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PRECESSIONAL REVERSAL IN ORTHOGONAL SPIN TRANSFER MAGNETIC
RAM DEVICES

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application No.:
61/669,963, filed July 10, 2012 and is incorporated herein by reference in its entirety.

BACKGROUND

[0002] In general, spin-transfer torque (STT) magnetic random access memory
(MRAM) devices hold great promise as a universal memory since they can be fast,
nonvolatile, small in size and operate with low energy consumption. Common collinear
STT-MRAM devices have relatively long mean switching times (several nanoseconds)
and broad switching time distributions due to the small spin-torques in their initial
(collinear) magnetization configurations. Reducing switching times, lowering switching
current, and lowering operating energy of RAM can improve the performance of the

memory.
SUMMARY

[0003] In general, one aspect of the subject matter described in this specification
can be embodied in orthogonal spin-torque bit cells whose spin torques from a
perpendicular polarizer and an in-plane magnetized reference layer are constructively
or destructively combined. An orthogonal spin-torque bit cell includes a perpendicular
magnetized polarizing layer configured to provide a first spin-torque; an in-plane
magnetized free layer and a reference layer configured to provide a second spin-
torque. The first spin-torque and the second spin-torque combine and the combined
first spin-torque and second spin-torque influences the magnetic state of the in-plane
magnetized free layer. The in-plane magnetized free layer and the reference layer
form a magnetic tunnel junction. The first spin-torque and second spin-torque can
combine constructively to lower a switching current, increase a switching speed, and/or

decrease an operating energy of the orthogonal spin-torque bit cell. Other
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implementations of orthogonal spin-torque bit cells/fmemory are described in greater
detail below.

[0004] The foregoing summary is illustrative only and is not intended to be in any
way limiting. In addition to the illustrative aspects, implementations, and features
described above, further aspects, implementations, and features will become apparent
by reference to the following drawings and the detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The foregoing and other features of the present disclosure will become more
fully apparent from the following description and appended claims, taken in
conjunction with the accompanying drawings. Understanding that these drawings
depict only several implementations in accordance with the disclosure and are,
therefore, not to be considered limiting of its scope, the disclosure will be described

with additional specificity and detail through use of the accompanying drawings.

[0006] Figs. 1A and 1B illustrate spin transfer torques acting on a free layer

magnetization in accordance with an illustrative implementation.

[0007] Figs. 2A and 2B illustrates switching probabilities for constructive and

destructive spin transfer torques in accordance with an illustrative implementation.

[0008] Fig. 3A is a graph of device resistance versus an in-plane field for a typical
85 nm x 200 nm hexagon device at room temperature in accordance with an illustrative

implementation.

[0009] Fig. 3B illustrates an experimental setup for time-resolved measurements in

accordance with an illustrative implementation.

[0010] Fig. 4A.is a graph of a single-shot trace from an oscilloscope indicating the
magnetization dynamics for an AP to P switching event in accordance with an

illustrative implementation.
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[0011] Fig. 4B. is a graph of a single-shot trace from an oscilloscope indicating the
magnetization dynamics of a precessional switching event from P to AP to P then to

AP in accordance with an illustrative implementation.

[0012] Fig. 4C. is a graph of a single-shot trace from an oscilloscope indicating the
magnetization dynamics for an oscillation from P to AP then back to P in accordance

with an illustrative implementation.

[0013] Fig. 5A illustrates histograms for a switching start time in accordance with an

illustrative implementation.

[0014] Fig. 5B illustrates histograms for a switching time in accordance with an

illustrative implementation.

[0015] Fig. 6A illustrates the correlation between z, . and z_, ., for P to AP
switching in accordance with an illustrative implementation.
[0016] Fig. 6B illustrates the correlation between ¢z . and r_, ., for AP to P

switching in accordance with an illustrative implementation.

[0017] Reference is made to the accompanying drawings throughout the following
detailed description. In the drawings, similar symbols typically identify similar
components, unless context dictates otherwise. The illustrative implementations
described in the detailed description, drawings, and claims are not meant to be limiting.
Other implementations may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter presented here. It will be
readily understood that the aspects of the present disclosure, as generally described
herein, and illustrated in the figures, can be arranged, substituted, combined, and
designed in a wide variety of different configurations, all of which are explicitly
contemplated and made part of this disclosure.
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DETAILED DESCRIPTION

