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CONTROL OF SWITCHING TRAJECTORY IN SPIN ORBIT TORQUE DEVICES

TECHNICAL FIELD

[0001] The present invention relates generally to the field of memory and logic devices. More specifically,
the present invention is related to non-volatile spintronic memory and logic devices, and circuits that use spin orbit

torque phenomenon to switch the magnetization of a proximate magnetic layer.

BACKGROUND

[0002] There is currently great interest in three-terminal spintronic devices as potential non-volatile
replacements for charge-based semiconductor devices in high speed cache memory (such as static random access
memory (SRAM)). The writing mechanism is based on the controlled manipulation of magnetic moments using spin
transfer torque (STT) generated through spin orbit interactions. One approach towards a three-terminal magnetic
memory device is based on the current induced motion of a magnetic domain wall in a nano-scopic wire — a one
domain wall Racetrack Memory element. A second approach is by using SOTs to switch the magnetization of an
adjacent magnetic nano-element. One mechanism for the readout of the magnetic state in either type of device
uses a magnetic tunnel junction (MTJ) based on the tunneling magnetoresistance (TMR) effect. Other readout

mechanisms include the anomalous Hall effect.

[0003] While being larger in overall footprint than conventional two terminal spin transfer torque-magnetic
random access memory (STT-MRAM) MTJ devices, these three-terminal devices may be advantageous for high
speed memory applications. The separation of the read and write paths in the three-terminal devices makes
optimization of materials and the individual reading and writing schemes considerably more tractable. In addition,
one of the wear out mechanisms in conventional STT-MRAM MTJ devices is dielectric breakdown of the tunnel
barrier, which occurs when large voltages needed for high speed operation are applied across the tunnel barrier
during the write process. In three-terminal devices, this wear-out mechanism is eliminated since the read and write

paths are separated.

[0004] These three-terminal devices are based predominately on the switching of magnetic nano-elements
using spin polarized currents generated in a proximate non-magnetic metallic layer through the spin Hall effect. The
spin Hall effect converts longitudinal electrical charge currents into transverse spin currents. For high speed cache
memory applications, one requires the replacement device to have both reliable operation and fast switching times.
In the conventional three-terminal device configuration, the current-induced spin polarization and magnetization
eagy axis lie in the same plane and are collinear to each other. While deterministic switching can be achieved in this

configuration, the high speed reliable operation at short time scales is difficult to achieve as thermal fluctuations are
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needed in order to initiate the switching process. This phenomenon is well known in conventional two terminal STT-

MRAM devices, and is what leads to so-called “write error rates” for switching below 10 ns.

[0005] In modern computing systems utilizing complementary metal oxide semiconductor (CMOS)
technology, the devices used for performing computational tasks close to the logical core including the register file,
cache memory, and main memory are all volatile. As such, the digital information retained in these devices needs to
be transferred to a peripheral non-volatile memory circuit. This data transfer process causes a considerable amount
of propagation delay. Further, the access speed of these non-volatile devices is considerably slower than that of the
memory located close to the logical core. Thus, there is a need for high speed hon-volatile memory and logic

circuits that can be placed in close proximity.

[0006] Embodiments of the present invention seek to improve over prior art systems and methods.
SUMMARY
[0007] In one aspect, the present invention provides a three-terminal device comprising: (a) a magnetic

tunnel junction (MTJ), the MTJ comprising: (i) a first magnetic layer; (i) a tunnel barrier layer underlying the first
magnetic layer; and (iii) a second magnetic layer underlying the tunnel barrier; (b) a spin orbit torque (SOT)
generating layer, the SOT generating layer directly underlying the second magnetic layer; and wherein the second
magnetic layer has a shape that is non-symmetrical, such that an average magnetization of a remnant state
associated with the second magnetic layer has an in-plane component that is orthogonal to a current direction in the

SOT generating layer.

[0008] In another aspect, the present invention provides a device comprising: (a) a first magnetic tunnel
junction (MTJ), the first MTJ comprising: (i) a first magnetic layer; (i) a first tunnel barrier layer underlying the first
magnetic layer; and (iii) a second magnetic layer underlying the tunnel barrier; (b) a second magnetic tunnel
junction (MTJ), the second MTJ comprising: (i) a third magnetic layer; (i) a second tunnel barrier layer underlying
the first magnetic layer; and (iii) a fourth magnetic layer underlying the tunnel barrier; (¢) a common spin orbit torque
(SOT) generating layer, the common SOT generating layer directly underlying both the second magnetic layer of
the first MTJ and fourth magnetic layer of the second MTJ; wherein a SOT generated in the common SOT
generating layer sets a first magnetic state in the second magnetic layer and sets a second magnetic state in the

fourth magnetic layer, the first magnetic state opposite that of the second magnetic state.

[0009] In yet another aspect, the present invention provides a method, comprising: (a) providing a three-
terminal device that includes, in order, a spin-orbit-torque (SOT) generating layer, an in-plane magnetized free layer

whose magnetic moment can be switched with spin transfer torque created by the SOT generating layer, a tunnel
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barrier, and a reference magnetic layer whose orientation remains fixed during device operation, wherein; write-plus
and write-minus terminals are in electrical contact with opposite ends of the SOT generating layer; a read terminal
is in electrical contact with the reference magnetic layer; and the magnetic free layer has a shape that is non-
symmetrical, such that an average magnetization of the free layer's remnant state has an in-plane component that
is orthogonal to the current direction; and (b) passing current along the SOT generating layer, between its terminals,
thereby switching the magnetic state of the magnetic free layer even in the absence of an applied magnetic field,

when the direction of the passed current is oriented along the easy axis of the magnetic free layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The present disclosure, in accordance with one or more various examples, is described in detail with
reference to the following figures. The drawings are provided for purposes of illustration only and merely depict
examples of the disclosure. These drawings are provided to facilitate the reader’s understanding of the disclosure
and should not be considered limiting of the breadth, scope, or applicability of the disclosure. It should be noted

that for clarity and ease of illustration these drawings are not necessarily made to scale.

