the device magnetic material layers. 

With or without such thermal pulse techniques, however, as 
the dimensions of magnetoresistive elements in memory cells 
shrink to less than 100 nm in size, the problems that must be 
overcome in order to make Successful operating magnetore 
sistive memories become more difficult. These problems 
include increasing thermal instability when states thereof are 
not being Switched because less thermal energy is needed to 
upset the State of smaller memory cells, the needing of larger 
current densities to overcome greater demagnetization fields 
to store information, and the greater Stray field interactions 
between adjacent memory cells on a common Substrate. 
Thus, there is a desire for alternative, or supplemental meth 
ods, for storing information in magnetoresistance based 
memory cells. 

BRIEF SUMMARY OF THE INVENTION 

The present invention provides a ferromagnetic thin-film 
based digital memory cell formed on a Substrate Supporting a 
bit structure with a memory film of an anisotropic ferromag 
netic material capable of conducting an electrical current 
therethrough with a source layer positioned on one side 
thereofalso capable of conducting an electrical current there 
through so that a majority of conduction electrons passing 
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therefrom have a selected spin orientation to be capable of 
reorienting the magnetization of the memory film. A disrup 
tion layer is positioned on another side of the memory film 
capable of conducting an electrical current therethrough so 
that conduction electrons spins passing therefrom are Sub 
stantially random in orientation. The magnitude of currents 
needed to operate the cell can be reduced using coincident 
thermal pulses to raise the cell temperature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A and 1B represent a layer diagram of a portion of 
monolithic integrated circuit structure, 

FIGS. 2A and 2B represents graph of a response for a 
structure similar to one of those shown in FIGS. 1A and 1B 
and other structures herein, 

FIGS. 3, 4, 5A and 5B represent layer diagrams of portions 
of monolithic integrated circuit structures embodying the 
present invention, 

FIGS. 6, 7, 8A and 8B, 9, 10 and 11 represents graph of 
conditions and response for structures described herein, and 

FIGS. 12 and 13 represent layer diagrams of portions of 
monolithic integrated circuit structures embodying the 
present invention. 

DETAILED DESCRIPTION 

In high-density magnetic memory cell arrays, a common 
problem is to make the memory cells magnetically stable (So 
they retain information indefinitely without requiring energy) 
while also being easily switchable between alternative 
memory states as the basis for storing binary bits of data. The 
Switching of one cell must not disturb the magnetic state of 
another nearby cell in the array. Such highly controllable 
Switching events are desired to be performed using as little 
time and energy as possible. 

In the case of both spin valve and magnetic tunneljunction 
devices described above, the purpose of the spacer layer is to 
keep the magnetizations of the free and fixed magnetic mate 
rial layers separated from coupling to one another while 
allowing passage of electrons between these two layers. In a 
properly constructed spin valve or magnetic tunnel junction 
device, the passage of electrons through the metallic Cu 
spacer layer 5, or the insulating Al-O spacer layer 5, does not 
significantly affect the magnetic orientation of a given elec 
tron spin. Rather, the spin orientation is largely preserved 
until the electron interacts with the magnetic layer that it is 
passing into. These needs and this latter behavior are the basis 
for the memory cells to be described below. 
A device structure, whose utility for these purposes will be 

explained in more detail later, is shown in FIG. 3 that is a 
modification of the devices shown in FIG.1. Pinned magnetic 
material layer 6 in the device of FIG. 1A has been replaced by 
a composite pinned layer comprised of a “synthetic antifer 
romagnetic' (SAF) layer. Together, Co layer 6", Ru layer 6", 
and Co layer 6" form this SAF structure, which again is a 
magnetically fixed or pinned layer with respect to externally 
applied magnetic fields and, by virtue of this modified struc 
ture, has higher effective pinning capability in being resistant 
to magnetization rotation in the presence of greater externally 
applied magnetic fields and further through this “sandwich' 
structure providing a more closed magnetic path leads to 
lower stray magnetic fields emanating therefrom to interfere 
with neighboring devices, and vice verse. 

In addition, magnetically free layer 4 in the device of FIG. 
1A has also been replaced by another SAF structure including 
Colayer 4", Rulayer 4", and Co layer 4". Such a modification, 
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however, while again helping to reduce Stray fields, also 
becomes more resistant to magnetization rotation in the pres 
ence of greater externally applied magnetic fields. Thus, this 
device is much more stable against unwanted changes in its 
magnetic state, but is also nearly unswitchable by externally 
applied magnetic fields for wanted changes in its magnetic 
state. A new Switching mechanism is therefore needed. How 
ever, though the resulting layer structure for this device is 
obviously more complicated, the magnetoresistive changes 
of this device are still determined by the angles occurring 
between the magnetizations of layers 4" and 6', and are again 
qualitatively well represented by the data shown in FIGS. 2A 
and 2B if the angle between these layer magnetizations can be 
switched by varying some other variable to be plotted on the 
abscissas of these graphs as the Switching control variable. 
The new ferromagnetic layer magnetization orientation 
Switching mechanism for memory cells to be used is based on 
heating for this device as described in connection with FIG. 
12, and on the injection of spin-polarized current into the cell 
storage ferromagnetic layer, termed "spin injection, as the 
basis for controlling the magnetic state of the device. 

In these new spin-polarized current written memory 
devices, the data storage method involves passing a flow of 
spin-polarized electrons into the magnetic storage layer in 
order to switch its magnetic orientation. This flow has been 
found needed to beata density approaching 1x107 Amps/cm 
and to have a large spin polarization. Here, spin polarization 
is defined as: O-O-O 1/O +OI where O and O are the 
current densities of the up and down spin channels. “Up' and 
“down are defined with respect to the axis of magnetization. 
When all of the electrons are spin up, the polarization is 1, or 
100%, when there are equal numbers of spin up and spin 
down electrons, the polarization is 0. 

Spin channels at the Fermi energy is a concept used to 
describe the conduction electrons in a solid. Only a fraction of 
all electrons in a Solid are actually available for conduction, 
which are those having energies near the material Fermi 
energy, and these electrons are thus at an energy level that is 
consistent with motion through the atomic lattice of that solid. 
The “spin channel idea is based on dividing up all the con 
duction electrons into two groups: spin up electrons and spin 
down electrons. To the extent that these two groups have 
minimal interaction with one another, they can be thought of 
as an electrical current conduction system having two sepa 
rate channels. This “spin channel concept is often referred to 
as the “two current model. In the past, the two current model 
and variations thereofhave been used with considerable suc 
cess to describe many phenomena related to spin dependent 
transport. These observable phenomena include anisotropic 
magnetoresistance (AMR), giant magnetoresistance (GMR), 
spin dependent tunneling, and the extraordinary Hall effect. 
Since these phenomena occur in similar materials systems as 
are being proposed for the spin momentum transfer devices, 
the use of the two current model to describe the spin current 
properties is appropriate. 

In transition metals and alloys, including ferromagnetic 
materials, the electrons that carry charge from place to place 
in a lattice (the conduction electrons) are known to be the 
same ones that provide the basis for the resulting magnetic 
properties of such a material. In other words, their conduction 
spin polarization is large in Such materials. This is in contrast 
to materials where the magnetic properties of the material are 
not due to conduction electrons. 

Spin-polarized currents can affect the magnetization of a 
ferromagnetic material through transfer of angular momen 
tum, the angular momentum of an electron being well known 
to be coupled to its spin property. When an electron interacts 
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8 
with a material in such a way as to flip the direction of spin of 
that electron, the angular momentum lost by the electron must 
be transferred to some other entity. This transfer of angular 
momentum, in the atomic scale view, exerts magnetic torque 
on the entity with which the interaction occurred. In the case 
where the entity is the material magnetization, the spin angu 
lar momentum is transferred to the material magnetization. 
This transfer of angular momentum, in the atomic scale view, 
exerts magnetic torque on the magnetic moment in the mate 
rial where the interaction occurred. 

Considera single electron traveling in the vertical conduc 
tion structure shown in FIG. 1A from a first “source' mag 
netic layer 6 across spacer layer 5 and then interacting with 
the magnetization of a second “target magnetic layer 4. 
Suppose this interaction leads to a transfer of angular momen 
tum equal to the quantity AL. Since angular momentum must 
be conserved, the total AL lost by an electron is imparted to 
the magnetization of the layer in which the interaction 
occurred. If an incoming up spin changes to a down spin, 
AL is positive. If a down spin changes to an up spin, 
AL is negative. 
The absolute value of the angular momentum of each elec 

tron is h/2 (his Planck's constant, h-h/21L. The largest pos 
sible angular momentum transfer, then, in a single electron 
electron interaction is 2 times this magnitude, orh. This is the 
angular momentum transferred if the initial and final states 
are oriented 180 degrees apart. i.e. L., +h/2. La-h/2, so 
Linna-Lima AL-h. 

In practice, there are a large number of these interactions 
taking place per unit time in proportion to the electrical cur 
rent flowing from or to one magnetic layer to or from another 
adjacent layer. In other words, the number per unit time=I/e 
where I-current in amps and e is the electron charge. The net 
spin transfer per unit time is also proportional to the spin 
polarization as defined above. Thus 

magnetic 

magnetic 

initial 

dLidtoco. 