[0018] Orthogonal spin transfer magnetic random access memory devices are of
great interest for both applications and fundamental physics. Orthogonal spin transfer
MRAM devices offer reliable and fast switching, with experimentally demonstrated
switching times of 500 picoseconds (ps). One advantage of orthogonal spin transfer
MRAM devices is associated with their structure, which employs a spin-polarizing layer
magnetized in a direction orthogonal to the switchable free layer. The STT is nearly
maximum in such a configuration, while it is zero when the polarizing layer is aligned
with the magnetization of the free layer. Therefore, instead of waiting for thermal
initiation, which can take up to tens of nanoseconds in a collinear device, the
perpendicular polarizer in the orthogonal spin transfer MRAM device provides a large
STT to initiate the magnetization switching from the instant a device is energized. The
switching process in the orthogonal spin transfer MRAM devices is also distinct from
that of collinearly magnetized STT-MRAM devices. As the polarizer is magnetized
perpendicular to the plane, there is an out-of-plane STT acting on the free layer, which
is magnetized in-plane and has an easy plane magnetic anisotropy. This STT can be
sufficiently large that the free layer magnetization can be tilted out of film plane,
creating a large demagnetization field normal to the film plane. The free layer
magnetization will then precess about the normal to the plane. This type of
precessional magnetizations dynamics is unique to orthogonal spin transfer MRAM
devices.

[0019] Figures 1A and 1B illustrate spin transfer torques acting on a free layer
magnetization in accordance with an illustrative implementation. A free layer element
100 can be a thin plate or a thin film element. In Figure 1A, the free layer element 100
is shown as an ellipse. The free layer element 100 has a magnetization vector 105.
Axis 107 illustrates the easy access of the free layer element 100. In the absence of
spin torques the free layer element 100 will align either pointed right or left along the
axis 107. When current is applied there is a spin torque, which can be a combination
of various individual spin torques. Spin torque 101 is the spin torque from a
perpendicular polarizing layer. Spin torque 102 is the spin torque from the in-plane
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magnetized reference layer, e.g., the effective field torque. Spin torque 103 is the net
spin torque perpendicular to the free layer plane. The net spin torque 103 is the
combined action of torques 101 and 102. Thus, the net spin torque 103 is the vector
sum of torques 101 and 102.

[0020] The torques 101 and 102 can add constructively or partially destructively.
Figure 1A illustrates torques 101 and 102 adding constructively. Accordingly, the net
spin torque 103 is larger than either torque 101 or 102. Figure 1B illustrates torques
101 and 102 adding partially destructively. That is, the net spin torque 103 in Figure
1A is larger than the net spin torque 103 in Figure 1B, due to how the spin torques 101
and 102 interfere with one another. Figures 1A and 1B also illustrate an in-plane spin-
transfer torque 104 associated with the reference layer 100. This is the common spin
torque that is present in devices that do not have a perpendicular polarizer. The in-
plane spin-transfer torque 104 is in the plane containing the free layer 100 and a
reference layer and is perpendicular to the net spin torque 103 and to the
magnetization vector 105. The reference layer can act to polarize the currentin a
device. Then both the reference layer and the perpendicular polarizer can influence

the spin-polarization and the spin torques on the free layer of a device, e.g., a bit cell,

[0021] While not limiting the scope of the invention, arc 106 illustrates a trajectory
that the magnetization vector 105 follows or is predicted to follow during switching.
The magnetization vector 105 rotates out of the plane containing the free layer based
on the spin torque 103. Rotating of the magnetization vector 105 out of this plane
creates a demagnetization field about which the magnetization precesses. The spin
transfer torque 104 can aid or hinder this rotation. In Figures 1A and 1B, the spin
transfer torque aids in the rotation of magnetization and thus aids the switching of the

magnetization direction.

[0022] How the torques 101 and 102 interfere with one another, either
constructively or partially destructively, can impact the switching from P to AP and AP
to P. Figures 2A and 2B illustrates switching probabilities for constructive and

destructive spin transfer torques in accordance with an illustrative implementation. To
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determine the probability of switching, measurements were made with the polarizer
magnetized up and the polarizer magnetized down. In other words, measurements
were made with the torques 101 and 102 constructively interfering and partially
destructively interfering with one another. When the torques 101 and 102
constructively interfere, a higher switching probability results. How the torques 101
and 102 interfere with one another is dependent upon the directions of the torques 101
and 102. The direction of the torque 101 is set by the direction of the magnetization of
the polarizer. Reversing the magnetization direction of the polarizer from up to down
reverses the spin torque 101 associated with the polarizing layer and changes the
nature of the interference. For example, in Figure 2A the probability of switching from
AP to P is greater when the polarizer is magnetized up 202 compared to when the
polarizer is magnetized down 204. The torques 101 and 102 are combining
constructively to increase the probability of switching from AP to P and are combining
partially destructively to decrease the switching probability. The opposite, however, is
true for switching from P to AP. Figure 2B illustrates that the probability of switching
from P to AP is greater when the polarizer is magnetized down 206 compared to up
208. In contrast to the AP to P switching, the torques combine constructively when the
polarizer is magnetized down and therefore, the switching probability is greater when

the polarizer is magnetized down.