[0011] FIG. 1A depicts the schematic diagram of a three-terminal SOT device in the Dy configuration where
the easy-axis of the magnetic nano-element is along the x direction, and the current, /x is collinear to the easy axis
direction.

[0012] FIG. 1B depicts the schematic diagram of the three-terminal SOT device in the Dy configuration
where the easy-axis of the magnetic nano-element is along the x direction, and the current, Iy is orthogonal to the
easy axis direction.

[0013] FIG. 1C depicts a schematic diagram of the preferred embodiment of this invention where the
magnetic nano-element has a non-symmetrical shape.

[0014] FIG. 2A shows time resolved magnetization maps from micromagnetic simulations showing the
absence of switching in the Dx configuration when a 500 ps long positive current pulse is applied to the W(O) layer.
[0015] FIG. 2B shows the current pulses used in micromagnetic simulations.

[0016] FIGS. 3A and 3B illustrate time resolved magnetization maps from micromagnetic simulations
showing current induced switching in right angled trapezoid patterned elements with a negative sloped left leg (Dxx.).
Current induced switching from the +x and -x state occurs with a positive and negative current, respectively,
following the application of a 500 ps current pulse.

[0017] FIGS. 4A-4B show the magnetization configuration of the remnant state for a rectangular D device
with no defects for the +x and -x magnetization directions, respectively.

[0018] FIGS. 4C-4D show the final state magnetization map after application of a 500 ps current pulse for

positive and negative polarity current pulse, respectively.
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[0019] FIG. 4E shows the time evolution of average magnetization <mx> under positive and negative current
pulses.
[0020] FIGS. 5A-5B show the magnetization configuration of the remnant state for a rectangular Dxx device

with a defect on the bottom left edge for the +x and -x magnetization directions, respectively.
[0021] FIGS. 5C-5D depict the final state magnetization map after application of a 500 ps current pulse for

positive and negative polarity current pulse, respectively.

[0022] FIG. 5E shows the time evolution of average magnetization <m,> under positive and negative current
pulses.
[0023] FIGS. 6A-6B show the magnetization configuration of the remnant state for a rectangular D device

with a defect on the top left edge for the +x and -x magnetization directions, respectively.
[0024] FIGS. 6C-6D depict the final state magnetization map after application of a 500 ps current pulse for

positive and negative polarity current pulse, respectively.

[0025] FIG. 6E shows the time evolution of average magnetization <m,> under positive and negative current
pulses.
[0026] FIGS. 7A-7B show the magnetization configuration of the remnant state for a rectangular D device

with symmetrical defects for the +x and -x magnetization directions showing stabilization of the C-state,
respectively.

[0027] FIGS. 7C-7D depict the final state magnetization map after application of a 500 ps current pulse for
positive and negative polarity current pulse, respectively.

[0028] FIG. 7E shows the time development of average magnetization <m,> under positive and negative
current pulses.

[0029] FIG. 8Aillustrates the time evolution of <m,> for various current pulses for a Dx. device.

[0030] FIG. 8B depicts the current pulse and magnetization vs. time for the 200 ps case, with a four-step
magnetization reversal process outlined.

[0031] FIG. 9A depicts the magnetization configuration of initial state for a right trapezoid device Dxx type as
calculated by micromagnetic simulations.

[0032] FIG. 9B shows magnetization maps showing time evolution of magnetization for a non-switching event
with a current pulse width of 100 ps.

[0033] FIG. 9C shows the magnetization maps showing time evolution of magnetization for a switching event
with a current pulse width of 200 ps.

[0034] FIG. 10A shows the time progression of <m,> for various current pulses for a Dy, device.

[0035] FIG. 10B shows the magnetization maps showing time evolution of magnetization for a switching
event with a current pulse of 600 ps.

[0036] FIGS. 11A-B depict the SEM images of the Dx. and Dy« devices patterned in the form of right-angled

trapezoids.
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[0037] FIGS. 11C-D show the remnant state magnetization is shown as calculated from micromagnetic
simulations for Dw and D devices, respectively.

[0038] FIGS. 12A — 12B illustrate the measured RH loops for the Dx. and Dxe devices, respectively, with
inset symbols showing the reference layer and free layer magnetization orientation.

[0039] FIGS. 12C — 12D illustrate the measure R/ loops for the Dx. and Dxe+ devices, respectively with inset
symbols showing the reference layer and free layer magnetization orientation.

[0040] FIGS. 13A and 13B show the truth table summarizing conditions for switching and not switching for
the Dx.. and Dy« devices, respectively.

[0041] FIG. 14 illustrates a schematic of a non-volatile inverter (NOT gate) circuit realized with mirror imaged
Di and Dxe devices connected in series and sharing a common W(O) layer.

[0042] FIGS. 15A — 15B illustrate an equivalent circuit diagram of the non-volatile (NOT gate) inverter circuits
in the write and read mode, respectively.

[0043] FIGS. 15C-D depict a non-limiting implementation of a NAND gate in write and read mode.

[0044] FIGS. 15E-F depict a non-limiting implementation of a NOR gate in write and read mode.

[0045] FIG. 16 depicts a truth table describing non-volatile inverter operation.

[0046] FIG. 17 depicts the experimental demonstration of an inverter operation based on the serial
connection of Dx. and D+ devices. The input voltage, resistance of both devices, and output voltage as a function

of iteration humber are plotted.

DETAILED DESCRIPTION

[0047] While this invention is illustrated and described in preferred embodiments, the invention may be
produced in many different configurations. There is depicted in the drawings, and will herein be described in detail,
a preferred embodiment of the invention, with the understanding that the present disclosure is to be considered as
an exemplification of the principles of the invention and the associated functional specifications for its construction
and is not intended to limit the invention to the embodiment illustrated. Those skilled in the art will envision many

other possible variations within the scope of the present invention.

