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METHOD AND SYSTEM FOR USING A PULSED FIELD TO ASSIST SPIN
TRANSFER INDUCED SWITCHING OF MAGNETIC MEMORY ELEMENTS

FIELD OF THE INVENTION
The present invention relates to magnetic memory systems, and more particularly
to a method and system for switching magnetic storage cells using a spin transfer effect

at a lower current density.

BACKGROUND OF THE INVENTION

FIG. 1 depicts a typical conventional magnetic element 10. The conventional
magnetic element 10 can be used in non-volatile memories, such as a magnetic random
access memory (MRAM). The magnetic element 10 typically includes a reference layer
14, a spacer layer 16, and a free layer 18. The free layer 18 has a magnetization having
an equilibrium position along an easy axis 19. The easy axis can be inside the film plane
or out of the film plane. Other layers, such as antiferromagnetic pinning layers 12 might
also be provided. Moreover, other similar structures, such as dual magnetic tunneling
junctions (MTJs) and MTJ-Spin Valve dual structures with spacer and/or barrier layers at
both sides of the free layer, might be used. For clarity only single reference layer 14,
spacer layer 16 and free layer 18 are plotted. The reference layer 14 and free layer 18 are
typically ferromagnetic, but may be multilayers including both ferromagnetic and non-
ferromagnetic layers. The spacer layer 16 is nonmagnetic and may be insulating (for
example in a magnetic tunneling junction) or conductive (for example in a spin valve).
The difference in orientations of the magnetizations of the free layer 18 and the reference
layer 14 determines the resistance of the conventional magnetic element 10 and thus the
state of the conventional magnetic element 10. When the free layer and the reference
layer are substantially parallel the magnetic element 10 has a resistance R, when the free
layer and the reference layer magnetization are substantially antiparallel the magnetic
element 10 has a resistance R+AR. The resistance difference, AR, can be positive or
negative depending on the materials chosen for the different layers of the magnetic
element 10. The state of the magnetic element can be determined by measuring its
resistance.

The conventional magnetic element 10 may be programmed either using a
magnetic field or a current driven through the magnetic element (e.g. using the spin
transfer effect). FIG. 2 depicts the conventional magnetic storage cell 20 that is used in a
memory and programmed using a conventional magnetic field switching method.
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Referring to FIGS. 1 and 2, the magnetic element 10 is part of a conventional magnetic
storage cell 20 that also includes a selection transistor 22. Also depicted are a
corresponding bit line 24 connected to the conventional magnetic element 10, a read
word line 26 connected to the selection transistor 22, a source line 28 connected to the
selection transistor 22 and a write word line 30. In field switching, the bit line 24 and the
word line 30 are activated, currents i, and iw are driven through the bit line 24 and the
write word line 30, respectively. Typically, the bit line 24 and the write word line 30 are
mutually perpendicular, as shown in FIG. 2. During such a write operation, the selection
transistor 22 is disabled to preclude current from being driven through the conventional
magnetic element 10. The currents i, and iy produce two magnetic fields, Hp and Hy,
respectively. The conventional magnetic element 10 of the storage cell 20 in the region
where the bit line 24 and write word line 30 cross (the “crosspoint™) experiences both
magnetic fields. Consequently, the magnetization of the free layer 18 of the
conventional magnetic element 10 may switch directions. The conventional magnetic
element 10 is, therefore, programmed. Other conventional magnetic elements (not
shown) for other magnetic storage cells (not shown) in a memory array only experience
the field from at most one of the active bit line 24 and the active write word line 30.
Consequently, other magnetic storage cells should not be switched.

Although the conventional magnetic element 10 can be programmed as depicted
in FIG. 2, programming utilizing field switching has significant drawbacks. These
drawbacks may be particularly severe for higher memory densities. For example, the
field switching mechanism in a high density memory array suffers from a half selection
problem. In particular, a conventional magnetic element 10 that only experiences the
magnetic field Hg or Hw from either the bit line 24 or the write word line 30, but not
both, may be accidentally switched. Undesired writing may thus occur. Furthermore
field writing may not be easily scaled to higher densities due to the complicated cell
structure.  'When the conventional magnetic element 10 is reduced in size, larger
magnetic fields may be required to write to the conventional magnetic element 10.
Consequently, larger currents i, and i, may be needed to program the conventional
magnetic element 10. The operation current is typically greater than ten milliamps,
which is significantly larger than desired.

In another method, the magnetization state of the magnetic elements 10 may also be
switched using the spin transfer effect. Spin transfer based switching is desirable

because spin transfer is a localized phenomenon that may be used to write to a cell
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without inadvertently writing to neighboring cells. Consequently, it would be desirable
to use the conventional magnetic elements 10 in a magnetic memory, such as MRAM,
that employs spin transfer switching.

FIG. 3 depicts a conventional magnetic storage cell 40 including the conventional
magnetic element 10 and residing in a memory that uses spin transfer based
programming. The conventional storage cell 40 includes a conventional magnetic
element 10 that is typically an MTJ and a selection transistor 42. Also depicted are a
conventional bit line 44, a conventional word line 46, and a conventional source line 48.
Referring to FIGS. 1 and 3, this switching mechanism for the conventional magnetic
storage cell 40 uses a current im passing perpendicular to the planes (in the z-direction in
FIG. 1) of the layers of the conventional magnetic element 10. When the selection
transistor 42 is activated by the conventional word line 46 and a current is passed
through the magnetic element 10, the electrons carrying the current become spin-
polarized by the local magnetization. The polarized electrons exert a torque on the
magnetization of the free layer 18. This spin transfer torque may generate spin waves
and/or complete switching of the magnetization of the free layer 18 when the current i,
reaches a critical value i.. When the current is driven from the free layer 18 to the
reference layer 14, the spin transfer torque can switch the free layer magnetization to be
parallel to the conventional reference layer 14 magnetization. When the current is driven
in the opposite direction, the spin transfer torque is also in the opposite direction and can
switch the magnetization of the free layer 18 to be anti-parallel to that of the
conventional reference layer 14. Thus the magnetic element 10 can be programmed.
During reading a read current is passed through the magnetic element 10 to sense the
resistance of the magnetic element 10 that depends on the relative orientation of the
magnetizations of the free layer 10 and of the reference layer 14. Note that the read
current should be less than the current used in writing in order to avoid in advertently
writing to the magnetic element 10.

Programming the magnetic storage cell 40 using the spin transfer effect has
benefits. In particular, the spin transfer effect is a more localized phenomenon. Thus,
the conventional magnetic storage cell 40 may not suffer from the half selection
problem. In addition, such technology is characterized by good scalability. Stated
differently, a magnetic memory using the magnetic storage cell 40 is easier to scale to
higher densities. Moreover, the switching current required to program the magnetic

element is relatively small. For example, in some applications, the write current needed
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for switching the free layer of the magnetic element 10, or the critical current i, is less
than approximately one milliamp.