[0023] To study the magnetization dynamics, especially the magnetization switching
processes in the orthogonal spin transfer MRAM devices, time-resolved measurements
can be used. Directly probing the magnetization in real time can help in understanding
the switching mechanisms. Described in greater detail below are results of time-
resolved electrical measurements that probe the magnetization dynamics in orthogonal
spin transfer MRAM devices with nanosecond duration current pulses. From these
results, different switching mechanisms for parallel (P) to anti-parallel (AP) and AP to P

switching under the same pulse conditions can be theorized and shown.

[0024] Figure 3B illustrates an experimental setup 300 for time-resolved

measurements in accordance with an illustrative implementation. The experimental

setup includes an exemplary layer stack of an orthogonal spin transfer MRAM device.
-6 -
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In one implementation, the layer stack of an orthogonal spin transfer MRAM device
includes a perpendicular magnetized polarizing layer 302, an in-plane magnetized free
layer 304 and a reference layer 306 that form a magnetic tunnel junction. To reduce
the dipolar field acting on the free layer 304 from the reference layer 306, a synthetic
antiferromagnetic (SAF) layer 306 can be employed. Based upon this structure,
various devices can be made. For example, devices can be made with sizes varying
from 40 nm x 80 nm to 105 nm x 250 nm and can be in the form of rectangles, ellipses
and hexagons, virtually any useful shape. The resistance versus applied field
(resistance hysteresis loops) of these devices can be measured. In various
implementations, the devices can have tunneling magnetoresistance (TMR) ratios of

100% or higher and resistance area (RA) products of about 8 Qum*. Figure 3A shows

a minor resistance hysteresis loop (i.e. hysteresis in a field range in which only the
device free layer switches) for an 85 nm x 200 nm hexagon at room temperature. The
P state resistance is 620 Q and the MR is 100%. The room temperature coercive field
is 7 mT and the hysteresis loop is centered at 2 mT, as a result of a small residue

coupling to the SAF.

[0025] To study the dynamics of the switching process, the experimental setup 300
illustrated in Figure 3B can be used. The experimental setup 300 includes two bias-
tees 308 and 310 used to separate the high frequency and the low frequency circuits.
In the high frequency circuit, short (~ ns) electrical current pulses 312 are generated by
an arbitrary waveform generator (AWG) 314 and injected into the devices. During one
series of measurements the rise and fall times of the pulse were about 200 ps. By
putting a real-time oscilloscope, e.g., a digital phosphor oscilloscope (DPO), 316 with a
50 Q impedance in series with the device, the time variations of the current in the
circuit can be measured. Since the circuit impedance is dominated by the device, the
variation of the current in the circuit is proportional to the time variation of the device
resistance. The latter can be determined by the relative magnetization orientations of
the free and the reference layers during the pulse. The low frequency circuit can be
used to measure the device resistance in equilibrium. In the time-resolved

experiments, a small external magnetic field can be applied at or near the midpoint of
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the free layer hysteresis loop (i.e., 2 mT). Pulses can then be applied and the signals
can be recorded in real time. The low frequency circuit can be used to measure the
resistance of the device between the pulses, to determine whether the device has
been switched by the pulse or not. The switched state of the device can be cross
checked with that of the real time signals. Positive voltage can be defined as electrons
flowing from the bottom to the top of the layer stack, i.e., from the polarizer toward the
free and reference layers, 304 and 306, respectively.