[0048] Note that in this description, references to “one embodiment” or “an embodiment” mean that the
feature being referred to is included in at least one embodiment of the invention. Further, separate references to
‘one embodiment” in this description do not necessarily refer to the same embodiment; however, neither are such
embodiments mutually exclusive, unless so stated and except as will be readily apparent to those of ordinary skill in
the art. Thus, the present invention can include any variety of combinations and/or integrations of the embodiments

described herein.
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[0049] FIG. 1A shows a schematic three-terminal device configuration for switching a magnetic nano-element
with spin-orbit torques. This three-terminal configuration is denoted as type Dxx, where the first subscript denotes
the magnetization easy axis of the magnetic nano-element, and the second subscript denotes the current direction.
The magnetic nano-element to be switched forms part of a MTJ structure, and the magnetic nano-element is in
direct contact with a layer that generates SOTs upon the application of current through it. This layer is denoted

throughout as the spin orbit layer.

[0050] The three-terminal device 100 comprises (a) a magnetic tunnel junction (MTJ) 102, the MTJ 102
comprising: (i) a first magnetic layer 104; (i) a tunnel barrier layer 106 underlying the first magnetic layer 104; and
(i) 2 second magnetic layer 108 underlying the tunnel barrier 106; and (b) a spin orbit torque (SOT) generating
layer 110, the SOT generating layer 110 directly underlying the second magnetic layer 108. In FIG. 1A, the
magnetization direction in the MTJ and the current-induced spin polarization direction in the SOT generating layer
are orthogonal to each other. Also, in FIG. 1A, afirst contact and a second contact are disposed at opposite ends

in the SOT generating layer 110 and a third contact is disposed on the first magnetic layer 104.

[0051] Examples of materials to be used for the first magnetic layer include synthetic antiferromagnetic layers
composed, for instance, of CoFe based alloys that are separated by Ru layers, and exchange biased layers where
a thin ferromagnetic layer comprised of CoFe based alloys is placed adjacent to an antiferromagnet such as IrMn or
PtMn. The tunnel barrier is typically composed of MgQO, and the second magnetic layer is also composed of CoFe
based alloys. Non-limiting examples of materials used for magnetic layers include CoFe alloys (e.g., CoFeB) and

NiFe alloys (e.g., NisoFe2o).

[0052] The spin orbit layer is connected electrically at its two ends such that when a voltage source is
applied, the current (/) flowing in the spin orbit layer travels in a direction parallel to the easy axis of the magnetic
free layer adjacent to it and generates spin-orbit torques (SOT) in the magnetic layer. This conduction channel is
the writing path. The mechanism behind the SOT generation in this device is through the spin Hall effect which
oceours in heavy metals such as Pt, W, and Ta, and their alloys. In a non-limiting example, the SOT-generating layer
is an oxygen doped tungsten layer W(Q) that is formed by reactively sputtering a thin tungsten thin film in the
presence of oxygen. This material has been experimentally demonstrated to yield a spin Hall angle of -50 %. The
third terminal of the device is connected to the top of the MTJ so that the resistance state of the MTJ can be
discerned through magneto-resistive readout from the tunneling magneto-resistance effect. The read out can be
done by flowing current through any of the writing terminals and the terminal connected to the top of the MTJ. In the
preferred embodiment, current pulses of a sufficient current density and of hanosecond timescale are applied to the
writing channel and depending on the direction of the current, the magnetic state of MTJ can be set along with its

ensuing resistance state.



WO 2020/254905 PCT/IB2020/055307

[0053] FIG. 1B shows, for comparison, the prior art method of switching a magnetic hano-element in the

three-terminal configuration. We shall denote this three-terminal configuration as type Dy

[0054] In the D type of the device, the magnetization and current-induced spin polarization are orthogonal to
each other when the SOT is initially applied. In contrast, for the Dy, device (FIG. 1B), the magnetization and spin
polarization in the incipient state are collinear to one another. Switching is not expected to occur in the Dxx device
because the SOT only rotates the magnetization towards the in-plane hard axis direction (z y direction). Upon
removing current through the W(O) layer in the Dx device, the magnetization rotates back towards its initial

direction.

[0055] FIG. 1C depicts a schematic diagram of the preferred embodiment of this invention where the
magnetic nano-element has a non-symmetrical shape. The magnetic nano-element has a shape that is hon-
symmetrical, such that the average magnetization of the remnant state has an in-plane component that is
orthogonal to the current direction. The current direction and easy axis of the magnetic nano-element are collinear

in the preferred embodiment.

[0056] FIG. 2A illustrates this by time-resolved micromagnetic simulations of SOT switching of a 200 nm x
100 nm element in the Dxx configuration under a 500 ps long positive current pulse that is shown in FIG. 2B. In this
simulation, the SOT is modeled as a damping like torque originating from the spin Hall effect. As expected, the
micromagnetic simulation shows that the magnetization rotates towards the in-plane hard axis direction of the
device (z y direction for + I, current, respectively) (FIG. 2A top right panel). The damping like contribution of the
SOT (given by T = a;m x (p x m), where 7 is the STT, gjis the damping like spin torque parameter, 177 is the
normalized magnetization, and 7 is the spin polarization) vanishes when the magnetization rotates towards the
spin polarization direction. Thus, the magnetization cannot be driven past the hard axis orientation, and

consequently there is no magnetization reversal regardless of current polarity applied to the W(O) layer (FIG. 2B).

[0057] While these simulations are performed in the zero temperature limit, thermal fluctuations at finite
temperature may drive reversal of the magnetization, as the energy barrier for the magnetization to rotate towards
the = x direction is suppressed when the magnetization is at the hard axis direction. However, such a reversal
mechanism is stochastic and not useful for technological applications. The role of thermal fluctuations in the
switching process for Dxy and Dxx devices is thus complementary. For the Dy device, thermal fluctuations are
responsible for initiating switching dynamics, but as the cone angle for the magnetization precession builds up for
reversal, SOT increases in magnitude driving the reversal process. In the Dy device, SOT initiates the switching
process, but thermal fluctuations set up an initial bias point for the ensuing magnetization reversal to occur after the

application of current to the W(O) layer.



WO 2020/254905 PCT/IB2020/055307

[0058] Based on this understanding, deterministic switching in the Dx configuration can occur if there is an
internal magnetic field to seed a reversal process when the magnetization is brought towards an intermediate hard
axis state by SOT. Thus, fast switching may take place without the need for thermal fluctuations at either the

beginning or intermediate points of the switching trajectories.