The magnetic torque exerted on the magnetic moment of the 
material at time t is defined as 

and therefore tOt)=OCOI 
This disturbance of an electron’s spin, sometimes referred 

to as 'spin flip Scattering, happens all the time in a material 
including when a current passes therethrough. But in most 
cases the net angular momentum transfer is nil because the 
number offlips from up to down are equal to the flips down to 
up. Only in the special case where the spin polarization of the 
incoming charge carriers is different than the spin polariza 
tion of the outgoing charge carriers is there a net transfer of 
angular momentum. When the Sum of all these angular 
momentum transfers is high enough, the magnetization direc 
tion of a magnetic material can be caused to rotate. 

In order to quantitatively calculate the net momentum 
transfer due to a polarized electron current flowing from one 
magnetic layer into another, one must know the total current, 
I, the net spin polarization, O, and the angle 0 between the 
magnetizations of the two layers. Assume that all of the spins 
from source layer 2 interact within target layer 1 so that the net 
spin polarization is completely dissipated. A formulation for 
the torque magnetic torque exerted on the magnetic moment 
of the material for arbitrary relative orientations of the layer 
magnetizations has been found to be 
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Here, M, and M, are the magnetizations of the target and 
source magnetic layers, respectively, having corresponding 
unit vectors m, and ma; () is the angle between M, and M.. O 
is the spin polarization as defined above, j-I/(area of target 
layer impingement surface) is the current density (AmpS/ 
cm), e is the electron charge, and t is the thickness of the 
target layer (in cm). Note that the area times thickness is the 
volume of the target layer. 

This torque calculation assumes a number of things, such 
as 100% spin transfer, and that all of the spin interactions 
occur within the target magnetic layer (i.e. the mean free path 
is much longer than the spacer between two magnetic layers, 
and much less than the thickness of each of the two layers). It 
also assumes that the layer target layer magnetization is free 
to rotate. 

These relationships are, by definition, the result of the 
average of many electron-electron interactions. The polariza 
tion, 0, refers to the average spin polarization of the entire 
ensemble of conduction electrons. Likewise, the current den 
sity, j, is the average current density passing through the 
major surfaces of the magnetic material layers of the device. 

This equation tells about the torque at a given point in time 
based on the relative orientations of magnetizations. A full 
calculation of the switching process (making the magnetiza 
tion flip from one orientation to another) requires incorporat 
ing this instantaneous torque equation into the dynamic 
switching relationships known as the Landau-Lifshitz-Gil 
bert equation, or 

dM/dt=-yMxH+(c/IM)Mx (dM/dt). 
Adapting this equation to the present situation yields 

dm hi -o" - - - - 

where His the total effective magnetic field, Y the gyromag 

-MX ki. 

netic ratio, and C. is the damping constant. H., H. cos(0)+ 
H-H is the sum of anisotropy, applied, exchange, and 
demagnetizing fields, 0 represents the angle between the 
magnetizations of the two magnetic layers. The first term is 
the net torque due to all magnetic fields, the second term is 
damping, and the third term is the spin momentum transfer. 
The damping factor, C., in the LLG equation is an empiri 

cally measured term that takes into account all means of 
energy transfer from magnetic rotation to other forms. Sev 
eral physical phenomena play a role in damping. Excitations 
such as photons, phonons, and magnons contribute to a larger 
and lesser degree, respectively. Thermal heating due to eddy 
currents and interactions with atomic nuclei also contribute. 

Spin currents can switch a magnetic cell having approxi 
mately 400 Oe of effective anisotropy (shape and crystalline 
anisotropy) with a current density of 107 A/cm. This has 
been accomplished by flowing electrons first through a highly 
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10 
spin polarizing material (cobalt), then through a thin layer 
(probably epitaxial) layer of copper, and into a thinner layer 
of cobalt having the magnetization direction to be switched. 
An important related demonstration is that sufficient elec 

trical current density in the opposite direction results in 
reversing the magnetic switching. As mentioned above, the 
calculation of magnetization rotation assumes that the target 
layer is magnetically free to rotate. In cases where the source 
layer is freer to rotate than the target layer, a large fraction of 
one spin channel can be reflected at the spacer-target inter 
face. These reflected spins then interact with the source layer 
and cause its magnetization to rotate. 
The foregoing discussion has addressed the nature of angu 

lar momentum transfer from spins to other spins and magne 
tizations, the relationship between this transfer and torque on 
the magnetization of materials, and the dynamic “equations 
ofmotion' for magnetization under the influence offields and 
spin currents. We further the explanation here with a discus 
sion of the relationship between spin polarized currents and 
choices of material structures in the device. Certain thick 
nesses and arrangements of magnetic layers are advantageous 
for the exploitation of the spin current switching effect. These 
design choices depend on the location at which the spin 
polarized current interacts with the magnetization. 
The depth of penetration, closely related to the "spin flip 

length, of an incident spin current is highly dependent on the 
spin orientation. “Spin up' electrons are defined as those 
spins orientated parallel to the material magnetization, and 
“spin down” electrons are defined as those spins oriented 
anti-parallel to the material magnetization. The flipping of 
spin down electrons is the fundamental mechanism for the 
transfer of angular momentum to the magnetization and the 
resulting torque on the magnetization. Flipping of spin up 
electrons only reinforces the existing magnetization orienta 
tion. The scattering probability of spin down electrons is 
much higher than that of spin up electrons. This means that 
the momentum transfer of an incident spin down current takes 
place much sooner (shallower) than an incident spin up cur 
rent. The ratio of the spin flip lengths is on the order of 10, so 
that the spin flip length (sfl) of spin down electrons is about 1 
nm while the sflof spinup electrons is about 10 nm. These two 
factors indicate that the optimum thickness for a target mag 
netic layer is longer than the spin down Sfl, and shorter than 
the spin up sfl. This means the target layer thickness could be 
up to a few 10s of nm. Added thickness of the target layer, 
however, increases the total required momentum transfer 
since the magnetic anisotropy energy is proportional to the 
volume. 
The introduction of thin ruthenium layers between ferro 

magnetic layers (NiFe, for instance) can help to optimize the 
angular momentum transfer in a relatively thin target layer. 
Thin Ru layers are effective spin scattering layers which 
randomize electron spins passing through that layer, and they 
strongly antiparallelly couple such ferromagnetic layers pro 
vided on either side thereof. In such a SAF pair, one of the two 
magnetic layers acts as the “target layer for an incoming spin 
current. The SAF has several desirable features for dense 
MRAM. Self-demagnetizing effects are greatly reduced by 
the presence of compensating magnetic free poles at the 
device edges, regardless of the magnetization orientation. 
Stray fields, which can cause undesirable magnetic interac 
tions with nearby bits, are greatly reduced when a SAF struc 
ture is used compared to a single magnetic film structure. The 
effective anisotropy of the SAF is the same as for a single film, 
and the anisotropy energy is proportional to the total Volume 
of the two magnetic layers. The effect of external fields is 
drastically lower because the magnetostatic energy of the two 
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antiparallel layers cancel each other. In total, the SAF struc 
ture is more sensitive to internal spin polarized Switching 
currents, less sensitive to external stray fields, and has 
reduced magnetostatic interactions with nearby magnetic ele 
mentS. 

In addition to magnetostatic considerations, the Ru layer 
provides an important spin randomization effect. This effect 
prevents the spin polarized current from exerting significant 
torque on the non-target film of the SAF. In absence of this 
spin randomization effect, the spin polarized current which 
does not transfer its angular momentum to the target layer will 
then pass through to the non-target layer and exerta torque in 
the opposite direction to that intended. Due to the spin scat 
tering effect of the Ru layer, the spin up electrons in the 
current through the target ferromagnetic layer are random 
ized before they reach the non-target ferromagnetic layer so 
that relatively small net torque is exerted upon the magneti 
Zation of that non-target layer. The antiferromagnetic cou 
pling between the two ferromagnetic layers due to the ruthe 
nium layer therebetween thus allows the torque in the first 
layer to Switch magnetization directions of the two ferromag 
netic layers together. 

Magnetic tunnel junctions can be fabricated with down to 
1 S2-um' barrier resistance area product with magnetoresis 
tance change ratio of 40%. Such a thin barrier will be neces 
sary to allow for the occurrence of sufficient current density 
magnitudes so as to be capable of Switching the magnetic 
storage layers in memory cells. 

Minimizing the lateral scattering of injection spin current 
conduction electrons to reduce the polarization losses during 
transit for better switching requires that such currents be 
established through the smallestamount of a material layer as 
possible, i.e. through the thickness of a thin-film layer. This is 
Supported by having the lateral dimensions of such a layer as 
Small as possible to minimize the lateral spreading out of the 
current over the layer because Such spreading leads to an 
effectively lengthened current path thereby also adding path 
resistance that does not contribute to the magnetoresistance 
change based signal. As a result, the lateral dimensions of a 
layer in a stack of layers forming an operative device will 
approach, or even be less than, the total thickness of the 
stacked layers in that device. In an alternative to devices with 
a magnetic junction, as just mentioned, where instead the 
barrier layer is replaced by an electrical conductor Such as 
copper, an added benefit of such small lateral dimensions is an 
increase in path electrical resistance because of the resulting 
Small path cross sectional area. 

Thus, a vertical cell having two tunneljunctions one on the 
other but in series with an inner contact structure therebe 
tween consisting of two ferromagnetic layers (10 to 50 A 
thick) sandwiching a ruthenium layer of approximately 7 to 
12 A thickness forms a strongly antiparallel coupled device. 
Two outside electrodes are pinned synthetic antiferromagnets 
with the pinning antiferromagnetic materials on the side 
thereof away from the tunnel junctions. These outside elec 
trodes are permanently magnetized so that the magnetizations 
of the magnetic layers next to the junction are both oriented in 
the same direction. 