Although use of the spin transfer effect has significant benefits, one of ordinary
skill in the art will recognize that there are also drawbacks. For the sizes of the magnetic
clement 10 at which spin transfer switching becomes important, even the low critical
current of approximately one milliamp corresponds to a current density of approximately
10°~107A/cm®. Such a large current density passing through the conventional magnetic
element 10, particularly when an insulating spacer layer 16 is used, may adversely affect
the reliability of the magnetic storage cell 40. For example, the large current density
may damage or break down the insulating spacer layer 16. Moreover, such a large
current density requires a large selection transistor 42. The large selection transistor 42
required to provide this large current density may limit the density of a memory array
formed using the magnetic storage cell 40.

To address problems in the spin transfer based switching scheme, magnetic field
assisted current switching has been proposed. In one such scheme, referring to FIG. 3,
the bit line can be arranged so that the current in the bit line 44, ip, which is also driven
through the magnetic element 10, generates a magnetic field Hy that assists in switching
the magnetic element 10. The use of the magnetic field H reduces the critical current.
However, the bit line current is relatively small iy=im, on the order of one milliamp or
less. Consequently, the strength of the field used in assisting switching is small,
providing very little assistance in switching the magnetic element 10.

FIG. 4 depicts a magnetic storage cell 40’ in another such conventional magnetic
field assisted current switching scheme. The components depicted in FIG. 4 that are
analogous to those depicted in FIG. 3 are labeled similarly. Consequently, storage cell
40°, a selection transistor 42°, a bit line 44°, a word line 46’ and a source line 48’ are
shown. In addition, a conventional field line 50 is depicted. A current, ia, is driven
through the conventional field line 50 that generates a field, H,, that assists in switching
the state of the conventional magnetic element 10. In similar schemes, the conventional
field line 50 may be perpendicular to the conventional bit line 44’ and/or below the
magnetic element 10. In such scheme a large magnetic field could be generated.
However, the extra, conventional field line 50 is used. The fabrication of the
conventional field line 50 increases the manufacturing complexity and may adversely
affect the density of a memory using such lines 50.

Accordingly, what is needed is a system and method for providing a magnetic
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memory element that can be switched using a lower current density. The present

invention addresses such a need.

BRIEF SUMMARY OF THE INVENTION

The present invention provides a method and system for providing and using a
magnetic memory. The magnetic memory includes a plurality of magnetic storage cells.
Each of the plurality of magnetic storage cells includes at least one magnetic element and
at least one selection device. The at least one magnetic element is programmable due to
spin transfer when a write current is passed through the at least one magnetic element.
The method and system include driving a first current in proximity to but not through the
at least one magnetic element of a portion the plurality of magnetic storage cells. The
first current generates a first magnetic field. The method and system also include driving
a second current through the at least one magnetic element of the portion of the plurality
of magnetic storage cells. The first and second current are preferably both driven
through bit line(s) coupled with the at least one magnetic element. The second current
and the first current are turned on at a start time. The spin transfer torque induced by the
second current and the magnetic field induced by the first current are sufficient to
program the at least one magnetic element.

According to the method and system disclosed herein, the present invention

provides an improved mechanism for programming magnetic memories.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

FIG. 1 is a diagram of a conventional magnetic element.

FIG. 2 is a diagram of a conventional magnetic element used in a field-switched
magnetic memory.

FIG. 3 is a diagram of a conventional magnetic element used in a conventional
current-switched magnetic memory.

FIG. 4 is a diagram of a conventional magnetic element used in a conventional
field-assisted magnetic memory.

FIG. 5 is a flow chart depicting one embodiment of a method in accordance with
the present invention for performing field-assisted switching in a magnetic memory.

FIGS. 6A-6C depicting magnetizations, fields, and corresponding energy states
during switching.

FIG. 7 depicts the free energy versus angle for a method in accordance with the
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present invention.

FIG. 8 depicts one embodiment of a magnetic memory in accordance with the
present invention utilizing field-assisted switching,

FIG. 9 depicts another embodiment of a magnetic memory in accordance with the
present invention utilizing field-assisted switching.

FIGS. 10A-10B are diagrams depicting one embodiment of a magnetic memory
in accordance with the present invention utilizing a magnetic layer in the bit line during
field assisted switching,.

FIGS. 11A-11B depict one embodiment of a magnetic memory in accordance
with the present invention utilizing a magnetic layer and bit line during field assisted
switching.

FIG. 12 depicts another embodiment of a magnetic memory in accordance with
the present invention utilizing two magnetic elements and bit line during field assisted
switching,

FIG. 13 depicts another embodiment of a magnetic memory in accordance with
the present invention utilizing two or more magnetic elements and field lines during field

assisted switching.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a magnetic memory. The following description
is presented to enable one of ordinary skill in the art to make and use the invention and is
provided in the context of a patent application and its requirements. Various
modifications to the preferred embodiments and the generic principles and features
described herein will be readily apparent to those skilled in the art. Thus, the present
invention is not intended to be limited to the embodiments shown, but is to be accorded
the widest scope consistent with the principles and features described herein.

The present invention provides a method and system for providing and using a
magnetic memory. The magnetic memory includes a plurality of magnetic storage cells.
Each of the plurality of magnetic storage cells includes at least one magnetic element and
at least one selection device. The at least one magnetic element is programmable due to
spin transfer when a write current is passed through the at least one magnetic element.
The method and system include driving a first current in proximity to but not through the
at least one magnetic element of a portion the plurality of magnetic storage cells. The

first current generates a first magnetic field. The method and system also include driving
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a second current through the at least one magnetic element of the portion of the plurality
of magnetic storage cells. The first and second current are preferably both driven
through the bit line(s) coupled with the at least one magnetic element. The second
current and the first current are turned on at a start time. The second current and the first
magnetic field are sufficient to program the at least one magnetic element.

The present invention will be described in terms of a particular magnetic memory
and a particular magnetic element having certain components. However, one of ordinary
skill in the art will readily recognize that this method and system will operate effectively
for other magnetic memory elements having different and/or additional components
and/or other magnetic memories having different and/or other features not inconsistent
with the present invention. For example, the method and system are often described in
the context of a single magnetic storage cell in a magnetic memory. However, one of
ordinary skill in the art will readily recognize that memory arrays typically include a
large number of magnetic storage cells. The present invention is also described in the
context of current understanding of the spin transfer phenomenon. Consequently, one of
ordinary skill in the art will readily recognize that theoretical explanations of the
behavior of the method and system are made based upon this current understanding of
spin transfer. One of ordinary skill in the art will also readily recognize that the methods
are described in the context of flow charts having certain steps. However, one of
ordinary skill in the art will readily recognize that steps in the method could be
performed at effectively the same time. In addition, for simplicity some steps may be
omitted. The present invention is also described in the context of single elements.
However, one of ordinary skill in the art will readily recognize that the present invention
is consistent with the use of magnetic memories having multiple elements, bit lines, word
lines, and other components.