[0059] Micromagnetic simulations of a magnetic nano-element that has the shape of a right trapezoid are
shown in FIGS. 3A-3B and are subjected to the same current pulses as in FIG. 2B. Micromagnetic simulations
show that the magnetization rotation towards the in-plane hard axis direction under SOT is greater in the wider
section of the trapezoid, while the magnetization in the narrow section of the trapezoid favors pointing tangentially
to the nano-element boundary (FIGS. 3A-3B 500 ps time frame). This arises since the shape anisotropy energy
density is greater in the narrower section of the trapezoid. Depending upon the polarity of the current pulse, the
magnetization at the trapezoid tip either has a component along the initial magnetization direction or opposite to it
(FIGS. 3A-3B compares the magnetization at 500 ps for +/x). The preferred moment orientation is determined by
the internal effective magnetic fields of the nano-element, and originates predominately from the magnetostatic and

exchange interactions.

[0060] This can also be observed in the nano-element remnant state, where the magnetization of the sloped
edge of the trapezoid is correlated with the magnetization state of the rectangular region. Magnetization reversal
can oceur through growth of the domain starting from the top left corner, upon removal of the current pulse. If the
magnetization has a component along the same direction as the initial state in the trapezoid tip, then switching does
not occur. Similar arguments apply to the case where the magnetization starts from the -x orientation, wherein
reversal only occurs with a negative current (FIG. 3B). Furthermore, in the case of a right trapezoid, where the left
leg has a positive slope, the currents required for switching to the xx configurations become +/x. The switching
current magnitude is equivalent for switching to the £x states under this mechanism. Thus, deterministic switching
with controlled switching current polarity can be achieved in the Dw device without an external magnetic field,

through engineering the sample geometry so that the internal magnetic field can initiate the reversal process.

[0061] Indeed, even the presence of small lithographic defects that routinely occur due to line edge
roughness affect the micromagnetic state significantly enough in the D configuration to affect its switching
dynamics. To illustrate this, three different magnetic hano-elements of dimensions 200 nm x 100 nm in the Dxx
configuration are considered where identical current pulses as to what is used in the simulations shown in FIG. 2B
are applied. In the first case (FIGS. 4A-4E), the nano-element is a perfect rectangle but in the other two cases a
defect is introduced in the form of a missing voxel that is 6 nm x 6 hm in size at either the top-left (FIGS. 5A-5E) or
the bottom-left (FIGS. 6A-6E) corner of the nano-element. Each figure (FIGS. 4A-4B, FIGS. 5A-5B, FIGS. 6A-6B)
shows the relaxed state of the magnetization for each structure. These devices are referred to as device #1, #2 and

#3 in the following discussion.
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[0062] In the relaxed state of device #1, although the moments curl towards the edges under the influence of
the demagnetizing field, the net magnetization along the y-axis, < my> is zero. When a current pulse is applied
across the W(O) layer, the damping-like torque from the SOT will cause the magnetization to rotate temporarily
towards the direction orthogonal to the easy axis. When the current pulse is removed, the magnetization relaxes
towards the easy axis in the same orientation as the initial state of the nano-element, as shown in the end state of
the magnetization upon the application of a positive (+/x) and negative (-/x) current pulses (FIGS. 4C and 4D,
respectively). This dynamical process is shown in the time evolution of the spatial average of the magnetization in
the nano-element < mx> upon the application of the current pulses (FIG. 4E). There is no switching here because
when the SOT brings the magnetization orthogonal to the easy axis, there are no additional torques present to

cause magnetization rotation.

[0063] In the case of device #2 (FIGS. 5A-5B), a defect is introduced at the lower left corner and the relaxed
magnetization state acquires a finite my component in the form of edge domains in the nano-element. The relaxed
state shown here is referred to as the S-state. It is noted that the my component is correlated to the state of the mx
component (that is, the S-state has two different orientations). This S-state is stabilized due to the placement of the
defect which induces internal magnetostatic fields and breaks the symmetry along the y-axis. Upon application of a
current pulse, the magnetization rotates towards the spin accumulation direction. However, the demagnetizing field
induced from the edge geometric defect provides an additional torque to drive reversal. Hence, switching is
observed upon removal of the current pulse (FIG. 5C). For the opposite current pulse polarity (FIG. 5D), the internal
fields act in +x direction, and no switching is observed. The time evolution of the magnetization during this switching

process is summarized in FIG. 5E. Here the “quasi-ballistic’ hature of the switching process is evident as well.

[0064] The defect is placed on the opposite edge for device #3, and thus, the sense of internal magnetostatic
fields is opposite. It is noted that the orientation of the S-state in the remnant state of the magnetization is opposite
to the second case (FIGS. 6A and 6B). As a consequence of the position of defect, not only are the remnant states
different, but the switching behavior with respect to the current polarity is reversed (FIGS. 6C-6E). Thus, the
position of these small lithographic defects is critical in influencing both the remnant state as well as the switching

current polarity, and its overall switching trajectory.

[0065] A remarkable feature of the Dx switching process is that the switching process is characterized by a
monotonic evolution of < my,> as well as a coherent rotation of moments across the entire free layer (as evidenced
by the plots of the time evolution of the magnetization (FIG. 5E and FIG. 6E). In contrast, the Dx, devices show a
non-monotonic evolution in time of < mx> as well as non-coherent reversal, involving many metastable states. As a

result, the switching times can be much longer for Dyy in comparison to D,
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[0066] It is also noted in the case that the defects are placed symmetrically about the device geometry and
share a common edge, switching does not occur. Further noted is that if the trapezoid is entirely symmetric about
the x-axis, switching does not occur, as the magnetization on the two edges of the nano-element rotate in opposite
directions. In this case, the remnant state magnetization corresponds to a C-state (FIGS. 7A-7B). Accordingly, the
edge domains point in opposite direction both in the remnant state and upon the application of current pulse. Under
the application of current pulse to the spin orbit layer, the demagnetizing fields induced by the defects provide
torques on the edges of the nano-element in opposite directions. Thus, there is no net mx component generated at

the end of the current pulse and switching does not occur (FIGS. 7C-7E)

[0067] Micromagnetic simulations also show that the Dx switching process based on this mechanism can be
faster than the Dyy switching process, as characterized by a monotonic evolution of the spatial average of the
magnetization of the nano-element < mx> with respect to time. Micromagnetic simulations were performed to
understand the fast time scale switching dynamics of a right trapezoid device (in particular, a D« device type). The
spatial average of the normalized magnetization component in the x direction < mx> is plotted as a function of time
in FIG. 8A for various current pulses with current pulse widths ranging from 100 ps to 400 ps for current running in
the +x direction. The initial state of the magnetization in each simulation is oriented predominately in the x

direction, as illustrated in the snapshot from the micromagnetic simulation in FIG. 9A.