[0026] Figures 4A-4C show the single-shot traces of the voltage signal across the
oscilloscope 316 for a -0.78 V, 2 ns pulse from the pulse generator 314. The initiation
time for the switching can be reduced to less than 500 ps. The voltage used, however,
can be such that both switching and non-switching events as well as different switching
mechanisms between AP to P and P to AP for the same pulse conditions can be
observed. Different voltages can be used to illustrate and utilize the differences
between switching AP to P and P to AP. First curves 402 plot the raw signals from the
oscilloscope for one single pulse while second curves 404 are made from smoothing
the raw signals, which serve as a guide to the eye. Due to the good signal to noise
ratio, the device state can be determined from the single-shot traces without
averaging. For comparison, third curves 406 in all the subplots are averaged single-
shot traces for the cases where the device is at the P state both before and after one
pulse. Correspondingly, fourth curves 408 are the averaged "AP state" traces. For the
same pulse configurations, both AP to P and P to AP switching can occur and are
illustrated in Figures 4A-4C. Figure 4A shows a typical AP to P switching event. In the
beginning of the pulse, the signal is close to the averaged AP state trace, meaning the
device is close to the AP state. Then the signal starts to deviate notably from the AP
state at 1.75 ns; and the device reaches the P state 90 ps later, as shown by the

vertical dashed lines. To determine the start time (z,,,, ) and the transition time (z_,,,., )

the single-shot voltage trace can be normalized to
Vien @ =V () =V, NIV, () -V,()), where V(¢) s the single-shot voltage trace,

V,(®) is the averaged voltage trace for the P state and 7, (¢) is the averaged voltage

trace for the AP state. Switching can be defined as a deviation of more than 20% from
-8-
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either state. In other implementations, different percentages can be used to define
switching, e.g., 15%, 22%, 25%, etc.

[0027]As illustrated in Figure 4A, an AP to P transition can require one or two
nanoseconds to initiate and the transition itself is fast and direct without precession.
However, a typical transition from P to AP is precessional, as shown Figure 4B. A
device initially in the P state starts to oscillate between the AP and the P state after 1.2
ns, executing two oscillation periods (P to AP to P to AP) during the pulse.

[0028] Figure 4C shows an event where the device begins and ends in the P state. The
device undergoes an oscillation from P to AP then back to P state during the pulse.
The oscillation starts at 1.6 ns, which is later than that in Figure 4B where the device
eventually switches to the AP state. More than 90% of the events that start from the P
state and end in the P state have notable oscillations. As a result, the third curves 406,
which are the average traces of all the start-and-end-in-P events, have a higher
(negative) voltage than the true P state for z > 1ns. Therefore, in all three subplots, the

single shot trace slightly crosses the averaged P state curve.

[0029] Determining the end state of the device from single-shot traces can be difficult,
as during the falling edge of the pulse, the signals of the P and the AP states and their
differences become smaller. In addition, the magnetic dynamics may not stop right at
the end of the pulse. To account for this, the device state can be independently

determined after each pulse by a direct current resistance measurement.

[0030]Figures 5A and 5B show the distribution of 7, and ¢ for about 10,000

start switch

switching events. For negative voltage, the STT from the reference layer favors the P
state. As a result, the AP to P switching has a higher probability (44%) than that of the
P to AP switching (23%). As shown in Figure 5A (the upper figure panel labeled (a)),

for AP to P transitions, most r , values are between 1 and 2.4 ns; and switching

events are more likely to occur later in the pulse. However, most of the transitions are
very fast, occurring within 200 ps, as shown in Figure 5B (the upper figure panel
labeled (b)), which corresponds to a direct AP to P transition.

-9-
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[0031]For P to AP switching, the start time peaks around 1.4 ns as shown in Figure 5A
(the lower figure panel labeled (c)), 500 ps earlier than that for AP to P switching. While
the distributions for AP to P switching are unimodal, P to AP switching has a very
pronounced bimodal distribution: some transitions take less than 200 ps while most
transitions take around 800 ps. Figure 5B (the lower figure panel labeled (d)) also
shows a minimal number of switching events for transitions that take about 400 ps.

[0032] The correlation between 7, . and 7., is shown in Figure 6A for P to AP

start switc,

switching and in Figure 6B for AP to P switching. Both the x axis (r,,, ) and the y axis

Start

(7,.., ) are divided evenly into a 500 by 500 grid, with the scale representing the

number of switching events within of the grid's cells. The white regions 602 and 604

represent the limit of the pulse configuration since r__ + 1 must be less than the

start switch

pulse duration plus the fall time (about 2.4 ns), the time window in which the signal can
be resolved. For P to AP switching, as shown in Figure 6A, almost all of the switching

events are along this boundary 606, i.e.2ns<r__ +7 < 2.4 ns. This means the

start switch

magnetization dynamics, once started, last until the end of the pulse. In the absence of

thermal fluctuations, r__, + 7 can be equal to the pulse duration plus the fall time.