To more particularly describe the method and system in accordance with the
present invention, refer to FIG. 5 is a flow chart depicting one embodiment of a method
100 in accordance with the present invention for performing field-assisted switching in a
magnetic memory. The magnetic memory includes a plurality of magnetic storage cells
that are preferably arranged in an array of rows and columns. Each magnetic storage cell
includes a magnetic element and a selection device that is preferably a selection
transistor. The magnetic element is programmable due to spin transfer when a sufficient
write current is passed through the magnetic element. Thus, when a sufficient write

current is passed in one direction through the magnetic element, the magnetic element
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might be programmed to a first state. When a sufficient write current is passed in a
second direction preferably opposite to the first direction, the magnetic element might be
programmed to a second state. This sufficient write current may be lowered when field
assisted switching in accordance with the present invention is utilized. Thus, the
magnetic element used may be a magnetic element such as the magnetic element 10. In
addition, the magnetic memory preferably includes word lines connected to the gates of
the selection transistors, bit lines connected to the magnetic elements, and source lines
connected to the sources of the selection transistors. For clarity some steps may be
omitted. In addition, some steps may be performed substantially simultaneously.

A first current is driven in proximity to but not through the magnetic element(s)
of magnetic storage cell(s) selected for writing, via step 102. In a preferred embodiment,
the first current is driven through the bit line. The first current generates a magnetic field
that is in an appropriate direction at the magnetic element for assisting in switching the
magnetic element. Also in a preferred embodiment, the current is pulsed in step 102.
Thus, the magnetic field is also pulsed. A second current is driven through the magnetic
element(s) of the selected magnetic storage cells, via step 104. In a preferred
embodiment, the second current is also driven through the bit line(s) connected to the
magnetic element(s) of the selected magnetic storage cells. The second current and the
first current are preferably turned on at a start time. Thus, the first and second currents
preferably start at the same time. The combination of the magnetic field generated by
the first current and the second current are sufficient to program the magnetic element(s).
Because field assisted spin transfer switching is used in the method 100, the second
current required to switch the magnetic element(s) may be reduced. Consequently,
reliability of the magnetic storage cell may be improved. For similar reasons, the size of
the selection transistor and, therefore, the size of the whole storage cell may be reduced.
In addition, because the first current generating the magnetic field is not driven through
the magnetic element(s), the first current may be large. As a result, the magnetic field
strength, which is proportional to current, might be large, for example greater than ten
Oersted.  Stated differently, the first current might be much larger than the current
passing through the magnetic element. Thus, the magnetic field due to the first current is
not limited by the current passing through the MTJ cell. In some embodiments, the first
current might be practically independent of the switching current. Consequently, the
first current may be adjusted to optimize the magnitude of the magnetic field. Because

the first current and the second current have the same polarity, when the polarity changes
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both the magnetic field generated by the first current and the spin torque produced by the
second current change direction. Therefore the first and second currents favor in
switching the magnetic element(s) to the same desired state. Furthermore, the bit line
magnetic field direction relative to the easy axis direction of the MTJ free layer may be
adjusted to provide an optimized field angle for improved writing performance. Thus,
the critical switching current may be reduced. Moreover the reliability, memory density
and operation speed of the memory array may be increased.

In addition, the orientation between the easy axis of the magnetic element, such
as the magnetic element 10, and the magnetic field generated by the first current can may
be varied. Thus, the angle between the easy axis 19 and the magnetic field may be
optimized to find an optimum field angle, for example for best switching time and
switching current results. The desired angle between the easy axis (or equilibrium
magnetization) and the magnetic ficld generated to assist in switching the magnetic
element can be found as described below using the method 100 and the magnetic
element 10.

The ensuing discussion is made based upon current understanding of spin
transfer. For clarity, the magnetic element 10 influenced by a total effective field Hgr
that includes the magnetic field Hy used to assist in switching will be described. The
current induced magnetization switching process via spin transfer is described by

Landau-Lifshiz-Gilbert equation with Slonzewski’s spin transfer torque term:

dm - A yohJ . [. .
—=—mxH , —amxmxH . + mx{mxm 1
a B T omm T M ed x,] @

Where m is the unit vector of the data storage (e.g. free) layer magnetization, mp
is the unit vector of the reference (pinned) layer magnetization, M; is the saturation
magnetization of the free layer 18, H.y is the total effective magnetic field vector, J is
the aerial density of the current passing through the magnetic element 10, e is the
electron charge, d is the free layer thickness, y is the gyromagnetic constant, « is the
Gilbert damping constant, 7 is the spin transfer efficiency, 4 is the vacuum
permeability, and 7% is the reduced Planck’s constant. In switching the magnetization of
the free layer 18, electrons flowing from the reference layer or reflected from the
reference layer 14 exert a spin transfer torque on the free layer 18 which tends to switch
the magnetization of the free layer 18 if a proper current direction is chosen. In contrast,
the damping torque, described by the second term on the right hand side of equation (1),
tends to rotate the magnetization of the free layer 18 to the nearest energy minimum
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direction, which is usually the original direction. Before the free layer magnetization
passes the energy barrier and rotates to the opposite direction, the damping torque is
usually opposite to the spin transfer torque and works against switching. The energy
barrier is the energy level separating one equilibrium energy state (e.g. free layer
magnetization parallel to reference layer magnetization) from another energy state (e.g.
free layer magnetization antiparallel to reference layer magnetization). When the current
through the magnetic element 10 reaches the critical current i., the spin transfer torque
will be large enough to ovércome the damping torque and rotate the free layer
magnetization. Stated differently, at a critical current, the magnetization of the free layer
18 can be switched. The critical current density .J; is the areal density of the critical
current i.. Jc can be estimated from the equations:

Jc(r)=J¢{1—"zT m(—’-ﬂ, Jo<dp (2.a),

%o

(4 /4
J()=J, [1 +T—ln(29 )] J,>J, (2.b),

0 ]

where J,p is the intrinsic critical current density, %z is Boltzman’s constant, T is absolute
temperature, A is the energy barrier of the free layer, ris the current pulse width, 7 is the
inverse of attempting frequency and is usually set to be one nanosecond, and &, is the
initial angle between the free layer magnetization and its equilibrium direction which is
usually one easy axis 19 direction. Equation (2.a) is usually used when the current width
is larger than approximately ten nanoseconds where the switching is dominated by
thermal activation. In contrast, equation (2.b) is suitable for when the current width is
less than approximately one nanosecond when the switching is dominated by dynamic
spin precession. For magnetic memory applications the writing speed is usually a few
nanoseconds, a time regime affected by both equations 2(a) and 2(b).

From the right hand side of equation (1) it can be seen that if the free layer
magnetization and the reference layer magnetization are perfectly parallel or perfectly
antiparallel, then the spin transfer torque is zero. Ifthe free layer magnetization is also at
the energy minimum position, the other two terms will also be zero. Therefore at these
conditions the free layer 18 will not switch regardless of the current applied to the cell.
When not at absolute zero temperatures, however, the thermal fluctuation can always
activates the spin to a small random angle away from the energy minimum, or

equilibrium position, to initiate the switching process.
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This situation is depfcted in FIG. 6A, which is a representation 110 of a magnetic
element such as the magnetic element 10 depicting magnetizations, fields, and
corresponding energy states during switching. The representation 110 depicts the total
effective magnetic field Hgr 112, the direction of the free layer magnetization m 114 of
the magnetic element 10, the free energy as a function of the angle between Hegy and m
116 and the energy state 118 of the magnetic element 10 for the corresponding
configuration 110. The small angle, 8, between Her 112 and m 114 can initiate the
switching process. Equation (2.b) indicates that the larger this initial angle & is, the
smaller the switching current or the shorter the switching time will be. When this initial
angle is excited by a small random thermal fluctuation, the initial angle & is very small
and the magnetization state is very close to the equilibrium state (the energy minimum
point and in the same direction with the effective field 112, the dashed line pointing at
zero degrees). Thus the critical switching current and/or time are large and have large
distributions due to the randomness of the thermal fluctuation.