[0068] The switching process occurs through four steps that can be identified from the time traces and is
demarcated for the case of a 200 ps current pulse (FIG. 8B). 1) The magnetization is first rotated from the +x
direction towards the +y direction through the SOT. 2) After 200 ps, in which case the current is removed, due to
the shape anisotropy induced by the right trapezoid shape, the magnetization acquires a small component in the
reversed direction as described in the main text. 3) The magnetization reversal occurs through growth of a domain
wall. 4) The magnetization relaxes to its final equilibrium state through precession abut its equilibrium state. Fast
switching with pulse widths as short as 150 ps (see FIG. 8A solid black line) can be achieved using this mechanism.
Further noted is that the switching is “quasi-ballistic’, and switching is achieved within almost one precession cycle.
The relaxation of the magnetization in step 4), however, involves several precessions, but is deterministic. Unlike
other fast time scale switching schemes using non-collinear moments, this scheme is insensitive to the width of the

current pulse used when the current pulse exceeds a critical pulse width.

[0069] FIGS. 9B and 9C compare the switching dynamics for a non-switching and switching event. In the 100
ps current pulse width case, where switching does not occour, the magnetization rotates towards the +y direction
due to the SOT, but does not have sufficient time to reorient to be fully orthogonal to the current direction.
Consequently, the magnetization does not develop any component along the reversal direction at the end of the
current pulse. The return of the magnetization towards its initial direction initiates from a domain formed on the fop

right corner of the nano-element. This edge is preferred given the lower shape anisotropy density. By contrast, for
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the 200 ps case, at the end of the current pulse the magnetization has rotated orthogonal to the current direction,
and develops a component along the reversal direction, which is what |ater forms the nucleation point for the
reversal domain that moves in from the fop left corner of the nano-element. The magnetization switches within one

precession cycle and does not involve any vortex states.

[0070] In contrast, the switching of Dxy devices at the same current density requires several precession
cycles during the reversal process, and involves many metastable vortex states. Micromagnetic simulations were
performed on the Dyy device to compare its switching dynamics with the Dy device. The simulations were
performed on a rectangular device with dimensions of 200 nm x 100 nm, identical to the D device considered in
FIGS. 4A-4E, and for current pulse lengths ranging from 200-1200 ps. The evolution of < mx> with respect to time
(FIG. 10A) during the current pulse is hon-monotonic. Moreover, the Dyy device involves many precession cycles for

switching to occur, while the Dx device switches within one precession cycle.

[0071] Time resolved magnetization maps from the simulations show that the magnetization reversal process
under a 600 ps current pulse for the Dyy is complex and incoherent, involving a hon-uniform magnetization state
with the nucleation of many vortices (FIG. 10B). In contrast, the magnetization maps as shown in FIG. 9B in the Dx
device do not involve the excitation of high order spin wave modes, and are more coherent. Indeed, it is the
excitation of these modes that leads to a non-monotonic reversal process and requires longer current pulses to
complete a reliable switching event. Moreover, it can be observed from the plot of the time evolution of < my> that
the precession frequency is non-single-valued, indicating that different regions of the magnetic hano-element

precess at different frequencies.

[0072] Switching based on the scheme described above was experimentally investigated by examining
devices wherein the MTJ was patterned into right trapezoid shapes. FIGS. 11A and 11B illustrate scanning electron
microscope (SEM) micrographs of two such devices that have been fabricated, where the MTJ is 150 nm and 100
nm long at the two bases, and has a width of 75 nm. The MTJ stack is patterned into a trapezoidal shape down to
the W(O) layer, using the same fabrication procedure as was used to fabricate the Dy devices. These devices will
be referred to with negative and positive sloped left legs as Dx. and Dxe, with the last subscript letter representing

the slope of the trapezoid's left leg.

[0073] FIGS. 11C and 11D show the remnant state, as calculated by micromagnetic simulations, of the
magnetization of these two devices, respectively. The RH loops of the Dy and Dxx devices, resgpectively, for a
magnetic field applied, Hx, along the x direction, are shown in FIGS. 12A and 12B. Both devices have nominally
identical RH loops, which implies that the reference layer magnetization in both devices are oriented in the same
direction. The magnetization direction of the free and reference layers is in FIGS. 12A and 12B. The current

induced switching for Dx. and Dy devices performed using 1 ms current pulses are shown in the R/ loops in FIGS.
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12C and 12D, respectively. A magnetic field applied along the x direction was also applied in order to compensate

for the dipole field from the reference layer for the current induced switching measurements.

[0074] In the Dx. device, positive (negative) current drives switching from AP—P (P—AP), respectively,
while the opposite ocours in the Dxe. The direction of magnetization that has been switched under a given current
can be determined by comparing RH loops and Rf loops for a device of a given geometry, and are shown in the
inset in FIGS. 12C and 12D for both devices. As the reference layer magnetization orientation is fixed under the
current pulss, the free layer magnetization has switched in different directions with the same current polarity for the
Dy and Dy devices. The switching observed experimentally in FIGS. 12C-12D is indeed consistent with what is
predicted by the micromagnetic simulations (FIGS. 3A and 3D). The truth tables (FIGS. 13A-13B) summarize the

basic switching operations for the Dxx. and D+ devices.