start switch

Since the illustrated experiments were conducted at room temperature, this boundary
is broadened by thermal fluctuations and occurs between 2 and 2.4 ns. Most P to AP

switching events are centered at 7, .= 1.4 nsand r_,, = 0.8 ns, as indicated by the

start switch —

region 608 in the center of this plot. This corresponds to multiple oscillations between
the P and AP states (P — AP — P — AP), as occurred in the event shown in Figure

4B. Also there are very few switching events with 0.3 ns< 7., <0.4 nsand 1.7 ns <

switch

< 1.8 ns. The absence of P to AP events in these time windows corresponds to the

TSILI}"I
magnetization executing a full precessional cycle (P — AP — P), like the event shown
in Figure 4C. Figure 6A demonstrates that the P to AP switching is precessional. Due
to the pulse duration and the period of the oscillation, only oscillations starting in

certain ranges of time lead to switching.

-10 -
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[0033] The AP to P switching mechanism dynamic is different from that of P to AP
switching. For AP to P switching, as shown in Figure 6B, most start times are between
1 and 2.4 ns. Further, they are typically less than 200 ps, faster than half of the
oscillation period for the P to AP switching. Therefore the typical AP to P switching

corresponds to the direct transition, similar to the event shown in Figure 4A.

[0034] The direct transition between AP to P, yet precessional reversal for most P to
AP switching under the same pulse configuration, can be explained by the torques
acting perpendicular to the free layer plane. For a device initially in the AP state for the
same pulse amplitude the current is smaller, since the device has a larger resistance in
the AP than in the P state. Therefore, at the beginning of the pulse the STT from the
polarizing layer will be smaller and perpendicular torque will not be sufficient to tilt the
free layer magnetization out of plane far enough to cause the magnetization to
precess. As a result, the switching process is similar to that of a traditional collinear
device where the STT from the reference layer, which favors the P state, contributes to
the switching process. The transition is then fast and direct with a relatively long
initiation time. For a device initially in the P state, the current and therefore the
perpendicular torque is large enough to initiate precession and once started is able to
keep the precession going until the end of the pulse. The start time is also less than
that for events that start in the AP state. Depending on the start time, the device will be

closer to the P or to the AP state at the end of the pulse.

[0035] As described above, time-resolved measurements were made to study the
magnetization dynamics in orthogonal spin transfer MRAM devices. The P and AP
states and the transition between these two states during the pulse from single-shot
signal traces can be identified. The main switching processes are quite distinct, even
for the same pulse parameters. For AP to P switching, the device typically makes a
direct transition within 200 ps. For P to AP switching, the reversal is precessional. It is
believed that the different switching processes can be explained by the strength of the
out-of-plane torque, which depends on the pulse current through the device and is
initially larger for a device starting in the P state than one starting in the AP state.
These results demonstrate the strong influence of the spin torques acting

-1 -



WO 2014/011533 PCT/US2013/049556

perpendicular to the plane of the free layer to the switching processes and provide new

possibilities to control and optimize device operation.

[0036] As described above, there can be an effect of spin torques from both the
perpendicular polarizer and an in-plane magnetized reference layer that act on the
switchable magnetic layer (or equivalently the free magnetic layer) that can combine

constructively or destructively.

[0037] When the spin torques combine constructively, they can improve the device
performance as a memory cell (e.g. such as lowering the power required, switching
current and the switching time). However, when they combine destructively, they have
the opposite effect, increasing the required switching current and rendering devices
less susceptible to current induced magnetic instabilities and switching. Destructive
interference can be used in various applications. For example, it can provide a write-
once memory, useful in security devices, also known as fusible bits, which are bits that
cannot be rewritten. The destructive interference can also be useful for magnetic
sensors. In a sensor, a high current or voltage is applied and spin-torque excitations
and switching are not desirable. The destructive interference reduces the spin-torque

on the sensing (i.e. free) magnetic layer and thus the magnetic noise.

[0038] The two spin-torques that combine constructively or destructively are the
spin torque from the in-plane magnetized reference layer in the orthogonal spin
transfer MRAM stack, known as a field-like torque, and the spin-torque from the
perpendicular polarizer. The field-like torque is perpendicular to the plane containing
the magnetization vectors of the free and reference layer magnetizations. It is
mathematically described as the vector cross product of the magnetization directions of
the free and reference layers. As the free layer magnetization is in or close to the plane
containing this layer and the reference layer magnetization is in or close to the plane
containing the reference layer, this torque is mainly perpendicular to the free layer
plane. This torque is important in magnetic tunnel junctions, and associated with the
junction between the reference and the free layer (i.e. the two magnetic layers

separated by a thin insulating layer.) The spin-torque from the perpendicular polarizer
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is the direction of the magnetization of the perpendicular polarizer. It is therefore
perpendicular to the plane of the free layer.