In contrast, FIG. 6B depicts a configuration 110’ in which a magnetic field is
pulsed, preferably starting at the same time when a current pulse applied to the magnetic
element 112 is started. Thus, the configuration 110’ may be provided using the method
100. Because the magnetic field is pulsed due to a first current being pulsed in a bit line,
the total effective field Heer 112’ is rotated by an angle @, therefore the equilibrium (the
energy minimum point) is suddenly shifted away from the initial equilibrium position by
an angle @ (the dashed line pointing at ® angle). Note that the total effective field might
not be in the same direction with the applied field. This new, shifted configuration 110’
is depicted in FIG., 6B. Thus, a large angle ® between m 114’ and Hey 112° is
established. State differently, the energy state 118’ is ® away from the new equilibrium
position. The rise time of the pulse used for the first current and thus the rise time for the
magnetic field are preferably much smaller than the time needed for the spin to relax to
the new equilibrium position (spin relaxation time). Thus, after the equilibrium position
is shifted, the free layer magnetization, the electron spins, starts to precess around the
new equilibrium due to the large torque from the first term in the right hand side of the
equation (1). Once the spin rotates away from the original equilibrium position a large
spin transfer torque will be established. This large angle precession is thus initiated by a
large and controllable angle, ®, due to a magnetic field from the first current applied to

the bit line instead of by a small random thermal fluctuation. Consequently, the
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switching time and critical current will be reduced, as discussed above. Furthermore,
when this controllable, and thus repeatable, angle © is larger than the thermal fluctuation
angle it dominates the switching process. Consequently, the distributions of the
switching time and critical current caused by thermal fluctuation are also reduced.

As discussed above, the first current and thus the magnetic field are preferably
started at the same time when the second current pulse driven through the magnetic
element 10 is started. If| instead, the magnetic field is static or is started a relatively long
time (approximately a few nanoseconds) before the second current is applied to the
magnetic element 10, the magnetization relaxes to the new equilibrium position before
the spin transfer torque is turned on. This configuration is depicted in FIG. 6C, when a
static field with the same strength and direction as the pulse field in FIG. 6B is applied.
A comparison of the configurations 110° and 110°°, the energy distributions 116° and
116 are the same. However, the initial conditions of the two configurations 110’ and
110" are different. In particular, the initial energy state 118’ is at a higher energy than
the initial energy state 118”. In static field configuration 110°°, the free layer
magnetization starts precessing from the energy minimum. While in pulse field
configuration 110°, the free layer magnetization starts precessing from a higher energy
state. Thus, a larger energy barrier must be overcome to switch the magnetization state
for the configuration 110", therefore either more current has to be applied through the
magnetic element 10 or more time has to be taken to switch the magnetic element.
Therefore, as described above, in a preferred embodiment, the first (magnetic field
generating) current and second (spin transfer) current are turned on simultaneously in
order to maximize the pulse field effect depicted in the configuration 110,

Moreover, from equation 2(b) it can be seen that a larger initial angle, ®, results
in a lower current required for switching. The initial angle can be increased by simply
increasing the pulse field. However a too large field may be undesirable. For example,
if the current through a bit line is too large, the magnetic field generated may decrease
the thermal stability or even accidentally switch other bits on the same bit line.

For a given field strength there is an optimum field angle to achieve a maximum
initial angle, ®. For instance, for the case of a magnetic cell whose free layer has an in-
plane uniaxial anisotropy K, an in-plane magnetic field with an angle ® away from the
initial equilibrium direction (before the field is applied), which is usually taken to be the

easy axis direction of the free layer, is applied, and the free energy can be written as:
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E =-K cos®’ 0~ HM, cos(d — D) 3)
where 6 is the angle between the magnetization direction and the initial equilibrium
direction. The new equilibrium angle @ is a function of ® for fixed K, H, and Ms values,

and can be found by:

(%) = Ksin(20)+H M, sin(® — ®) = 0 )

Consequently, the maximum value of @ =%sin "( % ’) can be found for

@ =90° +—;-sin - (Eklw—’) For example if 2K/M, is one hundred and twenty Oersted and

H is thirty Oersted, ® reaches maximum value of fifteen degrees when @ is one hundred
and five degrees.

The free energy of the free layer magnetization as a function of © is shown in
FIG. 7. Curve 117 depicts the energy without a pulsed field, while curve 119 depicts the
energy when using a pulsed field in accordance with the method 100 is used. The pulsed
field for the curve is for the example above, with a 2K/M; of one hundred and twenty
Oersted and an H of thirty Oersted at one hundred and five degrees. Because the
magnetization is initially at zero degrees, immediately after the pulse field is applied a
fifteen degree magnetization initial angle with respect to the new equilibrium position is
established. In addition, the energy barrier between the two energy minima at about
ninety degrees is also decreased. According to equation 2(a) this reduction in the energy
barrier further aids the switching of the free layer magnetization, in addition to the initial
angle effect as discussed above. In memory device, however, a too small energy barrier
height may result in accidental switching of the bits on the same bit line. By considering
both switching performance and thermal stability of the magnetic elements, the
optimized bit line field strength and angle can be determined. This bit line field strength
and angle may deviate from the above calculation and can be adjusted according to the
different requirements for memory devices for different applications. However this
analysis should still be applicable. The field angle relative to the easy axis direction can
be adjusted as will be described later.

FIG. 8 depicts one embodiment of a magnetic memory 120 in accordance with
the present invention utilizing field-assisted switching. The magnetic memory 120 may

be used in performing the method 100. The magnetic memory 120 includes a bit line
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122, a word line 124, and a source line 126. Although shown as parallel, the bit line 122,
word line 124, and source line 126 may have other orientations. The magnetic memory
120 also includes a magnetic storage cell 130, an optional resistor 140, and an isolation
device 142. Note that although only one magnetic storage cell 130 is shown, typically,
multiple magnetic storage cells are coupled to the bit line 122, word line 124, and source
line 126. The magnetic storage cell 130 includes a magnetic element 132 and a selection
device 134. The magnetic element 132 is programmable by driving a current through the
magnetic element. For example, the magnetic element 132 might be a magnetic
tunneling junction, a spin valve, another component similar to the magnetic element 10
depicted in FIG. 1, or other magnetic element programmable in a like manner. The
selection device 134 is preferably a selection transistor having a gate connected to the
word line 124, a drain connected to the magnetic element 132, and a source connected to
the source line 126. The isolation device 142 is preferably an isolation transistor.