Such a vertically stacked memory cell structure, 10, is 
representatively shown in the side view of FIG. 4though with 
many structural portions reduced or exaggerated for purposes 
of clarity. A pair of 50 A thick ferromagnetic layers, 11 and 
12, have a 9 A thick ruthenium layer, 13, provided therebe 
tween to form the inner contact structure and data bit storage 
layers. On the other side of ferromagnetic layer 12 directly 
supporting that layer is a 4A thick aluminum oxide barrier 
layer, 14, and directly on the other side of ferromagnetic layer 
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11 is another 4. A thick aluminum oxide barrier layer, 15. 
Another 50 A thick ferromagnetic layer, 16, directly support 
ing barrier layer 14 completes a magnetic tunnel junction 
with barrier layer 14 between ferromagnetic layers 12 and 16. 
A similar 50 A thick ferromagnetic layer, 17, directly on 
barrier layer 15 completes a further magnetic tunnel junction 
with barrier layer 15 between ferromagnetic layers 11 and 17. 
A 9 A thick ruthenium layer, 18, is provided directly sup 

porting ferromagnetic layer 16, and another 9A thick ruthe 
nium layer, 19, is provided directly onferromagnetic layer 17. 
A ferromagnetic layer, 20, is provided directly supporting 
ruthenium layer 18, and a further ferromagnetic layer, 21, is 
provided directly on ruthenium layer 19. A chrome platinum 
manganese antiferromagnetic layer, 22, directly supports fer 
romagnetic layer 20 to form a pinned synthetic antiferromag 
netic to pin the magnetization direction of ferromagnetic 
layer 16 in a selected direction. Similarly, a chrome platinum 
antiferromagnetic layer, 23, is directly onferromagnetic layer 
21 to form a pinned synthetic antiferromagnetic to pin the 
magnetization direction offerromagnetic layer 17 in the same 
direction as that of ferromagnetic layer 16 along the length of 
the cell. 
A tungsten plug. 24, extending through an electrical insu 

lating layer directly supports and electrically contacts anti 
ferromagnetic layer 22, and an aluminum cap, 25, is directly 
Supported on chrome platinum antiferromagnetic layer 23. A 
lower electrical interconnection, 26, is in electrical contact 
with plug 24, and a further electrical interconnection, 27, is in 
electrical contact with cap 25. 

Consider a current being passed through the two barrier 
junctions such that the electrons pass from top to bottom in 
FIG. 4. Polarized electrons tunneling from the upper pinned 
polarization layer 17 through adjacent barrier layer 15 and 
into ferromagnetic layer 11 in the inner electrode (formed of 
layers 11, 12 and 13) will create a torque on the magnetization 
of layer 11. If the current density and polarization are large 
enough, the magnetization will rotate to be in the same direc 
tion as the magnetization of upper polarization layer 17. As 
the electrons flow on through inner ruthenium layer 13 to 
ferromagnetic layer 12, the spins of those electrons are ran 
domized. The tight antiferromagnetic exchange coupling of 
the two ferromagnetic layers will ensure that the other inner 
magnetization layer 12 will have its magnetization direction 
remain antiparallel to the direction of magnetization of layer 
11 to form a first magnetic state. Reversing the current will 
reverse the storage of data on inner magnetic layers 11 and 12 
by reversing the orientations of the magnetizations of those 
two layers to form an alternative second magnetic state. 

Retrieving stored information is accomplished by injecting 
Smaller currents (less in magnitude than needed for ferromag 
netic layer magnetization Switching) into each of the outside 
contacts, and taking both currents out through the center 
electrode. Observing the voltage difference between the out 
side electrodes with respect to the inner electrode, which is 
essentially the Voltage drops across the two barrier junctions, 
will provide the output signal to indicate the storage State as 
one barrier junction will be in its higher magnetoresistance 
magnetic state and the other in its lower magnetoresistance 
magnetic state. A 'one' magnetic state and a “Zero” magnetic 
state will provide corresponding output signals which are of 
opposite algebraic signs. 
A small shape anisotropy for the cell of 40 Oe would 

require that the current density for switching to be 10 A/cm. 
This would require 1.0 mA into a junction of 0.1 square 
micron area (10 cm). At 100 mV across each junction, the 
resistance of the junction would have to be 100 Ohm, which 
is equivalent to 1.0 S2-umbarrier resistance area product. 
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Thus, this memory cell can have the magnetization direc 
tions of the data storage layers 11 and 12 switched by a fairly 
low spin injected current of 1 mA, and the output signal, using 
0.1 mA to read, would be about 8mV across the cell for a 40% 
magnetoresistance. The cell would have a small area although 
making a contact to the inner contact at the device center is a 
fabrication process challenge. 
A structural variation whereby the bottom tunneling layer 

is replaced with a thin copper layer simplifies making elec 
trical contact for measuring the Voltage drop due to the barrier 
junction tunneling current. A second variation is shown in 
FIG. 3 which, as described above, has only two SAF struc 
tures and only one spacer layer. A third variation is a simpli 
fication back to single layer free and pinned films as shown in 
FIG. 1, although that configuration would suffer from demag 
netizing fields at the dimensions where spin current writing is 
practical. An important improvement in all of these structures 
is the use of reduced Curie temperature materials to simplify 
the storing of data bits by applying heat locally, thereby 
allowing for magnetic-thermal stability in much smaller 
devices. These thermal issues are described in detail below. 

In the first variation, a thin layer of copper, 14", (thin 
enough to scatter spins significantly) is used in place of bot 
tom tunnel junction barrier layer 14 of memory cell 10 as 
shown for a corresponding variation memory cell, 10", in the 
layer diagram of shown in the fragmentary side view of FIG. 
5A. FIG. 5A is shown as a layer diagram of a monolithic 
integrated circuit Supported, and integrated, memory cell 
with the structure shown not being a representative cross 
section view as many structural portions are reduced or exag 
gerated for purposes of clarity. In this configuration, there are 
only two cell electrical contacts necessary. Although the total 
signal is halved since there is a significant Voltage drop over 
only one tunnel junction and little over the copper layer, it 
would be easier to fabricate since electrical contact need only 
be made at the opposite ends of the device by contacts 26 and 
27. Since ferromagnetic layers 11 and 12, as storage layers, 
and ruthenium layer 13, togetherforming the inner contact for 
the device of FIG. 4 no longer serve as an electrical contact, 
they are redesignated 11", 12' and 13" in FIG. 5A. 
A conductive riser to electrically contact interconnection 

26 (fabrication process second metal layer) is formed of a 
tungsten plug. 30, a further (first metal) aluminum layer, 31, 
and a final tungsten plug, 32, extends up from a n+-type 
conductivity terminating region, 33, in ap+-type conductivity 
tab, 34, of a metal-oxide-semiconductor-field-effect transis 
tor (MOSFET), 35, formed in an n-type conductivity silicon 
substrate, 36. MOSFET 35 has another n+-type conductivity 
terminating region, 37, in tub 34 separated from terminating 
region 33 by a channel region in tub 34 over which an n+-type 
conductivity polysilicon gate, 38, is provided separated from 
tub 34 by a gate oxide layer, 39. Another tungsten plug. 32. 
rises from terminating region 37 to another portion of first 
layer metal, 31'. Interconnection 26 here serves as a lead to a 
Voltage measurement circuit, and interconnection 31' is 
adapted for connection to an electrical energy source with the 
connection thereto being controlled by the gate signal on 
MOSFET 35 serving as an electrical switch. 

FIG. 5B is a fragmentary top view of a structural region 
about the memory cell device shown in the layer diagram of 
FIG. 5A and the immediate electrical interconnections 
thereto, where view taken in FIG. 5A is indicated by the 
section line marked with the designation 5A in FIG. 5B. The 
uppermost interconnection to this cell device is shown in 
solid lines even it is covered by a protective layer in the actual 
device structure as this protective layer has been omitted in 
this view for purposes of clarity. Aluminum cap at the top of 
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14 
memory cell 10' is shown in dashed line form as is tungsten 
plug 24 at the bottom of memory cell 10'. 
As indicated above, random access magnetoresistive 

memory cell arrays providing two combined operating mag 
netic fields from coincident currents to Switch the magnetic 
state of a selected memory cell in storing therein a data bit 
require cell selection electrical currents to be provided along 
two separate current paths in or adjacent to the array. In some 
arrangements, the previously described memory cells based 
on the use of transistor controlled spin injection currents can 
avoid this sort of cell selection. However, in other arrange 
ments, this sort of selection will still be relied upon, and so 
have the attendant difficulties to be described in more detail 
below. 