[0039] How these torques combine depends upon the sign of current in the device
and the direction of the magnetization vector of the perpendicularly magnetized
polarizer. The latter can be magnetized up or down along an axis perpendicular to the
layer plane. It can also be switched from up to down with a current or with an applied
magnetic field.

[0040] The field-like torque depends on the material comprising the magnetic tunnel
junction. It also depends on the device geometry (i.e. the shape of the magnetic
layers). For tunnel junctions in which both the free and reference layer (the layers
adjacent to the tunnel barrier) are of the same composition, the direction of this torque
is largely independent of the sign of the applied current. This corresponds to an
effective field from the reference layer, whose strength depends on the magnitude of
the current, but whose sign is largely independent of the polarity of the current. This
field-like spin-torque can then be said to be an even function of the applied current.
When the layers that comprise the magnetic tunnel junction are not the same (they
may differ in compositions, materials or structure), then the direction of the field-like
torque depends on the sign of the current, and the field-like spin-torque can be said to
be an odd function of the applied current (or to have a component which is odd — e.g. a
general function can be decomposed into its odd and even components).

[0041] Thus, the materials that comprise the reference and the free layers offer a
means to engineer the spin-torques for applications. For example, a field-like torque
that changes sign with the sign of the current can offer a device with suppressed
magnetic noise for both current polarities. On the other hand, it can also offer a
magnetic memory device that operates more effectively, with constructive interference
of the two spin torques for both signs (polarities) of the current. A device with an even
effective field torque offers constructive interference of the spin-torques for one current
polarity and destructive interference of the spin-torques for opposite current polarity.

-13 -
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[0042] In one implementation, constructive interference can be used in an
orthogonal spin transfer MRAM bit cell. The use of constructive interference can
improve the bit cell performance by lowering the switching current; increasing the
switching speed (reducing the time it takes to write); and/or decreasing the energy
required to operate the device. The spin torques from the polarizer and the reference
layer are engineered to be constructive for both current polarities. This requires that
the effective field torque be predominantly an odd function of the current or,
equivalently, the voltage polarity. In this case, for both current (and voltage) polarities
a current pulse induces spin precession that can switch the device. The spin-transfer
torque from the reference layer will also lead to a polarity dependent spin-transfer
torque where the polarity of the current can determine the final free layer
magnetization that is favored (and thus the bit state, 0 or 1). This can be used because
the constructive interference produces direct, fast (<200 ps) transitions between
magnetic states that have a high probability of reaching the desired bit state after the

pulse, i.e. very small bit error rates.

[0043] In another implementation there can be constructive interference, but only
for one current or voltage polarity. Interference between the effective field torque from
the reference layer and the spin-transfer torque from the polarizer layer can be
designed to be constructive for only one current or voltage polarity. This can be done
when the effective field torque be predominantly an even function of the current or,

equivalently, the voltage polarity.

[0044] This makes possible a new type of write once memory. The memory can
only be written once but read infinitely many times. Applications are for fusible bits, e.g.
in security devices. The memory could be used in electronic cash systems, each time
you pay for something the memory cells are overwritten by the amount deducted and

then cannot be rewritten.

[0045] An example is a device in which the free layer can only be switched from a P
to AP state, say with a positive polarity pulse, and not from an AP to P state (with

either polarity pulses). The memory can be initialized in the P state (globally, for
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example, with an external applied magnetic field). Positive polarity current pulses can
then be applied to write selected (individual) bit cells from P to AP. The writing may
represent the use of electronic cash, as the user cannot reset the device back to the
initial all bit cells P state. To prevent a user from re-initializing the memory (e.g.
recreating the P state), the memory can be encapsulated in a material that shields the
bit cells from magnetic fields, such as mu-metal, after the initial memory state is
established. Alternatively, magnetic sensors can be incorporated into the memory chip
to monitor whether the chip has been tampered with. Logic in the chip can deactivate
or destroy a memory chip that has been exposed to magnetic fields capable of re-

initializing or otherwise changing a memory state.

[0046] Orthogonal spin transfer MRAM bit cells can be configured in various ways.
For example, orthogonal spin transfer MRAM bit cells can be resettable (with different
current/voltage parameters or an external field for writing and resetting), or permanent;

designed so that it is not possible to restore the memory system to its initial state.