During a program operation, the selection device 134 and isolation device 142 are
activated, allowing current to flow through the magnetic element 132 and the resistor
140. The node 128 thus operates as a current divider to split current between the
magnetic element 132 and the resistor 140. Thus, a bit line current ig is driven through
the bit line 122. At the node 128, the bit line current splits so that one portion, iy, is
driven through the magnetic element 132 while another portion, ir = Vpp/(Rr+Rt), may
travel through the resistor 140 when the isolation device 142 is activated. Here Vbp is the
voltage between the bit line and the source line, Rr is the resistance of the resistor 140
and Rt is the resistance of the isolation device 142 when activated. Other resistances,
such as the resistance of the bit line itself for instance, are neglected for clarity. Thus,
the current ix corresponds to the first current described above in the method 100 and the
current im corresponds to the second current described above in the method 100. This
second current im exerts a spin torque on the magnetic element 132 and results in a
current induced switching. The first current, i, passes through the resistor 140 and to the
source line 126, and induces a magnetic field Hg to assist the current induced switching.
The first current can be much larger than the second current if proper resistance values of
Rr and Rt are selected. In particular, the total resistance of Rr and Rt may be much lower
than that of the magnetic element 132. Therefore a large Hg, which is proportional to the
current ig, can be generated by the bit line current. Furthermore, in some embodiments,
the resistor 140 may be omitted if Rt is selected to have a desired value.

In addition, in the memory 120, the magnetic field, Hy, is turned on at the same
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time with the first current, i, passing through the magnetic element 132. Asa result, the
first current and the magnetic field, Hp, are automatically synchronized. This magnetic
field reduces the critical current required to program the magnetic element 132. Because
a large magnetic field may be generated, only a lower second current may be necessary
to switch the magnetic element 132. In addition, the magnetic field increases the
switching speed. As a result, the memory can be operated with higher speed, smaller
current, and, therefore, better reliability. The reduced, first current, im, allows for a
reduced size of the selection transistor 134. Therefore, the density of the memory 120
may be increased.

During a read operation for the magnetic storage cell 130, the isolation device
142 is deactivated, while the selection device 134 is activated. Consequently, none of a
read current driven through the bit line 122 passes through the resistor 140 and the
isolation device 142. Instead, the read current passes through the magnetic storage cell
130. Use of the resistor 140 and the isolation device 142 thus may not adversely affect
the performance of the magnetic memory 120 during reading.

FIG. 9 depicts another embodiment of a magnetic memory 120’ in accordance
with the present invention utilizing field-assisted switching. The magnetic memory 120’
may be used in performing the method 100. The magnetic memory 120’ is analogous to
the magnetic memory 120 and thus has components labeled similarly. The magnetic
memory 120’ includes a bit line 122°, a word line 124°, and a source line 126°. Although
shown as parallel, the bit line 122°, word line 124°, and source line 126’ may have other
orientations. The magnetic memory 120’ also includes a magnetic storage cell 130°, a
current source/drain 140°, and an isolation device 142°. Note that although only one
magnetic storage cell 130” is shown, typically, multiple magnetic storage cells are
coupled to the bit line 122°, word line 124°, and source line 126°. The magnetic storage
cell 130° includes a magnetic element 132’ and a selection device 134’. The magnetic
element 132” is programmable by driving a current through the magnetic element. For
exafnple, the magnetic element 132° might be a magnetic tunneling junction, a spin
valve, another component similar to the magnetic element 10 depicted in FIG. 1, or other
magnetic element programmable in a like manner, The selection device 134’ is
preferably a selection transistor having a gate connected to the word line 124°, a drain
connected to the magnetic element 132, and a source connected to the source line 126°.
The isolation device 142° is preferably an isolation transistor with a finite resistance

when activated.
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During a program operation, the selection device 134’ and isolation device 142’
are activated, allowing current to flow through the magnetic element 132 and the current
source/drain 140. At the node 128’ current is split between the magnetic element 132’
and the bit line 122°’. Thus, a bit line current ip is driven through the bit line 122°, The
second current, iy, is driven through the magnetic element 132°. This second current ip
exerts a spin torque on the magnetic element 132’ and results in a current induced
switching. In addition, the current ig = ig — 1, travels to the current source/drain 140’
when the isolation device 142’ is activated. In a preferred embodiment, the current
source/drain 140’ has the same polarity as the source line 126’ in order to ensure that the
im and is turned on at the same time and in the same direction. In addition, more current
can be applied into the bit line 122’ and a stronger magnetic field, Hg’, can be produced.
As a result, the switching current and switching time can be further reduced. Although
the complexity of the circuitry for the memory 120’ is increased, only a small number of
the extra current source/drains 140° may be needed for the entire memory array.
Consequently, the density of the memory may only be slightly decreased due to the
current source/drains. Due to the reduced critical switching current, the operation speed,
reliability and overall density of the memory can be reduced as discussed above.

During a read operation for the magnetic storage cell 130°, the isolation device
142’ is deactivated, while the selection device 134” is activated. Consequently, norie of a
read current driven through the bit line 122’ passes through the isolation device 142’.
Instéad, the read current passes through the magnetic storage cell 130°. Use of the
isolation device 142’ and the source/drain 140’ thus may not adversely affect the
performance of the magnetic memory 120° during reading.

Only the case in which current flows from the bit line 122 to the source line 126
is discussed above. Other factors that affect the current strength, e.g. the bit line
resistance and source line resistance, are neglected for clarity. An analogous discussion
could be made for the current flowing in another direction, for example from the source
line 126 to the bit line 122. One of ordinary skill in the art will readily recognized that
the methods discussed above can be readily used in other cases and when other factors
are included.

FIGS. 10A-10B are diagrams depicting of one embodiment in accordance with
the present invention of a magnetic element 132/132° and bit line 150 during field
assisted switching. FIG. 10A depicts a side view, while FIG. 10B depicts a front, cross-
sectional view. The bit line 150 might be used in either the magnetic memory 120 or
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120°. The bit line 150 includes a conductive line 152 that is preferably a metal line, soft
magnetic layer(s) 154, and optional separation layer 156, which may be insulating or
conductive. The line 152 is conductive and preferably nonmagnetic. Although depicted
as residing only on the top of the bit line 150, the soft magnetic layer(s) 154 may reside
on other surfaces, as well as on more than one surface, of the bit line 150, The separation
layer 156 may be optionally placed between the line 152 and the soft magnetic layer(s)
154 to prevent or reduce the current in the soft magnetic layer(s). The soft magnetic
layer(s) 154 can be single layer or multilayers including both magnetic layers and non-
magnetic layers, and should preferably have larger resistivity than that of line 152 to
reduce eddy current effect.