In Such a coincident current selection arrangement, only 
that cell in the vicinity of the crossing location, or intersec 
tion, of these two paths experience sufficient magnetic field 
intensities due to the summing of the fields due to these two 
currents to cause Such a magnetic State change therein. Cells 
in the array that are located far away from both of these two 
current paths are not significantly affected by the magnetic 
fields generated by Such currents in the paths because Such 
fields diminish in intensity with distance from the source 
thereof. Cells, however, located in relatively close proximity 
to one, but not two, of these two paths do experience more 
significant magnetic fields thereabout, and those immediately 
in or adjacent to one Such path experience Sufficient field 
intensities to be considered as being “half-selected by the 
presence of current in that path intended to participate in fully 
selecting a different cell along that path at the intersection 
with the other path on which a selection current is present. 
Half-selection means that a bit is affected by magnetic fields 
from the current through one path but not another. 
The stability of magnetic memory bits can be considered in 

terms of an “energy well. When the magnetostatic energy of 
a data storage magnetic material layer (defined below) of a 
cell is plotted vs. the angle between the magnetization and the 
easy axis of that layer, there is an energy minimum at the 
angular value of Zero or, with this angle designated as 0, at 
0=0 as shown in the graph of FIG. 6. This minimum, having 
on either side thereof in this plot an energy maximum, that is 
energy maxima at 0=+90° and 0=-90°, is the “energy well'. 
The depth of the energy well when no external magnetic fields 
are applied is simply the difference between the energy mini 
mum and maxima. The value of this energy well can be 
calculated from: 

where M is the magnetization, H is the anisotropy, V is the 
Volume, and 0 is the angle of M from the easy axis. The 
magnetization orientation will tend to orient to minimize the 
magnetostatic energy; i.e. 0 will tend toward Zero degrees. 
The graph of FIG. 7 shows a Stoner-Wohlfarth switching 

threshold plot, a portion of an astroid, and reasonable values 
of the word and sense fields to provide adequate margins for 
a memory employing coincident current selection. The Solid 
curve in the figure represents the total field required to cause 
a bit magnetization to switch from one to the other of two 
stable states. The total field is the vector sum of the word 

magnetic field H due to current provided in an adjacent word 
line, and the sense magnetic field H. due to current provided 
through the cell which currents are typically applied along 
current paths following the two orthogonal axes in the plane 
of the cell array. The Gaussian curve portion shown in the 
middle of the plot is representative of the distribution of cell 
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applied magnetic field switching threshold values in an array 
of real memory cells. The memory array design, then, must 
account for the varying cell switching thresholds encountered 
in view of this distribution. As illustrated in the figure, design 
values for the word and sense fields are about/2 the value of 5 
H. The remaining energy well depth of those cells half 
selected is about /4 their non-selected depth. This can be 
shown through calculating the well depth with half selection 
magnetic fields both present and absent. 
The energy expression above, when modified to include the 10 

effects of H, and H., becomes 
E=A sin? 0 MHV-IMHIV sin 0+IMHIV cos 0 

Here we assume that H is parallel to the effective easy is 
axis while H is perpendicular to this axis. The easy axis is 
parallel to H. 

If a half-select word field is applied (i.e. H=% H. and 
H=0), the energy expression becomes: 2O 

where the second term is the energy due to the applied word 
field. If a half-select sense field is applied (i.e. |H=/2 Hand 

25 
|H|=0), the energy expression becomes: 

E=A sine MHV-IMH.IV sin 0, 
where the second term is the energy due to the applied sense 
field. 30 

These two equations are plotted in the graphs of FIGS. 8A 
and 8B. In both cases, the well depth has been reduced by a 
factor of four, from /2 MHV to /s MHV. A physical memory 
may be designed with slightly different parameters. However, 
the important factor is the smallest energy well depth for a 35 
half-selected cell. The design objective is to ensure that the 
memory cells are magnetically stable during the data storing, 
or magnetic state switching, procedure that is repeatedly 
undertaken with respect to other cells. However, the trade-off 
between thermal stability and magnetic stability is a serious 40 
problem when the total magnetic volume of bits is less than 
about 10 nm. 

Consider, for instance, a 256 megabit data storage capacity 
memory cell array provided as part of a monolithic integrated 
circuit chip organized so as to have 16 byte data blocks (8x17 45 
binary bits) and having implemented therein the well known 
Hamming single bit error correction code which adds 8 addi 
tional bits. A reasonable sub-array to operate would be orga 
nized so that the word lines would each be immediately 
adjacent to 1088 cells to provide magnetic fields thereabout 50 
and the sense lines would each connect in series 128 cells for 
storing and retrieving data binary bits. The data is to be 
accessed in sequence in two byte groups. 
A worst case can be taken to occur if one block had the data 

therein retrieved continuously for a year. In this case only one 55 
block would experience error correction while the remaining 
2 million blocks would not. A total of 78 blocks (64-1+16-1) 
would be continuously half selected. The unselected blocks 
with 4 times the well depth can be ignored because their 
thermally induced failure rate would be negligible. 60 

First, consider the situation without any error correction. 
For randomly occurring failures in a non-redundant system, 
reliability theory shows that the total failure rate of the 78 half 
selected blocks is the sum of the individual failure rates. Also 
each byte that is present in a block is accessed only /8 of the 65 
time. Thus to achieve a desired 10 yearly failure rate for the 
memory, the failure rate for each cell per '/8 year is given by 

16 
10/(78 blocks' 128 cells block)=1.0016x10' fail 

ure? (/8 a year). 

Noting that there are 3.942*10 seconds in/s year, that the 
relaxation time for a magnetic element of the type considered 
is about 0.5x10 seconds, and that if a cell is thermally 
excited above the barrier, there is a 50% chance it will end in 
the wrong state, one can compute the required barrier height 
(E) as 

10016x10-9-0.5*e (Eb'kT 3.942*106.1/(0.5*10-9). 

E=56.6 kT 

(Note: the energy state is randomized with respect to each 
relaxation time (t) so that there are 1?t, chances to fail per 
second.) 

If there is single bit error correction, then any single bit 
error in any half-selected block can be corrected and a failure 
occurs at the end of the year only if two or more errors occur 
in a block. For small failure probabilities, the failure rate for 
two or more elements failing in a block is only very slightly 
more than two elements failing in a block. For convenience, 
calculations will be based on two bits failing in a block. 

Let “f” be the cell failure probability for an element for a 
year. Using the fact that the number of ways 2 elements can be 
selected out of 138 is given by 138x137/2, the required value 
off can be calculated as follows: 

The required well depth can then be computed directly as 
follows: 

Incidentally, if the full memory was read every 10 hours and 
corrections made, the required well depth would be reduced 
by a small amount to 47.3 kT. 

Taking the more conservative value of E-228 kT for unse 
lected memory cells, and assuming the temperature of a half 
selected cell rises to 400 K during the writing procedure of 
another cell, and that the saturation magnetization of the 
storage layer is about 10,000 emu/cm, and the effective 
anisotropy of the storage layer is 20 Oe, the minimum Volume 
required to maintain thermal stability is given by the differ 
ence between the maximum and minimum energy values, 
which occur at 0–0 and 0=TL/2, through the following rela 
tionship: 

A sin eIMHV=228 kT: 

V=2*228(1.381x10’ Joules/Kelvin)(400 Kelvin)/ 
(10,000 emu/cm) (20 Oe)=12.6*10*m=12, 
600 nm. 

As memory array cell densities increases force reaching 
such cell dimensions, other ways of making cell selections in 
the memory array must be used that will allow thermal sta 
bility. One such method is the exploitation of the temperature 
properties of magnetic materials in the cell structures. Spe 
cifically, cell structures can be made that have high anisotropy 
(and a correspondingly deep energy well) at the standard data 
retrieving temperature, but whose magnetic properties dimin 
ish or vanish at a higher data storing temperature. Thus, the 
storing of data bits is accomplished by coincident applica 
tions of heat pulses and externally applied magnetic fields. As 
described above, the external applications of magnetic fields 
can be supplemented or replaced by the use of polarized spin 
currents for switching the cells magnetic states in the storing 
of data bits therein. 
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In Such arrangements where memory cell structures have 
data stored therein by selectively heating the structures, the 
desired rapidity of storage is achieved by using thin isolating 
layers such as the dielectrics. In thin dielectrics, thermal 
equilibrium is reached in a very short time. This can be 
directly calculated by use of the Fourier heat conduction 
equation and the appropriate material parameters. The tem 
perature rise is given in general by that equation as 

- ... - - - - - - - - - 

at CP0x2 ox2 8x2' 

where T is the temperature, t is the time, k, is the thermal 
conductivity, P is the density, C is the specific heat at con 
stant pressure, and X-y-Z are the coordinates. The thermal 
diffusivity constant is given by 

kih 
CP 

In one dimension which is a reasonable approximation with a 
large heat sink directly below the heating Sources, the tem 
perature rise is given by 

Consider a one micron wide line made of 100 A thick 
tungsten over 500A of silicon dioxide in a substrate having a 
silicon integrated circuit therebelow with one of the memory 
cells provided in the silicon dioxide 200 A below the word 
line. The thermal conductivity of silicon dioxide is 0.014 
Watts/C. cm, fortungsten 1.87 watts/C. cm, and for silicon 
1.5 watts/ C. cm. Because the silicon has more than 100 
times the thermal conductivity of the silicon dioxide, the 
silicon in the remaining portions of the Substrate can be 
treated as an infinite heat sink. The volume specific heat for 
silicon dioxide is 2.27 joules/C. cm and fortungsten is 3.66 
joules/C. cm The tungsten line has a resistivity of about 8 
ohms per square. 

For this example, a 10 mA current was stepped abruptly 
into the word line and the temperature transient was deter 
mined using the above parameters in a numerical Solution of 
the above on dimension diffusion equation. FIG. 9 shows the 
17°C. rise reaching 90% of its final value in 6.5 nanoseconds. 
Thus, thermal time constants are not a limiting factor in 
storage rapidity for sufficiently small versions of the above 
described memory cells. 