[0047] The resettable memory cell can be re-loaded (e.g. for cash cards); the
permanent type cannot be reprogrammed. In various implementations, the resettable
memory cell can be used for secure counters, e.g., in smart cards. Another benefit for
security applications is that the device cannot easily be reverse-engineered using

conventional microprobing techniques.

[0048] In another implementation, constructive interference for one magnetization
state of the perpendicular polarizer and destructive interference for the oppositely
magnetized state of the perpendicular polarizer can be used. This is a variant of using
constructive interference described above. If the interference is constructive for one
magnetization state of the perpendicular polarizer for both current and voltage
polarities, it will be at least partially destructive for both current and voltage polarities if
the magnetization of the perpendicular polarizer is reversed (say, realigned from
magnetized up to magnetized down.) It is then possible to reverse the magnetization of
the polarizer or a set of polarizers in a memory array and those cells will no longer be

able to be rewritten. That is, they will be inaccessible.
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[0049] A local field, from a nearby current carrying wire, could be used to change
the state of the perpendicularly magnetized polarizer. It is also possible that the state
of the polarizer could be changed using current induced switching. A second
perpendicular magnetized layer can provide the spin torque to change the state of the

perpendicularly magnetized layer.

[0050] As an example of this implementation, the ability for memory to be written
can be changed to a write-protected memory. The memory could hold the contents of a
program that is loaded once but then must not be rewritten. By flipping the polarizer,
the cells could no longer be rewritten. This can be used for security applications (virus
protection, entire memory pages of a computer can be hardware protected against

writing.)

[0051] As another example, the memory can be used as reprogrammable logic, e.g.
for a spin-transfer or field programmable gate array (FPGA). The logic can only
reprogrammed for a particular magnetic state of the polarizing layer.

[0052] In another implementation, a logic device can include a switchable spin-
torque memory. The logic device can use a switchable perpendicular polarizer that
has multiple (at least two) stable configurations. By changing the polarizer
configuration, the action of the polarizer can be changed to produce largely
constructive or destructive interference of the spin torques. This type of device
combines logic and memory and can act as a reprogrammable logic device. The

desired logic function is programmed by setting the polarizer state.

[0053] As an example, a logic device can act as a NAND gate (any logic function
can be realize using NAND gates, i.e., it is a universal gate). Inputs are: perpendicular
polarizer state and in-plane reference layer states. The output can be a switching
event (or not switching event) for pulsed operation or resistance change or no
resistance change for DC operation. In one implementation, the state of the free layer
can only be changed if both polarizers produce spin torques that combine
constructively. The same device can be used to create an XOR function.
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[0054] The device could be realized either as a two-terminal or a multi-terminal
device. In a two-terminal device, the polarizer could be selectively switched by applying
an external field or by applying an appropriate current pulse sequence. In a multi-
terminal device, current can be applied selectively to the individual layers. For
example, an electrical contact to a non-magnetic metallic layer between the
perpendicular polarizer and the free layer would enable applying a current selectively
to the perpendicular polarizer. If the device consisted of two perpendicularly
magnetized layers separated by a non-magnetic layer (i.e. a composite perpendicularly
polarizer) then this current could be used to change the magnetic state of one of the
two perpendicularly magnetized layers. This layer could be the one in closer proximity
to the free layer and changing its state would change the spin-torques acting on the

free layer.

[0055] A combined memory-logic cell can be used in various ways. For example,
the combined memory-logic cell can be used as switching write-protected memory.
Under normal operation, the combined memory-logic cell can act like an orthogonal
spin transfer MRAM cell. By flipping the polarizer the cell does not switch any more,
and therefore the cell acts like write-protected memory and not a traditional orthogonal
spin transfer MRAM cell. This can be used for security applications: virus protection,
and entire memory pages of a computer can be hardware protected against writing.
This also makes buffer overflow attacks impossible. The combined memory-logic cell
can also be used as reprogrammable logic, e.g., for a field programmable gate array
(FPGA).

[0056] In yet another implementation, the combined spin torques can be used in a
magnetic sensor with reduced spin torque magnetic noise. Destructive interference of
the spin torques can be used to produce a magnetic sensor with reduced magnetic
noise associated with spin torque. A high current can be passed through this device
without causing switching or excitation of the free sensing magnetic layer. A higher
current makes it possible to increase the sensor’s signal-to noise ratio. In traditional

sensors, high currents can create noise in the sensors.
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[0057] Such a magnetic sensor could be used in magnetic recording, magnetic field
mapping, navigation (e.g. an electronic compass), and magnetic bead detection in
microfluidic channels or biochips. Other examples include using a sensor as part of a
magnetic recording device, e.g., a hard drive, a compass in a mobile device, or as part

of an air bag deployment system.