Use of the soft magnetic layer(s) 154 may further enhance the strength of the
magnetic field to assist in switching the magnetic element. In particular, as shown in
FIG. 10B, the soft magnetic layer(s) 154 have the easy axes parallel to the bit line 150
direction. When a current is driven through the line 152, the soft magnetic layer(s) are
magnetized by the magnetic field Hy generated by the current. Thus, a magnetostatic
field, Hy, is induced by the soft magnetic layer(s). The magnetic element 132/132’
experiences both magnetic fields, Hg = H,, + Hy, that are perpendicular to the bit line
direction. Therefore, the magnetostatic field Hyn from the soft magnetic layer(s) 154 may
enhance the magnetic field on the magnetic elements 132/132’. Because a fast rise time
of the magnetic field at the magnetic element 132/132’ is desired to assist the magnetic
element switching, the damping constant of the soft magnetic layer(s) 154 is preferably
higher than that of the data storage layer (e.g. the free layer 19) of the magnetic element
132/132°. Thus, the bit line current necessary to produce the required magnetic field to
assist the current induced magnetization switching may be reduced. Consequently,
power consumption of the memory 120/120° may be reduced.

FIGS. 11A and 11B are diagrams depicting embodiments of memories 160 and
160” in accordance with the present invention of a magnetic element and bit line during
field assisted switching. Magnetic elements 162/162° and bit lines 164/164° are shown.
The magnetic elements 162 and 162’ are analogous to the magnetic elements 132/132°.
The bit lines 164 and 164° are analogous to the bit lines 122/122°, FIG. 11A depicts a
top view of a case in which the magnetic element 162 has an in-plane anisotropy and,
therefore, easy axis 166. For example, in some embodiments, the magnetic element 162
may have an in-plane anisotropy that includes one or more of a shape anisotropy, a

crystalline anisotropy, an interface anisotropy, and an induced anisotropy.
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Alternatively, FIG. 11B depicts a cross-sectional view of a case in which the magnetic
element 162 has an out-of-plane anisotropy and, therefore, out of plane easy axis 166°.
For example, in some embodiments, the magnetic element 162 may have a perpendicular
anisotropy that includes one or more of a shape anisotropy, a crystalline anisotropy, an
interface anisotropy, and an induced anisotropy. As can be seen in FIGS. 11A and 11B,
the direction of the magnetic field, Hy1 and Hypy’ may be varied with respect to the easy
axis directions 166 and 166’. The magnetic field direction relative to the easy axis
direction of the data storage layer of the magnetic element 162 may be adjusted by
rotating the in-plane angle of the magnetic element 162 if the free layer easy axis 166 is
in plane. This situation is depicted in FIG. 11A. Similarly, the magnetic field direction
relative to the easy axis direction of the data storage layer of the magnetic element 162’
may be adjusted by shifting the in-plane bit line 164’ position and the magnetic element
162’ position if the data storage layer easy axis 166’ is out of film plane. This case is
shown in FIG. 11B. In this case, a metal line connecting the bit line 164’ and the
magnetic element 162’ may be added if the bit line 164’ and the magnetic element 162’
are not in direct electrical contact due to the shift. Thus, as discussed above with respect
to FIGS. 6A-C and 7, the angle between the easy axis 166/166° (and thus the initial
magnetization direction) and the magnetic field may be optimized to find an optimum
field angle for best switching time, switching current and thermal stability results.

Thus, using the method 100 and/or the system 120, 120° 150 and/or 160, the
second current driven through the magnetic element(s) 10/132/132°/162/162’ may be
reduced while allowing the magnetic element(s) 10/132/132°/162/162° to be switched.
In addition, because the first current generating the magnetic field is not driven through
the magnetic element(s) 132/132°, the first current may be large. As a result, the
magnetic field strength may be increased without increasing the current through the
magnetic element(s) 132/132°. The magnetic field can assist the switching of the
magnetic element(s) 132/132° with a low cumrent driven through the element(s).
Consequently, reliability of the magnetic element may be improved. For similar reasons,
the size of the selection transistor 134/134° and, therefore, the magnetic storage cell
130/130’ may be reduced. Because the direction of the magnetic field generated by the
current driven through the bit line depends on the current direction, the direction of the
magnetic field automatically changes to assist in switching the magnetic element(s) to
the desired state when the first current and the second current change direction.

Furthermore, the bit line magnetic field direction relative to the easy axis direction of the
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MT]J free layer may be adjusted to provide an optimized field angle for improved writing
performance. In addition, use of a pulsed field may improve the distribution of the
switching of the magnetic element(s) 132/132°. Thus, switching current and its
distribution may be reduced. Reliability, memory density and operation speed of the
memory array may also be increased.

The method 100 provides a method to reduce the switching current driven
through the magnetic element. The method also provides another way to select the write
operation device in addition to the conventional methods such as choosing word line and
bit line. With this selection method the magnetic elements of 2 memory can be stacked in
three dimensions. FIG. 12 depicts one embodiment of a magnetic memory 200 in
accordance with the present invention utilizing two magnetic elements 212 and 213 that
are preferably MTJs stacked on top of each other and selection transistor 214 in a
magnetic storage cell 210. Also depicted are bit line 222, word line 224, and source line
226. Because magnetic elements 212 and 213 are connected in series, they share the
same current im. The total resistance of the magnetic storage cell 210 has four states: R1
+ R2, RI+A1+R2, RI1+R2+A2, RI+A1+R2+A2, where R1 and R2 are resistances of
magnetic elements 212 and 213, respectively, at one state, A1 and A2 are the resistance
changes for the magnetic elements 212 and 213, respectively, when they are switched to
the other state. If A1 and A2 are designed to have different values, the four states will
have four different resistance values. Therefore the two magnetic elements 212 and 213
can store two bits of binary data. For the simplicity of discussion, here we can define the
above four states as (0,0), (1,0), (0, 1) and (1,1) states, respectively, and we assume that a
large enough positive current iy, can write a magnetic element 212 or 213 to “1” state and
a large enough negative current i, can write a magnetic element 212 or 213 to “0” state.
The definition of the states and the direction of writing current can be changed but will
essentially have the same results. During read operation the data can be read out by
reading the total resistance of the two magnetic elements. Note that the magnetic element
212 is closer to the bit line 222 than the magnetic element 213. Consequently, the
magnetic element 212 experiences a much larger magnetic field produced by thq first
current ir in the bit line 222. The method 100 may also be used with the memory 200.
Stated differently, the memory 200 functions in a similar manner to the system 120, 120°
150 and/or 160 discussed above. The magnetic element 212 can be switched at a smaller
current than the magnetic element 213, because the magnetic element 212 has more help
from the bit line magnetic field. Stated differently, the critical switching current of the
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magnetic element 212 is smaller than that of the magnetic element 213. Based on this
feature, the writing operation can be carried out as follows: To write (1,1), the current in
is positive and larger than the critical switching current of the magnetic element 213 to
switch both the magnetic element 212 and the magnetic element 213 to “1” states; to
write (0,0), the current i is larger than the critical switching current of the magnetic
element 213 but in negative direction; to write (1,0), a current larger than the critical
switching current of the magnetic element 213 in a negative direction has to be applied to
write (0,0), then a current between the critical switching current of the magnetic element
212 and the magnetic element 213 in positive direction is applied to only switch the
magnetic element 212 to “1” state, a (1,0) state is then written by this two step operation;
to write (0,1) state, similarly, a current larger than the critical switching current of the
magnetic element 213 in positive direction and the a current between the critical
switching currents of the magnetic element 212 and the magnetic element 213 in a
negative direction have to be sequentially applied. Therefore during write operation the
two bits of the memory cell have to be both written, through a one-step or a two-step
write sequence. An advantage of stacking two bits in one magnetic cell is that the density
of the memory array increases.