In operation, using coincident pulses in the word current, 
I, and in the sense current, I, to store and retrieve informa 
tion from these kinds of memory cells, there will be typical 
waveforms of the kinds illustrated in FIG. 10 corresponding 
to storage of databased on thermal pulses and FIG. 11 cor 
responding to data retrieval. In FIG. 10A, a full magnitude 
current pulse with respect to the initial Zero magnitude is 
applied in the word line adjacent the memory cell in which 
data is to be stored during the first time period shown. Either 
a positive current represented by the solid line or, alterna 
tively, a negative current represented by the short dashed line 
in FIG. 10A can be used depending on the direction of mag 
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netization desired to be stored in the ferromagnetic material 
associated with the magnetically harder side of the nonmag 
netic intermediate layer. 
A similar full magnitude current pulse during that first time 

period is applied through the cell as a sense current as shown 
in FIG. 10B. Together, the heat generated by these current 
pulses forces the temperature of the cell up from its ambient 
value to past either the ferromagnetic material Curie tempera 
ture, or the anti ferromagnetic material blocking temperature, 
depending on the kind of cell, as represented by the long 
dashed line in FIG. 10C. In this situation, the ferromagnetic 
material associated with the magnetically harder side of the 
nonmagnetic intermediate layer can relatively easily have the 
direction of magnetization therein set in the desired direction 
to hereby store a bit of data therein as described above. 

This storage is accomplished by letting the cell cool below 
the pertinent one of the Curie or blocking temperatures (rep 
resented by the long dashed line in FIG. 10C) while main 
taining a magnetization direction setting magnetic field. To 
do so, the word line current in the second time period shown 
in FIG. 10A is reduced in magnitude by one half with the 
remaining half magnitude current serving to provide the 
direction selection magnetic field for the ferromagnetic mate 
rial associated with the magnetically harder side of the non 
magnetic intermediate layer during this cooling. The magne 
tization direction selected depends on which direction 
through the adjacent word line the word line current follows 
in being either the solid line current or the short dashed line 
current of FIG. 10A. 
The sense current in the second time period shown in FIG. 

10B is reduced to Zero to speed cooling. As can be seen in 
FIG. 10C, the temperature of the cell decreases below the 
dashed line temperature quickly. Following the second time 
period shown in FIG. 10A, the word line current is reduced to 
Zero and the cell temperature shown in FIG. 10C falls back to 
ins ambient value thereby completing the storage operation. 

Retrieving information from the same cell as to the direc 
tion of magnetization of the ferromagnetic material associ 
ated with the magnetically harder side of the nonmagnetic 
intermediate layer is shown in FIG. 11 to be completed in the 
one time period shown. A half of the full magnitude current 
pulse is provided in this time period in both the adjacent word 
line, as shown in FIG. 11A, and through the cell as shown in 
FIG. 11B. Retrieval circuitry not shown senses any cell resis 
tance value change to make the determination as to the direc 
tion of magnetization of the ferromagnetic material associ 
ated with the magnetically harder side of the nonmagnetic 
intermediate layer to thereby retrieve the data represented by 
this direction. As shown in FIG. 11C, the cell temperature 
does not rise significantly since in these circumstances only a 
quarter of the power is dissipated compared to the power 
dissipated in the first time period involved with the storing of 
data shown in FIG. 10A. 

FIG. 2A also shows the major resistance versus applied 
field characteristics for a "pinned layer spin dependent tun 
neling memory cell having the maintained magnetization 
direction oriented in one direction along the length of that 
cell. A mirror image characteristic, i.e. essentially the same 
characteristic as shown in FIG. 2A rotated about the resis 
tance axis, results for maintained magnetization direction 
oriented in the opposite direction along the length of that cell. 
During storage of data therein, however, these characteristics 
are transformed as the blocking temperature for the "pinning 
layer is reached by either essentially collapsing if the block 
ing temperature exceeds the Curie temperature of the adja 
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cent ferromagnetic layer or reverting to the major resistance 
Versus applied field characteristics of just the ferromagnetic 
layers if it does not. 

During retrieval of data from this memory cell, field mag 
nitudes only relatively near Zero are applied to these charac 
teristics So that the operating point moves from one to the 
other of the two resistance lobes shown in FIG. 2A. This 
behavior again effectively results in a minor loop character 
istic for retrieval purposes as is shown in FIG. 2B. 
A cross section view of a spin-current based data storage 

memory array provided as part of a monolithic integrated 
circuit also using thermal pulses to store data is shown in FIG. 
12 based on each memory cell using the device of FIG.3 with 
Substrate 2 being part of the integrated circuit semiconductor 
material with junction isolated regions as shown. The same 
numerical designations are used in each of these figures for 
similar features. A plurality of thermal pulse providing word 
lines, 40, are provided in and out of the plane of the figure 
above the array of memory cell devices having Successive 
rows of memory cells in each of which the cells are electri 
cally connected in common to form a bit line for each Such 
row. Thus, thermal pulse word lines 40 each pass over many 
bit lines. Thermal pulse word lines 40 are formed of a high 
resistivity metal Such as tungstenin order to generate the most 
heat and reduce lateral thermal conductivity within the line. 
The memory cell devices are electrically connected at the top 
electrode thereof by common bit line 9. 
The thermally operated memory cells in the array must 

function independently of one another, and so the thermal 
conduction paths in and around each cell must allow one cell 
to be brought above its storing temperature based on the Curie 
or blocking temperatures of the magnetic material layers 
therein while nearby cells remain below their thermally stable 
temperature. This balance is achieved by limiting thermal 
conductivity between the adjacent cells through suitable 
choices of a bottom electrode separating dielectric material 
layer, 41, a device separating dielectric material layer, 42, and 
a word line and device separating dielectric material layer, 43. 
both as to kind of material and the separating thicknesses 
thereof. Similarly, the material and dimensions of bottom 
electrode 2, and the material and dimensions of common bit 
line 9, must be chosen suitably to limit there contributions 
sufficiently to the thermal conductivity between adjacent 
devices. 
The memory cell devices in FIGS. 1, 3 through 5, and 

another to be described below, can all be modified to use 
thermal pulse based data storage, or writing, techniques based 
on the thermal pulse accompanying a current pulse. Ferro 
magnetic material storage layers such as 11' and 12" can have 
a reduced Curie point temperature obtained, for examiple, by 
adding chromium to the NiFe material typically used therein, 
or by using a very thin storage layer for these two layers. If 
storing currents established between interconnections 2 and 
9, or 26 and 27, are sufficient to heat these storage layers to the 
Curie point temperatures thereof, then much less magnetic 
field strength would be needed to change the magnetic states 
of the storage layers and the values of the corresponding 
storing currents could be reduced. 

Also, separately from the foregoing, or together with it, a 
Néel point cell could be made by substituting an anti ferro 
magnet material for ruthenium layer 13g between storage 
layers 11' and 12'. If the storing currents heat the antiferro 
magnet between storage layers 11" and 12 above the Néel 
point, then the antiferromagnetic/ferromagnetic exchange 
coupling between these two storage layers would be broken, 
anrd the magnetic field associated with the storing current 
would cause the corresponding magnetization state to occur 
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in these storage layers to thereby store the data bit desired to 
be stored in that memory cell. As the cell cools, the cell will 
have a deep storage energy well by virtue of the very large 
exchange fields that the antiferromagnetic provided between 
the storage layers provides. 

Note that in this case, the antiparallel coupling between the 
two storage layers can no longer be provided by the omitted 
ruthenium layer, and that instead, magnetostatic coupling 
would have to Supply the antiparallel coupling. In even very 
thin films, this coupling becomes very large as cell dimen 
sions approach and become less than 1000 A. Even a slight 
ellipticity in the cell shape will give a very substantial anisot 
ropy. For example, a 30 A circular film 100 nm in diameter 
with an M of 10K Oe would have a self-demagnetization 
field of about 240 Oe. Ellipticity would make the magnetiza 
tion lie along the long axis due to shape anisotropy, and the 
Stray fields in one storage layer would magnetize the other 
storage layer in an antiparallel state. 
A simpler structure is described below but this structure 

has shortcomings which will make the advantages of the 
previously described devices clearer. The layer diagram for 
this simpler structure memory cell, 10", is shown in FIG. 13. 
Interconnections 26 and 27 are again present along with alu 
minum cap 25 and plug 24. However, there are no antiferro 
magnetic layers and no tunneljunction barrier layers. Instead, 
a pair of relatively thick (125A) ferromagnetic layers, 50 and 
51, are directly on plug 24 and directly support cap 25, respec 
tively, and they have between them two 25 A thick copper 
layers, 52 and 53, which in turn have between them a rela 
tively thin ferromagnetic data storage layer, 54. This arrange 
ment, in effect, provides two giant magnetoresistive effect 
devices in series between interconnections 26 and 27. An 
output signal is taken from the upper of Such devices so that 
ferromagnetic layers 51 and 44 are shown as providing output 
interconnections also. 
A copper intermediate layer in the giant magnetoresistive 

devices means that the output signal will be taken from a 
vertical GMR device with only two interfaces yielding a 
relatively small output signal value. Also, because of symme 
try, there is no signal unless storage layer 54 is in the output 
interconnection. The output signal in the memory cells of 
FIGS. 4 and 5 is greatly enhanced by the use of tunnel barri 
ers, and the asymmetric configuration of the FIG. 5 memory 
cell overcomes the difficulty of contacting the inner storage 
layers in the FIGS. 4 and 13 memory cells. 
The device of FIG. 13 relies on material properties for the 

high coercivity offerromagnetic layers 50 and 51, here shown 
being provided by the relatively large thicknesses thereof 
which is very risky because the material magnetization can be 
disturbed in orientation relatively easily by external magnetic 
fields. The two outer ferromagnetic layers can be magnetized 
in opposite directions by having permnanent magnetic mate 
rial Substituted therefor, or perhaps by making one much 
thicker than the other (not shown). The memory cells of FIGS. 
4 and 5 provide pinning with First Named antiferromagnets 
and allow a commjon device fabrication annealingfield direc 
tion to be used. By making one of the magnetic layers in a 
synthetic antiferromagnet slightly thicker than the other, the 
pinning direction of the magnetic layer nearest the storage 
layer can be controlled. This much more reliable method of 
control of the pinned directions is used in the FIGS. 4 and 5 
devices. 