[0075] Deterministic switching of such devices as determined by their geometry can be potentially useful in
building non-volatile nanomagnetic logic circuits which require the switching of several nanomagnetsin a
complementary manner. Shown is the operation of a hon-volatile inverter (NOT gate circuit) that can be built using
Dy and Dy devices that share a common W(O) layer (FIG. 10). If both devices have their reference layer pointing
in the same direction, the D and Dxx. switch to opposite resistance states under the application of the same
polarity current. Following the convention that the reference layer magnetization points towards the —x direction, the
Dy device will have a higher resistance compared to the Dx. device for a positive current. Likewise, upon
application of the reverse current polarity pulse, the Dw. device will have a higher resistance compared to the Dy

device.

[0076] FIGS. 15A and 15B show an equivalent circuit model of the non-volatile inverter device. The circuit
model for the NOT gate contains two devices labeled as Dx and Dxx. In the write mode (FIG. 15A), the voltage
input (Vin1) is applied to the write + terminal of both Dwe and Dxx. devices, and the write — terminal of both devices
grounded. During the read mode, Voo is applied to the read terminal of D and the write — terminals of Dy+and D
are connected toVau, while the read terminal of Dy is grounded. In a realistic device application, the supply voltage
Vooon Dx and the ground on signal on D can be left connected during the entire device operation since the
tunnel junction resistance is much larger than the resistance of the spin Hall layer, so during the application of Vin

across the spin Hall layer during the write mode, most of the current will flow across the spin Hall layer.

[0077] The Dwe+ and D device can be thought of as sort of complementary devices similar to transistors in
CMOS technology. The connection of both devices in series thus functions as a non-volatile inverter, as the logical
output will remain once the Dx+ and D devices have been switched to their respective states. The truth table in
FIG. 16 summarizes the inverter operation. The operation of such an inverter circuit up to 20 cyclesiis

demonstrated (FIG. 17). 2.5V and 1 ms long pulses are used in this demonstration. The generalization of this type
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of logic to build AND and OR gates is thus straightforward and borrows the concepts from CMOS logic. The
advantage in this circuit compared to CMOS is that it is non-volatile, and has no static power dissipation. This
scheme may also be used to control the state of nano-magnetic elements in nano-magnetic logic schemes, which
require magnetic nano-elements to be coupled by their dipole fields and in close proximity. Moreover,
improvements in the TMR and spin torque efficiency of the spin orbit material will increase the performance

characteristics of the logic device presented here.

[0078] Embodiments of this invention use a magnetic nano-element that is patterned into an asymmetric
shape, allowing for the switching of the magnetic hano-element with spin orbit torque where the magnetization and
writing current are collinear in the absence of external magnetic field. In the preferred embodiment, the magnetic
nano-element is in-plane magnetized and forms a part of a MTJ. The state of the hano-magnet is discerned from

the magneto-resistive readout across the MTJ.

[0079] One aspect of this invention is that by lithographic patterning of the device geometry to alter its
micromagnetic state, the switching trajectory and end magnetic state of the magnetic free layer can be controllably
manipulated. A secondary aspect of this invention is that there are no thermal fluctuations required to initiate
switching as the spin polarization direction of the spin polarized currents generated by the spin orbit interaction are
non-collinear to the magnetization direction. This can potentially reduce the write error rates that are commonly

observed in the short pulse length operation in conventional two terminal STT-MRAM devices.

[0080] Another aspect of this invention is that by forming mirror imaged patterned devices, the switching of
two magnetic nano-elements into complementary states under the same write current direction can be achieved.
Furthermore, such complementary switching of said magnetic nano-element devices can form a non-volatile logic

circuit. The present invention discloses a non-volatile inverter circuit formed from such magnetic hano-elements.

[0081] In another embodiment, the present invention provides a device comprising: (a) a first magnetic tunnel
junction (MTJ), the first MTJ comprising: (i) a first magnetic layer; (i) a first tunnel barrier layer underlying the first
magnetic layer; and (iii) a second magnetic layer underlying the tunnel barrier; (b) a second magnetic tunnel
junction (MTJ), the second MTJ comprising: (i) a third magnetic layer; (i) a second tunnel barrier layer underlying
the first magnetic layer; and (iii) a fourth magnetic layer underlying the tunnel barrier; (¢) a common spin orbit torque
(SOT) generating layer, the common SOT generating layer directly underlying both the second magnetic layer of
the first MTJ and fourth magnetic layer of the second MTJ; wherein a SOT generated in the common SOT
generating layer sets a first magnetic state in the second magnetic layer and sets a second magnetic state in the
fourth magnetic layer, the first magnetic state opposite that of the second magnetic state. FIG. 14 depicts such a
non-limiting example illustrating this embodiment, where the two MTJs 1402 and 1406 share a common SOT

generating layer 1406,
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[0082] In FIG. 14, acirouit is formed of a non-volatile inverter (NOT gate) through a serial connection of two
MTJs. FIG. 14 illustrates a schematic illustration of a non-volatile inverter (NOT gate) realized with mirror imaged
Di and Dxe devices connected in series and sharing a common W(O) layer. FIG. 15A shows a circuit level

schematic of the non-volatile inverter in the write mode of the circuit, where the write voltage Vi is applied to both
devices. In the read mode (Fig. 15B), there is a serial connection of the two MTJs between Vop and ground. Here,

the writing terminals are disconnected from a power source.

[0083] In another embodiment, a circuit is formed of a non-volatile NAND gate and NOR gate through serial
and parallel connection of the MTJs. FIGS. 15C-D depict a non-limiting implementation of a NAND gate in write
and read mode. FIGS. 15E-F depict a non-limiting implementation of a NOR gate in write and read mode. For both
the NAND gate and NOR gate, the write mode circuit is identical, and uses two Dxx+ and two Dxx devices. The
devices' write plus terminal of one set of Dx+and Dxx-devices is connected to Vin1, while for another set is
connected to Vi For readout, in the NAND gate, the Dxx-devices are connected in series while the Dxx are
connected in parallel. For readout, in the NOR, the Dx. devices are connected in parallel while the D are

connected in series.

[0084] Embodiments, described above, show an effective implementation of a control of switching trajectory
in spin orbit torque devices by micromagnetic configuration. While various preferred embodiments have been
shown and described, it will be understood that there is no intent to limit the invention by such disclosure, but rather,

itis intended to cover all modifications falling within the scope of the invention as defined in the appended claims.