Another method of stacking multiple bits in one cell can further increase the
number of layers of magnetic elements to more than two. FIG. 13 depicts one
embodiment of on such memory 250 in accordance with the present invention. The
memory 250 includes magnetic elements 252-i, selection transistor 254, field lines 256-i,
layer selection/isolation device 258-i, source line 260, and layer lines 262-i. In this
embodiment 250 two or more layers of magnetic elements 252-1, 252-2 through 252-N,
are stacked on top of each other and are connected in series. Except for the first layer
(top layer), the magnetic element 252-i of each layer has an adjacent field line 256-i that
is not connected to the magnetic element 252-i. The field line 256-1 of the first layer is
connected to the first magnetic element 252-1 and functions as a bit line to apply the
current i, through the magnetic elements. Each of the field lines 256-i are only close
enough to the magnetic element 252-i in the same layer so that the magnetic field
generated by the field line 256-1 can only significantly assist the switching of the nearest
magnetic element 252-i. The end of each field line 256-i is connected to the source line
260 through an isolator 256-i and an optional resistor (not shown), or to a source/drain
device, with the same method described in embodiments 120 or 120°. In the magnetic

memory 250 only isolation transistors 258-i are shown as example. Each magnetic
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element 252-i has two magnetic states, Ri and Rit+Ai (i=1...N). If all the Ai have
different values, the total resistance will have 2" states, and the whole cell can store N
bits binary data. The writing operation can be done by applying a current in through all
the magnetic elements 252+, while only active the isolation transistors 258-i
corresponding to the target magnetic elements. For example if we want to write “1” to
magnetic 252-1 and 252-3, a positive current im is applied to all the magnetic elements
252-i in the cell through the bit line 256-1 by applying a positive voltage on the bit line
256-1 and activating the selection transistor 254. This current alone is not large enough
to switch any magnetic elements 252-i. At the same time when iy, is started, the isolation
transistor 258-1 and 258-3 are activated by the layer line 262-1 and 262-3, thus field line
256-1 and 256-3 generate magnetic fields on magnetic elements 252-1 and 252-3. With
the assistance of the magnetic field, im is able to switch magnetic elements 252-1 and
252-3 to “1” states. Similarly by applying a negative current i, and activating isolation
transistor 254-1 and 254-3, states “0” can be written to magnetic elements 252-1 and
252-3. With this method, the magnetic elements in the cell can be programmed either
individually or in groups. By writing data in groups, two write operations can write all
the possible combinations of data to the N bit cell.

A method and system for providing and using a magnetic memory utilizing field assisted
spin transfer based switching has been disclosed. The present invention has been
described in accordance with the embodiments shown, and one of ordinary skill in the art
will readily recognize that there could be variations to the embodiments, and any
variations would be within the spirit and scope of the present invention. Accordingly,
many modifications may be made by one of ordinary skill in the art without departing

from the spirit and scope of the appended claims.
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CLAIMS

We Claim;

1. A method for programming a magnetic memory, the magnetic memory including a
plurality of magnetic storage cells, each of the plurality of magnetic storage cells
including at least one magnetic element programmable due to spin transfer when a write
current is passed through the magnetic element and at least one selection device, the
method comprising:

driving a first current in proximity to but not through the at least one magnetic
element of a portion of the plurality of magnetic storage cells, the first current generating
a magnetic field;

driving a second current through the at least one magnetic element of the portion
of the plurality of magnetic storage cells, the second current and the first current being
turned on at a start time, the second current and the magnetic field being sufficient to

program the at least one magnetic element.

2. The method of claim 1 wherein the magnetic memory further includes a plurality
of bit lines coupled to the at least one magnetic element of the plurality of magnetic
storage cells and wherein the driving the first current further includes:

driving the first current through a portion of the plurality of bit lines
corresponding to the portion of the plurality of magnetic storage cells.

3. The method of claim 2 wherein the memory further includes at least one isolation
device connected to at least one of the plurality of bit lines, the first current passing

through the at least one isolation device when activated.

4, The method of claim 3 wherein the memory further includes at least one resistor
connected to the at least one of the plurality of bit lines and the at least one isolation

device, the first current passing through the at least one resistor.

5. The method of claim 2 wherein the memory further includes at least one of a
current source and a drain connected to the end of the at least one of the plurality of bit

lines such that the first current does not pass through the at least one magnetic element.
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6. The method of claim 2 wherein the portion of the plurality of bit lines further
includes at least one nonmagnetic conductive layer and wherein the magnetic memory
further includes at least one magnetic layer adjacent to the nonmagnetic conductive

layer.,

7. The method of claim 6 wherein the at least one magnetic element includes a
reference layer, a fiee layer, and a spacer layer residing between the reference layer and
the free layer, the at least one magnetic layer having a first magnetic damping constant,
the free layer having a second magnetic damping constant less than the first magnetic

damping constant.

8. The method of claim 1 wherein the magnetic layers of the at least one magnetic

element has in-plane anisotropy.

9. The method of claim 8 wherein the in-plane anisotropy includes at least one of a

shape anisotropy, a crystalline anisotropy, and an induced anisotropy.

10. The method of claim 8 wherein the in-plane anisotropy is a uniaxial anisotropy
along an axis and having a strength H, wherein a data storage layer of the at least one
magnetic element has a saturation magnetization of M, wherein the magnetic field has a
strength H, and wherein an angle between the magnetic field and the axis is substantially
ninety degrees plus one-half multiplied by the inverse sin of H multiplied by M divided
by K.

11. The method of claim 8 wherein the at least one magnetic element makes an angle
with the plurality of the bit lines in the film plane, the angle being based on the in-plane

anisotropy.

12, The method of claim 1 wherein the at least one magnetic layers of the magnetic
element has a perpendicular anisotropy.

13. The method of claim 12 wherein the perpendicular anisotropy includes at least
one of a shape anisotropy, a crystalline anisotropy, an interface anisotropy, and an

induced anisotropy.
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14. The method of claim 12 wherein the at least one magnetic element has a center
and each of at least of a portion of the plurality of bit lines has a bit line center, the center
of at least one magnetic element being offset from the bit line center by an angle, the

angle being based on the perpendicular anisotropy.

15 The method of claim 1 wherein the first current corresponds to a first current

pulse.

16. The method of claim 15 wherein the first current pulse has a rise time and the
magnetic element has a magnetic relaxation time that is greater than the first current

pulse rise time.

17. A method for programming a magnetic memory, the magnetic memory including a
plurality of magnetic storage cells and a plurality of bit lines coupled to the plurality of
magnetic storage cells, each of the plurality of magnetic storage cells including at least
one magnetic element programmable due to spin transfer when a write current is passed
through the magnetic element and at least one selection device, the method comprising:

driving a first current through at least one bit line of the plurality of bit lines but
not through the at least one magnetic element of a portion of the plurality of magnetic
storage cells connected to the at least one bit line, the first current and generating a
magnetic field;

driving a second current through the at least one magnetic element of the portion
of the plurality of magnetic storage cells, the second current and the first current being
turned on at a start time, the second current and the magnetic field being sufficient to

program the at least one magnetic element.