Stray magnetic fields between memory cells of the kind 
shown in FIGS. 1 and 13 are very large, and can disturb 
nearby cells and thus limit miniaturization of a memory using 
such cells. The memory cells of FIGS. 4 and 5 avoid gener 
ating stray magnetic fields of any appreciable strength 
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through the use of synthetic antiferromagnets implemented 
through the use of a thin ruthenium layer. Stability of the 
memory cells in FIGS. 4 and 5 is increased over that of FIGS. 
1 and 13 by greatly reducing stray fields and susceptibility to 
external fields through the uses of synthetic antiferromagnets 
and antiferromagnetic pinning. Further improvements in sta 
bility are attainable through he uses of Néel or Curie point 
wrtiting or both. 

Stray fields can be reduced even further by using a "dough 
nut shape for the memory cells rather than the long and 
narrow cells of FIGS. 1, 3 through 5, and 13. The magnetiza 
tions in a given ferromagnetic layer then circle around the 
center, and thus there are very few free poles. The switching 
properties of the spin-polarized current are not affected by 
Such a shape, however, nor is the strong anti-parallel 
exchange coupling across thin Ru (or Cu) layers. 

Memories as described above use a transistor per cell to 
select the cell for data storage and retrieving. The low current 
levels needed to operate the cells allow the transistor to be 
Small in size. Thermal pulse data storage techniques can also 
be used to enhance stability. 

Although the present invention has been described with 
reference to preferred embodiments, workers skilled in the art 
will recognize that changes may be made in form and detail 
without departing from the spirit and scope of the invention. 

What is claimed is: 
1. A ferromagnetic thin-film based digital memory cell, 

said memory cell comprising: 
a Substrate; and 
a bit structure formed of a plurality of layers provided in a 

selected sequence between a pair of electrodes in elec 
trical contact therewith at opposite ends of said sequence 
and Supported on said Substrate comprising: 
a memory film of an anisotropic ferromagnetic material 

capable of conducting an electrical current there 
through; 

a source layer positioned on one side of said memory 
film capable of conducting an electrical current there 
through so that a majority of conduction electrons 
passing therefrom have a selected spin orientation; 
and 

a disruption layer positioned on another side of said 
memory film capable of conducting an electrical cur 
rent therethrough so that conduction electrons spins 
passing therefrom are substantially random in orien 
tation. 

2. The device of claim 1 further comprising an electrically 
insulative intermediate layer provided between said source 
layer and said memory film. 

3. The device of claim 1 wherein said source layer is a first 
Source layer and said memory film is a first memory film, and 
further comprises a second memory film of an anisotropic 
ferromagnetic material positioned on an opposite side of said 
disruption layer from said first memory film and capable of 
conducting an electrical current therethrough, and a second 
Source layer positioned on an opposite side of said second 
memory film from said disruption layer capable of conduct 
ing an electrical current therethrough so that a majority of 
conduction electrons passing therefrom have a selected spin 
orientation. 

4. The device of claim 1 wherein a said memory film and 
said source layer have a length along a selected direction and 
a width substantially perpendicular thereto that is smaller in 
extent than said length and have a shaped end portion extend 
ing over a portion of said length in which said width gradually 
reduces to Zero at that corresponding end thereof. 
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5. The device of claim 1 wherein said source layer is of a 

ferromagnetic material and further comprising a magnetiza 
tion reference layer positioned at least in part on a side of said 
Source layer opposite said memory film and resulting in said 
Source layer having a relatively fixed magnetization direction. 

6. The device of claim 3 further comprising a first electri 
cally insulative intermediate layer provided between said first 
Source layer and said first memory film, and a second electri 
cally insulative intermediate layer provided between said sec 
ond source layer and said second memory film. 

7. The device of claim 3 further comprising a first electri 
cally insulative intermediate layer provided between said first 
Source layer and said first memory film, and a conductive 
intermediate layer provided between said second source layer 
and said second memory film. 

8. The device of claim 3 wherein said first and second 
Source layers are of ferromagnetic materials and further com 
prising a first magnetization reference layer positioned at 
least in part on a side of said first Source layer opposite said 
first memory film and resulting in said first source layer 
having a relatively fixed magnetization direction, and a sec 
ond magnetization reference layer positioned at least in part 
on a side of said second source layer opposite said second 
memory film and resulting in said second source layer having 
a relatively fixed magnetization direction. 

9. The apparatus of claim 5 wherein said magnetization 
reference layer comprises an antiferromagnetic layer. 

10. The apparatus of claim 8 wherein said first magnetiza 
tion reference layer comprises a first antiferromagnetic layer, 
and said second magnetization reference layer comprises a 
second antiferromagnetic layer. 

11. The apparatus of claim 9 wherein said magnetization 
reference layer further comprises a reference ferromagnetic 
thin-film layer provide between said antiferromagnetic layer 
and said source layer but separated from said source layer by 
an antiparallel magnetization directing layer forcing those 
magnetizations of said reference ferromagnetic thin-film 
layer and said source layer to be oppositely directed. 

12. The apparatus of claim 10 wherein said first magneti 
zation reference layer farther comprises a first reference fer 
romagnetic thin-film layer provide between said first antifer 
romagnetic layer and said first source layer but separated 
from said first source layer by a first antiparallel magnetiza 
tion directing layer forcing those magnetizations of said first 
reference ferromagnetic thin-film layer and said first Source 
layer to be oppositely directed, and a second reference ferro 
magnetic thin-film layer provide between said second anti 
ferromagnetic layer and said second source layer but sepa 
rated from said second source layer by a second antiparallel 
magnetization directing layer forcing those magnetizations of 
said second reference ferromagnetic thin-film layer and said 
second source layer to be oppositely directed. 

13. The device of claim 1 wherein said substrate further 
comprises a monolithic integrated circuit structure containing 
electronic circuit components of which at least one is electri 
cally connected to one of said electrodes. 

14. The device of claim 2 wherein said electrically insula 
tive intermediate layer is sufficiently thin so as to have a 
barrier resistance area product that is less than 2 S2-um. 

15. The device of claim 2 wherein said source layer is of a 
ferromagnetic material and further comprising a magnetiza 
tion reference layer positioned at least in part on a side of said 
Source layer opposite said memory film and resulting in said 
Source layer having a relatively fixed magnetization direction. 

16. The device of claim 6 wherein said first and second 
Source layers are of ferromagnetic materials and further com 
prising a first magnetization reference layer positioned at 



US RE44,878 E 
23 

least in part on a side of said first source layer opposite said 
first memory film and resulting in said first source layer 
having a relatively fixed magnetization direction, and a sec 
ond magnetization reference layer positioned at least in part 
on a side of said second source layer opposite said second 
memory film and resulting in said second source layer having 
a relatively fixed magnetization direction. 

17. The device of claim 6 wherein said first and second 
electrically insulative intermediate layers are sufficiently thin 
So as to each have a barrier resistance area product that is less 
than 2 S2-um. 

18. The device of claim 9 further comprising a plurality of 
memory cells including said memory cell and an electrical 
current conductor positioned across an insulating layer from 
said memory cell. 

19. The device of claim 10 further comprising a plurality of 
memory cells including said memory cell and an electrical 
current conductor positioned across an insulating layer from 
said memory cell. 

20. The device of claim 11 wherein said source layer and 
said reference ferromagnetic thin-film layer are of unequal 
thicknesses. 

21. The device of claim 12 wherein said first source layer 
and said first reference ferromagnetic thin-film layer are of 
unequal thicknesses, and said second source layer and said 
second reference ferromagnetic thin-film layer are of unequal 
thicknesses. 

22. The device of claim 15 wherein said electrically insu 
lative intermediate layer is sufficiently thin so as to have a 
barrier resistance area product that is less than 2 S2-um. 

23. The device of claim 16 wherein said first and second 
electrically insulative intermediate layers are sufficiently thin 
So as to each have a barrier resistance area product that is less 
than 2 S2-um. 

24. The device of claim 18 wherein said plurality of 
memory cells are each Supported on a Substrate and separated 
from one another by spacer material therebetween, and 
wherein a magnetic material layer in said magnetization ref 
erence layer has a characteristic magnetic property that is 
maintained below a critical temperature above which such 
magnetic property is not maintained, said memory cells each 
having a first interconnection structure providing electrical 
contact thereto positioned against at least one side thereof, 
and said electrical conductor exhibits sufficient electrical 
resistance where across from a said memory cell for a suffi 
cient electrical current therethrough to cause Substantial heat 
ing of said memory cell to raise temperatures thereof to have 
said magnetic material layer therein approach said critical 
temperature thereof while being substantially above tempera 
tures of at least an adjacent said memory cell because of 
sufficient extents of, and smallness of thermal conductivities 
of said first interconnection structure positioned against said 
memory cell and of those portions of said Substrate and said 
spacer material positioned thereabout. 