WO 2020/254905 PCT/IB2020/055307
15

CLAIMS

1. A three-terminal device comprising:

(a) a magnetic tunnel junction (MTJ), the MTJ comprising: (i) a first magnetic layer; (i) a tunnel barrier
layer underlying the first magnetic layer; and (i) a second magnetic layer underlying the tunnel barrier; and

(b) a spin orbit torque (SOT) generating layer, the SOT generating layer directly underlying the second
magnetic layer;

wherein the second magnetic layer has a shape that is non-symmetrical, such that an average
magnetization of a remnant state associated with the second magnetic layer has an in-plane component that is

orthogonal to a current direction in the SOT generating layer.

2. The device of claim 1, wherein the device is part of a non-volatile inverter circuit formed from a serial

connection of the MTJ in (a) and another MTJ.

3. The device of claim 1, wherein the device is part of either a non-volatile NAND gate or an NOR gate, the
NAND gate or NOR gate formed using a combination of a serial and parallel connection of the MTJ in (a) and three
other MTJs.

4, The device of claim 1, wherein the second magnetic layer non-symmetrical shape is a trapezoid.

5. The device of claim 1, wherein the three-terminal device forms part of a non-volatile cache memory
device.

6. The device of claim 1, wherein the three-terminal device forms part of a cryogenic memory device.

7. The device of any preceding claim, wherein the SOT generating layer is made from a material that

exhibits the spin Hall effect.

8. The device of claim 7, wherein the material is selected from the group consisting of W, Pt, Ta, and
combinations thereof,
9. The device of claim 7, wherein the SOT generating layer is made of oxygen-doped tungsten.

10. A device comprising:
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(a) afirst magnetic tunnel junction (MTJ), the first MTJ comprising: (i) a first magnetic layer; (i) a first
tunnel barrier layer underlying the first magnetic layer; and (i) a second magnetic layer underlying the first tunnel
barrier;

(b) a second magnetic tunnel junction (MTJ), the second MTJ comprising: (i) a third magnetic layer; (i) a
second tunnel barrier layer underlying the first magnetic layer; and (iii) a fourth magnetic layer underlying the
second tunnel barrier;

(c) a common spin orbit torque (SOT) generating layer, the common SOT generating layer directly
underlying both the second magnetic layer of the first MTJ and the fourth magnetic layer of the second MTJ;

wherein an SOT generated in the common SOT generating layer sets a first magnetic state in the second
magnetic layer and sets a second magnetic state in the fourth magnetic layer, the first magnetic state being

opposite to that of the second magnetic state.

1. The device of claim 10, wherein the first MTJ and the second MTJ are each shaped as an asymmetric
element.

12. The device of claim 10, wherein the asymmetric element is shaped like a trapezoid.

13. The device of claim 10, wherein the first and/or third magnetic layer comprises any of, or a combination

of, the following: a synthetic antiferromagnetic (SAF) layer, an exchanged biased layer, and a layer having a

coercivity higher than that of the second magnetic layer.

14, The device of claim 10, wherein the second and/or fourth magnetic layer comprises CoFeB alloy and/or
NiFe alloy.

15. The device of claim 10, wherein the device forms part of a non-volatile cache memory device.

16. The device of claim 10, wherein the device forms part of a cryogenic memory device.

17. The device of claim 10, wherein the common SOT generating layer is made of oxygen-doped tungsten.

18. The device of claim 10, wherein the common SOT generating layer is made from a material that exhibits

the spin Hall effect.

19. The device of claim 18, wherein the material is selected from the group consisting of W, Pt, Ta, and

combinations thereof,



WO 2020/254905 PCT/IB2020/055307
17

20. A method, comprising:

(a) providing a three-terminal device that includes, in order, a spin-orbit-torque (SOT) generating layer,
an in-plane magnetized free layer whose magnetic moment can be switched with spin transfer torque created by
the SOT generating layer, a tunnel barrier, and a reference magnetic layer whose orientation remains fixed during
device operation, wherein;

write-plus and write-minus terminals are in electrical contact with opposite ends of the SOT generating
layer;

aread terminal is in electrical contact with the reference magnetic layer; and

the magnetic free layer has a shape that is non-symmetrical, such that an average magnetization of the
free layer's remnant state has an in-plane component that is orthogonal to the current direction; and

(b) passing current along the SOT generating layer, between its terminals, thereby switching the
magnetic state of the magnetic free layer even in the absence of an applied magnetic field, when the direction of the

passed current is oriented along the easy axis of the magnetic free layer.

21, The method of claim 20, wherein the reference layer comprises any of, or a combination of, the following:
a synthetic antiferromagnetic (SAF) layer, an exchanged biased layer, and a layer having a coercivity higher than

that of the second magnetic layer.

22. The method of claim 20, wherein the magnetic free layer includes no magnetic domain walls in a
remnant state.
23. The method of claim 20, wherein the anisotropy of the magnetic free layer arises predominately from

magneto-static interactions between magnetic moments in the magnetic free layer.

24, The method of claim 20, wherein the magnetic free layer comprises CoFeB alloy and/or NiFe alloy.
25, The method of claim 20, wherein the three-terminal device forms part of a hon-volatile cache memory
device.

26. The method of claim 20, wherein the three-terminal device forms part of a cryogenic memory device.
27. The method of claim 20, wherein the SOT generating layer is made of oxygen-doped tungsten.

28. The method of claim 20, wherein the SOT generating layer is made from one or more materials that

exhibit the spin Hall effect.