[0058] While this specification contains many specific implementation details, these
should not be construed as limitations on the scope of any inventions or of what may
be claimed, but rather as descriptions of features specific to particular implementations
of particular inventions. Certain features described in this specification in the context of
separate implementations can also be implemented in combination in a single
implementation. Conversely, various features described in the context of a single
implementation can also be implemented in multiple implementations separately or in
any suitable subcombination. Moreover, although features may be described above as
acting in certain combinations and even initially claimed as such, one or more features
from a claimed combination can in some cases be excised from the combination, and
the claimed combination may be directed to a subcombination or variation of a

subcombination.

[0059] Similarly, while operations are depicted in the drawings in a particular order,
this should not be understood as requiring that such operations be performed in the
particular order shown or in sequential order, or that all illustrated operations be
performed, to achieve desirable results. In certain circumstances, multitasking and
parallel processing may be advantageous. Moreover, the separation of various system
components in the implementations described above should not be understood as
requiring such separation in all implementations, and it should be understood that the
described program components and systems can generally be integrated in a single
software product or packaged into multiple software products.

[0060] Thus, particular implementations of the invention have been described.
Other implementations are within the scope of the following claims. In some cases, the

actions recited in the claims can be performed in a different order and still achieve
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desirable results. In addition, the processes depicted in the accompanying figures do
not necessarily require the particular order shown, or sequential order, to achieve
desirable results. In certain implementations, multitasking and parallel processing may
be advantageous.
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WHAT IS CLAIMED IS:
1. An orthogonal spin-torque bit cell, comprising:

a perpendicular magnetized polarizing layer configured to provide a first spin-

torque;
an in-plane magnetized free layer and

a reference layer configured to provide a second spin-torque, wherein the first
spin-torque and the second spin-torque combine, wherein the in-plane magnetized
free layer and the reference layer form a magnetic tunnel junction, and wherein the
combined first spin-torque and second spin-torque influences the magnetic state of the
in-plane magnetized free layer.

2. The orthogonal spin-torque bit cell of claim 1, wherein the first spin-torque and the

second spin-torque constructively combine.

3. The orthogonal spin-torque bit cell of claim 1, wherein the first spin-torque and the
second spin-torque destructively combine.

4. The orthogonal spin-torque bit cell of claim 1, wherein the constructively combined
first spin-torque and second spin-torque lowers a switching current of the orthogonal

spin-torque bit cell.

5. The orthogonal spin-torque bit cell of claim 1, wherein the constructively combined
first spin-torque and second spin-torque increases a switching speed of the orthogonal
spin-torque bit cell.

6. The orthogonal spin-torque bit cell of claim 1, wherein the constructively combined
first spin-torque and second spin-torque decreases an operating energy of the
orthogonal spin-torque bit cell.

7. A logic component, comprising:
20
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a perpendicular magnetized polarizing layer having two or more stable
configurations, wherein the perpendicular magnetized polarizing layer is configured to
provide a first spin-torque based upon an active configuration;

an in-plane magnetized free layer and

a reference layer configured to provide a second spin-torque, wherein the first
spin-torque and the second spin-torque combine, wherein the in-plane magnetized
free layer and the reference layer form a magnetic tunnel junction, and wherein the
combined first spin-torque and second spin-torque influences the magnetic state of the

in-plane magnetized free layer.
8. The logic component of claim 7, wherein the logic component is a NAND gate.

9. The logic component of claim 7, wherein the first spin-torque and the second spin-
torque are configured to constructively or destructively combine based upon the active

state of the perpendicular magnetized polarizing layer.
10. A magnetic sensor comprising:

a perpendicular magnetized polarizing layer having two or more stable
configurations, wherein the perpendicular magnetized polarizing layer is configured to

provide a first spin-torque based upon an active configuration;
an in-plane magnetized free layer and

a reference layer configured to provide a second spin-torque, wherein the first
spin-torque and the second spin-torque destructively combine, wherein the in-plane
magnetized free layer and the reference layer form a magnetic tunnel junction, and
wherein the combined first spin-torque and second spin-torque influences the
magnetic state of the in-plane magnetized free layer.
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