25. The device of claim 19 wherein said plurality of 
memory cells are each Supported on a Substrate and separated 
from one another by spacer material therebetween, and 
wherein a magnetic material layer in said first magnetization 
reference layer has a characteristic magnetic property that is 
maintained below a critical temperature above which such 
magnetic property is not maintained, said memory cells each 
having a first interconnection structure providing electrical 
contact thereto positioned against at least one side thereof, 
and said electrical conductor exhibits sufficient electrical 
resistance where across from a said memory cell for a suffi 
cient electrical current therethrough to cause Substantial heat 
ing of said memory cell to raise temperatures thereof to have 
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said magnetic material layer therein approach said critical 
temperature thereof while being substantially above tempera 
tures of at least an adjacent said memory cell because of 
sufficient extents of, and smallness of thermal conductivities 
of said first interconnection structure positioned against said 
memory cell and of those portions of said Substrate and said 
spacer material positioned thereabout. 

26. A ferromagnetic thin-film based digital memory cell, 
said memory cell comprising: 

a Substrate; and 
a bit structure formed of a plurality of layers provided in a 

Selected sequence between a pair of electrodes in elec 
trical contact therewith at opposite ends of said sequence 
and Supported on said Substrate comprising: 
an electrically insulative intermediate layer; 
a source layer on one side of said insulative intermediate 

layer capable of conducting an electrical current 
therethrough so that a majority of conduction elec 
trons passing therefrom have a selected spin orienta 
tion; 

a memory film of an anisotropic ferromagnetic material 
on another side of said insulative intermediate layer 
capable of conducting an electrical current there 
through; and 

an antiparallel maintenance layer adjacent to a ferro 
magnetic material layer together on a side of at least 
one of said source layer and said memory film across 
from said intermediate layer. 

27. The device of claim 26 wherein said substrate further 
comprises a monolithic integrated circuit structure containing 
electronic circuit components of which at least one is electri 
cally connected to one of said electrodes. 

28. The device of claim 26 wherein said source layer is a 
first Source layer and said memory film is a first memory film, 
and further comprises a second memory film of an anisotropic 
ferromagnetic material positioned on an opposite side of said 
antiparallel maintenance layer from said first memory film 
and capable of conducting an electrical current therethrough, 
and a second source layer positioned on an opposite side of 
said second memory film from said anti-parallel maintenance 
layer capable of conducting an electrical current therethrough 
so that a majority of conduction electrons passing therefrom 
have a selected spin orientation. 

29. The device of claim 26 wherein a said memory film and 
said source layer have a length along a selected direction and 
a width substantially perpendicular thereto that is smaller in 
extent than said length and have a shaped end portion extend 
ing over a portion of said length in which said width gradually 
reduces to Zero at that corresponding end thereof. 

30. The device of claim 26 wherein said source layer is of 
a ferromagnetic material and further comprising magnetiza 
tion reference layer positioned at least in part on a side of said 
Source layer opposite said memory film and resulting in said 
Source layer having a relatively fixed magnetization direction. 

31. The device of claim 26 wherein said electrically insu 
lative intermediate layer is sufficiently thin so as to have a 
barrier resistance area product that is less than 2 S2-um. 

32. The device of claim 28 wherein said electrically insu 
lative intermediate layer is a first electrically insulative inter 
mediate layer, and further comprising a second electrically 
insulative intermediate layer provided between said second 
Source layer and said second memory film. 

33. The device of claim 28 wherein said first and second 
Source layers are of ferromagnetic materials and further com 
prising a first magnetization reference layer positioned at 
least in part on a side of said first Source layer opposite said 
first memory film and resulting in said first source layer 



US RE44,878 E 
25 

having a relatively fixed magnetization direction, and a sec 
ond magnetization reference layer positioned at least in part 
on a side of said second source layer opposite said second 
memory film and resulting in said second source layer having 
a relatively fixed magnetization direction. 

34. The apparatus of claim 30 wherein said magnetization 
reference layer comprises an antiferromagnetic layer. 

35. The device of claim 30 wherein said electrically insu 
lative intermediate layer is sufficiently thin so as to have a 
barrier resistance area product that is less than 2 S2-um. 

36. The device of claim 32 wherein said first and second 
electrically insulative intermediate layers are sufficiently thin 
So as to each have a barrier resistance area product that is less 
than 2 S2-um. 

37. The device of claim 32 wherein said first and second 
Source layers are of ferromagnetic materials and further com 
prising a first magnetization reference layer positioned at 
least in part on a side of said first source layer opposite said 
first memory film and resulting in said first source layer 
having a relatively fixed magnetization direction, and a sec 
ond magnetization reference layer positioned at least in part 
on a side of said second source layer opposite said second 
memory film and resulting in said second source layer having 
a relatively fixed magnetization direction. 

38. The apparatus of claim 33 wherein said first magneti 
Zation reference layer comprises a first antiferromagnetic 
layer, and said second magnetization reference layer com 
prises a second antiferromagnetic layer. 

39. The device of claim 34 further comprising a plurality of 
memory cells including said memory cell and an electrical 
current conductor positioned across an insulating layer from 
said memory cell. 

40. The device of claim 37 wherein said first and second 
electrically insulative intermediate layers are sufficiently thin 
So as to each have a barrier resistance area product that is less 
than 2 S2-um. 

41. The device of claim38 further comprising a plurality of 
memory cells including said memory cell and an electrical 
current conductor positioned across an insulating layer from 
said memory cell. 

42. The device of claim 39 wherein said plurality of 
memory cells are each Supported on a Substrate and separated 
from one another by spacer material therebetween, and 
wherein a magnetic material layer in said magnetization ref 
erence layer has a characteristic magnetic property that is 
maintained below a critical temperature above which such 
magnetic property is not maintained, said memory cells each 
having a first interconnection structure providing electrical 
contact thereto positioned against at least one side thereof, 
and said electrical conductor exhibits sufficient electrical 
resistance where across from a said memory cell for a suffi 
cient electrical current therethrough to cause Substantial heat 
ing of said memory cell to raise temperatures thereof to have 
said magnetic material layer therein approach said critical 
temperature thereof while being substantially above tempera 
tures of at least an adjacent said memory cell because of 
sufficient extents of, and smallness of thermal conductivities 
of said first interconnection structure positioned against said 
memory cell and of those portions of said Substrate and said 
spacer material positioned thereabout. 

43. The device of claim 41 wherein said plurality of 
memory cells are each Supported on a Substrate and separated 
from one another by spacer material therebetween, and 
wherein a magnetic material layer in said first magnetization 
reference layer has a characteristic magnetic property that is 
maintained below a critical temperature above which such 
magnetic property is not maintained, said memory cells each 
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having a first interconnection structure providing electrical 
contact thereto positioned against at least one side thereof, 
and said electrical conductor exhibits sufficient electrical 
resistance where across from a said memory cell for a suffi 
cient electrical current therethrough to cause Substantial heat 
ing of said memory cell to raise temperatures thereof to have 
said magnetic material layer therein approach said critical 
temperature thereof while being substantially above tempera 
tures of at least an adjacent said memory cell because of 
sufficient extents of, and smallness of thermal conductivities 
of said first interconnection structure positioned against said 
memory cell and of those portions of said Substrate and said 
spacer material positioned thereabout. 

44. A ferromagnetic thin-film based digital memory cell, 
said memory cell comprising: 

a Substrate; and 
a bit structure formed of a plurality of layers provided in a 

Selected sequence between a pair of electrodes in elec 
trical contact therewith at opposite ends of said sequence 
and Supported on said Substrate comprising: 
an electrically conductive intermediate layer, 
a source layer on one side of said conductive intermedi 

ate layer capable of conducting an electrical current 
therethrough so that a majority of conduction elec 
trons passing therefrom have a selected spin orienta 
tion; 

a memory film of an anisotropic ferromagnetic material 
on another side of said conductive intermediate layer 
capable of conducting an electrical current there 
through, and 

an antiparallel maintenance layer adjacent to a ferro 
magnetic material layer together on a side of at least 
one of said source layer and said memory film across 
from said intermediate layer. 

45. The device of claim 44 wherein said substrate further 
comprises a monolithic integrated circuit structure containing 
electronic circuit components of which at least one is electri 
cally connected to one of said electrodes. 

46. The device of claim 44 wherein said source layer is a 
first Source layer and said memory film is a first memory film, 
and further comprises a second memory film of an anisotropic 
ferromagnetic material positioned on an opposite side of said 
antiparallel maintenance layer from said first memory film 
and capable of conducting an electrical current therethrough, 
and a second source layer positioned on an opposite side of 
said second memory film from said anti-parallel maintenance 
layer capable of conducting an electrical current therethrough 
so that a majority of conduction electrons passing therefrom 
have a selected spin orientation. 

47. The device of claim 44 wherein a said memory film and 
said source layer have a length along a selected direction and 
a width substantially perpendicular thereto that is smaller in 
extent than said length and have a shaped end portion extend 
ing over a portion of said length in which said width gradually 
reduces to Zero at that corresponding end thereof. 

48. The device of claim 44 wherein said source layer is of 
a ferromagnetic material and further comprising magnetiza 
tion reference layer positioned at least in part on a side of said 
Source layer opposite said memory film and resulting in said 
Source layer having a relatively fixed magnetization direction. 