18. A magnetic memory comprising;

a plurality of magnetic storage cells, each of the plurality of magnetic storage
cells including at least one magnetic element programmable due to spin transfer when a
write current is passed through the magnetic element and at least one selection device,
the method comprising;

a plurality of bit lines coupled to the at least one magnetic element of the plurality
of magnetic storage cells, the plurality of bit lines for driving a first current and a second

current, the first current being driven in proximity to but not through the at least one
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magnetic element of a portion of the plurality of magnetic storage cells, the first current
and generating a magnetic field, the second current being driven through the at least one
magnetic element of the portion of the plurality of magnetic storage cells, the second
current and the magnetic field being sufficient to program the at least one magnetic

element.

19. The magnetic memory of claim 18 wherein the first current and the second

current are turned on at a start time.

20. The magnetic memory of claim 18 further comprising:
at least one isolation device connected to the plurality of bit lines, the first current

passing through the at least one isolation device.

21. The magnetic memory of claim 18 further comprising:
at least one resistor connected to the plurality of bit lines and the at least one

isolation device, the first current passing through the at least one resistor.

22. The magnetic memory of claim 18 further comprising:
at least one of a current source and a drain connected to the end of the at least one
of the plurality of bit lines such that the first current does not pass through the at least

one magnetic element.

23. The magnetic memory of claim 18 wherein the plurality of bit lines further
includes at least one nonmagnetic conductive layer, the magnetic memory further
comprising:

at least one magnetic layer adjacent to the at least one nonmagnetic conductive

layer.

24. The magnetic memory of claim 23 wherein the at least one magnetic element
includes a reference layer, a free layer, and a spacer layer residing between the reference
layer and the free layer, the at least one magnetic layer having a first magnetic damping
constant, the free layer having a second magnetic damping constant less than the first

magnetic damping constant.
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25. The magnetic memory of claim 18 wherein the at least one magnetic element has

an in-plane anisotropy.

26. The magnetic memory of claim 25 wherein the in-plane anisotropy includes at

least one of a shape anisotropy, a crystalline anisotropy, and an induced anisotropy.

27. The magnetic memory of claim 26 wherein the in-plane anisotropy is a uniaxial
anisotropy along an axis and having a strength K, wherein a data storage layer of the at
least one magnetic element has a saturation magnetization of M, wherein the magnetic
field has a strength H, and wherein an angle between the magnetic field and the axis is
substantially ninety degrees plus one-half multiplied by the inverse sin of H multiplied
by M divided by K.

28. The magnetic memory of claim 25 wherein the at least one magnetic element
makes an angle with the plurality of bit lines in the film plane, the angle being based on

the in-plane anisotropy.

29. The magnetic memory of claim 18 wherein the at least one magnetic layer of the

magnetic element has an out of plane anisotropy.

30. The magnetic memory of claim 29 wherein the out of plane anisotropy includes
at least one of a shape anisotropy, a crystalline anisotropy, an interface anisotropy, and

an induced anisotropy.

31. The magnetic memory of claim 29 wherein the at least one magnetic element has
a center and each of at least of a portion of the plurality of bit lines has a bit line center,
the center of at least one magnetic element being offset from the bit line center by an

angle, the angle being based on the perpendicular anisotropy.

32.  The magnetic memory of claim 18 wherein the at least one magnetic storage cell
further includes at least two magnetic element programmable due to spin transfer when a
write current is passed through the magnetic elements and at least one selection device,
the at least two magnetic elements having at least one of an in-plane anisotropy and an
out-of-plane anisotropy.
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33. The magnetic memory of claim 32 wherein the first current generates a magnetic
field that affects one of at least two magnetic elements coupled with the bit line of the
plurality of bit lines more than another of the at least two magnetic elements not coupled
to the bit line, the second current being driven through all the magnetic elements of the
portion of the plurality of magnetic storage cells, the second current having a first value
being sufficient to program the at least two magnetic elements, the second current having
another value less than the first value and the magnetic field generated by the bit line
being sufficient to program only the magnetic elements significantly affected by the
magnetic field generated by the bit line.

34.  The magnetic memory of claims 33 further comprising:
at least one of a isolation device and at least one optional resistive device
connected to each of the plurality of bit lines, the first current passing through the bit

line, the activated isolation device, and the optional resistive device.

35. The magnetic memory of claims 33 further comprising:
at least one of a current source and a drain connected to the at least one of the

plurality of bit lines.

36. The magnetic memory of claims 33 wherein at least one of the plurality of bit
lines further includes:
a nonmagnetic metal layer and at least one magnetic layer adjacent to the non-

magnetic metal layer

37. The magnetic memory of claim 32 further comprising:

a plurality of field lines, each of the plurality of field lines coupled to one of the
at least two magnetic elements, the plurality of field lines for driving the first current,
only a first field line of the plurality of field lines for driving the first and the second
current, the second current being driven through all the magnetic elements of the portion
of the plurality of magnetic storage cells, the second current generating a sufficient spin
torque to program the at least one magnetic element coupled with the field line and
insufficient spin torque to program another of the at least one magnetic element not
coupled with the field line.
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38. The magnetic memory of claims 37 further comprising:

at least one of a isolation device and at least one optional resistive device
connected to each of the plurality of bit lines and a plurality of field lines, each of the
plurality of field lines coupled to one of the at least two magnetic elements, the first
current passing through the bit line and a field line of the plurality of field lines, the

activated isolation device, and the optional resistive device.

39.  The magnetic memory of claims 37 further comprising:
at least one of a current source and a drain connected to the at least one of the

plurality of bit lines and the plurality of field lines.

- 40. The rhagnetic memory of claims 37 wherein at least one of the plurality of bit
lines and the plurality of field lines further includes a nonmagnetic metal layer and at

least one magnetic layer adjacent to the non-magnetic metal layer

41. A magnetic memory comprising

a plurality of magnetic storage cells, each of the plurality of magnetic storage
cells including at least one magnetic element programmable due to spin transfer when a
write current is passed through the magnetic element and at least one selection device,

the at least one magnetic element having at least one of an in-plane anisotropy and an
. out-of-plane anisotropy;

a plurality of bit lines coupled to the at least one magnetic element of the plurality
of magnetic storage cells, the plurality of bit lines for driving a first current and a second
current, the first current being driven in proximity to but not through the at least one
magnetic element of a portion of the plurality of magnetic storage cells, the first current
generating a magnetic field, the second current being driven through the at least one
magnetic element of the portion of the plurality of magnetic storage cells, the second
current and the magnetic field being sufficient to program the at least one magnetic
element;

at least one of a isolation device connected to the plurality of bit lines such that
the first current passes through the bit line and the activated isolation device and a
current source or drain connected to the end of the at least one of the plurality of bit lines
such that the first current passes through the bit line; and

at least one magnetic line included in the at least one of the plurality of bit lines.
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