49. The device of claim 46 further comprising an electri 
cally insulative intermediate layer provided between said sec 
ond source layer and said second memory film. 

50. The device of claim 46 wherein said first and second 
Source layers are of ferromagnetic materials and further com 
prising a first magnetization reference layer positioned at 
least in part on a side of said first Source layer opposite said 
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first memory film and resulting in said first source layer 
having a relatively fixed magnetization direction, and a sec 
ond magnetization reference layer positioned at least in part 
on a side of said second source layer opposite said second 
memory film and resulting in said second source layer having 5 
a relatively fixed magnetization direction. 

51. The apparatus of claim 48 wherein said magnetization 
reference layer comprises an antiferromagnetic layer. 

52. The device of claim 49 wherein said electrically insu 
lative intermediate layer is sufficiently thin so as to have a 10 
barrier resistance area product that is less than 2 S2-um. 

53. The device of claim 49 wherein said source layer is of 
a ferromagnetic material and further comprising magnetiza 
tion reference layer positioned at least in part on a side of said 
Source layer opposite said memory film and resulting in said 15 
Source layer having a relatively fixed magnetization direction. 

54. The apparatus of claim 50 wherein said first magneti 
Zation reference layer comprises a first antiferromagnetic 
layer, and said second magnetization reference layer com 
prises a second antiferromagnetic layer. 

55. The device of claim 51 further comprising a plurality of 
memory cells including said memory cell and an electrical 
current conductor positioned across an insulating layer from 
said memory cell. 

56. The device of claim 53 wherein said electrically insu 
lative intermediate layer is sufficiently thin so as to have a 
barrier resistance area product that is less than 2 S2-um. 

57. The device of claim 54 further comprising a plurality of 
memory cells including said memory cell and an electrical 
current conductor positioned across an insulating layer from 30 
said memory cell. 

58. The device of claim 55 wherein said plurality of 
memory cells are each Supported on a Substrate and separated 
from one another by spacer material therebetween, and 
wherein a magnetic material layer in said magnetization ref 
erence layer has a characteristic magnetic property that is 
maintained below a critical temperature above which such 
magnetic property is not maintained, said memory cells each 
having a first interconnection structure providing electrical 
contact thereto positioned against at least one side thereof, 
and said electrical conductor exhibits sufficient electrical 
resistance where across from a said memory cell for a suffi 
cient electrical current therethrough to cause Substantial heat 
ing of said memory cell to raise temperatures thereof to have 
said magnetic material layer therein approach said critical 
temperature thereof while being substantially above tempera 
tures of at least an adjacent said memory cell because of 
sufficient extents of, and smallness of thermal conductivities 
of said first interconnection structure positioned against said 
memory cell and of those portions of said Substrate and said 
spacer material positioned thereabout. 

59. The device of claim 57 wherein said plurality of 
memory cells are each Supported on a Substrate and separated 
from one another by spacer material therebetween, and 
wherein a magnetic material layer in said first magnetization 
reference layer has a characteristic magnetic property that is 
maintained below a critical temperature above which such 
magnetic property is not maintained, said memory cells each 
having a first interconnection structure providing electrical 
contact thereto positioned against at least one side thereof, 
and said electrical conductor exhibits sufficient electrical 
resistance where across from a said memory cell for a suffi 
cient electrical current therethrough to cause Substantial heat 
ing of said memory cell to raise temperatures thereof to have 
said magnetic material layer therein approach said critical 
temperature thereof while being substantially above tempera 
tures of at least an adjacent said memory cell because of 
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sufficient extents of, and smallness of thermal conductivities 
of said first interconnection structure positioned against said 
memory cell and of those portions of said Substrate and said 
spacer material positioned thereabout. 

60. The device of claim I, wherein when a write current 
flows through the bit structure between the pair of electrodes, 
the electrical current conducted through the memory film is 
capable of reorienting magnetization of the memory film by 
spin momentum transfer: 

61. The device of claim 60, wherein the source layer is part 
of a first synthetic antiferromagnet (SAF), wherein the 
memory film and the disruption layer are part of a second 
synthetic antiferromagnet (SAF), and wherein the source 
layer and the memory film are separated by a spacer layer: 

62. The device of claim 61, wherein the spacer layer com 
prises an electrically insulative layer. 

63. The device of claim 62, wherein the source layer has a 
fixed magnetization. 

64. The device of claim 63, and further comprising an 
antiferromagnetic layer in contact with the first SAF 

65. The device of claim 60, wherein the source layer has a 
fixed magnetization. 

66. The device of claim 65, wherein the write current has a 
current density and polarization that are large enough to 
switch magnetization direction of the memory film. 

67. The device of claim 66, wherein the current density is at 
least about 10 amps/cm. 

68. The device of claim 60, wherein the disruption layer is 
a ruthenium layer: 

69. The device of claim I, wherein the bit structure is 
configured to allow magnetization of the memory film to 
change direction due to spin momentum transfer when a write 
current is passed through the bit structure. 

70. The device of claim 69, wherein the source layer is part 
of a first synthetic antiferromagnet (SAF), wherein the 
memory film and the disruption layer are part of a second 
synthetic antiferromagnet (SAF), and wherein the source 
layer and the memory film are separated by a spacer layer: 

71. The device of claim 69, wherein the spacer layer com 
prises an electrically insulative layer. 

72. The device of claim 71, wherein the source layer has a 
fixed magnetization. 

73. The device of claim 72, and filrther comprising an 
antiferromagnetic layer in contact with the first SAF 

74. The device of claim 69, wherein the source layer has a 
fixed magnetization. 

75. The device of claim 69, wherein the write current has a 
current density and polarization that are large enough to 
switch magnetization direction of the memory film. 

76. The device of claim 69, wherein the current density is at 
least about 10 amps/cm. 

77. The device of claim 69, wherein the disruption layer is 
a ruthenium layer: 

78. The device of claim I, wherein the memory film is 
capable of switching magnetization direction in response to 
spin momentum transfer from electrons having the selected 
spin Orientation that pass through the memory film. 

79. The device of claim I, wherein magnetization direction 
of the memory film is changed by spin momentum transfer by 
electrical current from the source layer passing through the 
memory film. 

80. The device of claim I, wherein the electrical contacts 
apply a write current through the bit structure that causes 
magnetization of the memory film to switch by spin momen 
tum transfer: 
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81. The device of claim I, wherein the electrodes apply a 
write current through the bit structure to affect a direction of 
magnetization of the memory film. 

82. The device of claim 81, wherein the write current has a 
current density and polarization that are large enough to 
switch magnetization direction of the memory film. 

83. The device of claim 82, wherein the current density is at 
least about 10 amps/cm. 

84. The device of claim 26, wherein when a write current 
flows through the bit structure between the pair of electrodes, 
the electrical current conducted through the memory film is 
capable of reorienting magnetization of the memory film by 
spin momentum transfer. 

85. The device of claim 84, wherein the source layer is part 
of a first synthetic antiferromagnet (SAF), and wherein the 
memory film and the disruption layer are part of a second 
synthetic antiferromagnet (SAF). 

86. The device of claim 85, wherein the source layer has a 
fixed magnetization. 

87. The device of claim 86, and further comprising an 
antiferromagnetic layer in contact with the first SAF 

88. The device of claim 84, wherein the source layer has a 
fixed magnetization. 

89. The device of claim 88, wherein the write current has a 
current density and polarization that are large enough to 
switch magnetization direction of the memory film. 

90. The device of claim 89, wherein the current density is at 
least about 10 amps/cm. 

91. The device of claim 84, wherein the disruption layer is 
a ruthenium layer: 

92. The device of claim 26, wherein the bit structure is 
configured to allow magnetization of the memory film to 
change direction due to spin momentum transfer when a write 
current is passed through the bit structure. 

93. The device of claim 92, wherein the source layer is part 
of a first synthetic antiferromagnet (SAF), and wherein the 
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memory film and the disruption layer are part of a second 
synthetic antiferromagnet (SAF). 

94. The device of claim 93, wherein the source layer has a 
fixed magnetization. 

95. The device of claim 94, and filrther comprising an 
antiferromagnetic layer in contact with the first SAF 

96. The device of claim 92, wherein the source layer has a 
fixed magnetization. 

97. The device of claim 96, wherein the write current has a 
current density and polarization that are large enough to 
Switch magnetization direction of the memory film. 

98. The device of claim 97, wherein the current density is at 
least about 10 amps/cm. 

99. The device of claim 92, wherein the disruption layer is 
a ruthenium layer. 

100. The device of claim 26, wherein the memory film is 
capable of switching magnetization direction in response to 
spin momentum transfer from electrons having the selected 
spin Orientation that pass through the memory film. 

101. The device of claim 26, wherein magnetization direc 
tion of the memory film is changed by spin momentum transfer 
by electrical current from the source layer passing through 
the memory film. 

102. The device of claim 26, wherein the electrical contacts 
apply a write current through the bit structure that causes 
magnetization of the memory film to switch by spin momen 
tum transfer. 

103. The device of claim 26, wherein the electrodes apply a 
write current through the bit structure to affect a direction of 
magnetization of the memory film. 

104. The device of claim 26, wherein the write current has 
a current density and polarization that are large enough to 
Switch magnetization direction of the memory film. 

105. The device of claim 26, wherein the current density is 
at least about 10 amps/cm. 