PCT/IB2020/055307

WO 2020/254905

1/24

Vil Ol

f 18AB {OIM
- S

= UM + SJLUM

pesy

<2
<
<~



WO 2020/254905 PCT/IB2020/055307
2/24

FIG. 1B

Dyy

A
WI(O) layer




WO 2020/254905 PCT/IB2020/055307
3/24

106

o O
8 & i
= _ v S L)
X 2 = TS
o
z
=
b

108”/ I

102{
DXX

110~




WO 2020/254905

| (AU)

Initial

e e e
e e e e
s e e
B e e

750 ps

051

107

PCT/IB2020/055307
4/24
500 ps
£ A A A A A
(O A N A A N
rrErrr et
Pttt
Final

~ TS > > -2 TS TR
S S e e T i

S S e B e Y

R e T Y-

1071

05+

001 ™

0 500

1000 1500 2000
t{ps)

FIG. 2B



WO 2020/254905 PCT/IB2020/055307
5/24

Initial

e e e e YN
e &
e T T S
e e e Ny

VAR

AR VR R VR PR R A A S L S Y A A A

500 ps R EERE L I N N
VIR AR AR /A A A A

' RRERRR OO

N5 R VI P A I N N N L

550 ps NNy Y Y Y REARANAAD
P VAV VYL N K AR A A
' RRRRR NANRNARAARAR

TR TR S w oy e = KRN

B NN W VY SRR RN KRR

RN R R K

N e T T T e Y- T T s e e T e
) e R R - WY T T T e e R
Final - e Y T, T T o S T

T T G T S B

£ ¥
J
v ¥
¢ ¢
¢ &
& &
//////j//
7
7
7
7
A




WO 2020/254905 PCT/IB2020/055307
6/24

Initial
T T T Tl ol T
___j;/ \\\;:jx
LT PV P A P AN, S SR L W N A M
AR AAA AP R
500 ps R A R
'TERERER ¢H A S
~swN Yy Y VY sew s KAAD
NN NN Y VY KRRXNKNA AL A
550 ps ARV VR VRV NNRARAA
REREERERR NKKRKNAR
~» 3 s a Yy T e R OR R
s s ww Y Y TR SRR R R
580 ps R O R s R R NK
E R N wORCRORR K
R e T Y T T € e € T S T
e Y i T e T - ¥ e, T T e T T T
Finai e Ty e D D T e T Tl T T T
\\;&ﬁs\s»ﬁs\_\ \&*‘E«‘&-—‘&-&ﬁ‘\

FIG. 3B



WO 2020/254905

) 200 nm

B
& it

FIG. 4A

> 3 B - =5 > >

7/24

+y

e R e
P P B B B > 3 >

100 nm
_Hxi

FIG. 4B

e e e
e e G e e
e e e

€ e e e e e e

<m, >

Device #1

Pulse Duration
T

PCT/IB2020/055307

e G e
R i
S - D P -3 TR S
e e e Y

R e T TN
R TP
B T
B R -

FIG. 4C

FIG. 4D



WO 2020/254905

(+my, —my)

8/24

R

FIG. 5A xxe%%%ﬁ%gﬁ

e G e R S N\
N T e e e S

Defect

e T, € e e € T
T, e e e e e S S
€ e B e e T, T,

Device #2

PCT/IB2020/055307

T T e € e e T T
T € K e S T
e T, € e e T

e, e G e T T

N G
B e - Y
e e Y
B D =R > > B e

FIG. 5C

FIG. 5D



WO 2020/254905

“”jﬁ
g

Defost

FIG. 6A

FIG. 6B

(+mx . )

LT 3> > T T

9/24

+7,

B e R R N i
B P T T

H,

(-H“i/lx, —n,zy)

)
NI
eI
DD

Deviee R

PCT/IB2020/055307

njﬁﬁ”}m}#}“}ﬁﬁ
T
T
I

e
RIS
eI
DD

FIG. 6C

F1G. 6D



WO 2020/254905 PCT/IB2020/055307
10/24

B e e T -8
+1y - P —>—>—>-> %3
Tl o> s>~ FIG. 7C

R R e T 4
S T N

FG.7A 2222777 K

N G T > =3 TR S

Defect Defect ;. >~ FIG.TD
~H,y l ’

P B = =3 > D SN
e - o e~

T G B e T &7
T G s e e G & &

FIG.TB |« e c cccv

&&{.némq_.g:_é/&’

Pulse Duration
B e

<m, >




WO 2020/254905 PCT/IB2020/055307
11/24

05 L\ # 0.8
A, 08 =
= 0.0+ y <
04

“GS 2 02

40 0.0

0 200 400 600 800 1000



WO 2020/254905
12/24

initial State t = 0 ps

e s e e L
B T T T aL
A T e\

T b T NN

s FIG.9A

,...,.
1
et
[

..;,,
-

Rl T

e e T

3 3 B

e Y

~p B

— -

,..,.
H
(9]
<
3
w
Ao

--3
ECEY I

S 1Y

R Y

™S N Ny

TR TR T Y

N T Y

™S N ™y

t=200ps i

ANp A AAA AT
LI - AV &
A AAA T
A AAAAA

t=250ps i,

S R =B B B 3 D

e e e h e
S B B B
R e e Y

<2

et

FIG. 9B

PCT/IB2020/055307

/

t=200ps

o

T
e
e
—p e

ﬂﬂﬁﬁﬁmaa—-&%%ﬁ——)a_@
—p =P 3

tH
[
(4}
fa]

I

o

AR

Y-

- T P
e e i
L N

el e T B P i =

b
(&
[
Lan)

ke
7]

TR

wORRNK
AR LN
®ow K

P R

A4

R
R
t
R

,; t =350 ps

T T T G B G En F
T T e e B S T

T E B T o T
T, o e e o

et

FIG.9C



WO 2020/254905

13/24

PCT/IB2020/055307

e 200 DS
.......... - 400 ps
.............. 600 ps
~-=-- 800 ps
-——— 1000 ps
Ao 1200 ps -
-
A\
!
i
3 -
Y ? § ,“
VoLl -
N L % e ey, AN
‘,1 | l o o Ty e Lo o i e PN
0 500 1000 1500

Time (ps)

FIG. 10A



WO 2020/254905
14/24

Ops

PCT/IB2020/055307

500 ps

S i N A r*
e e o b - I
- =B —H —> —> > —> —> —3 —%
B =5 B > > —> —F >~
e e e e e |

AR YN A
e ¢ § u> b s et
e ¥ f = A PR
e b PR St
b &= f f T T g b

120 ps

750 ps

PATwN Y
AA->»~w YN Y\

R
7
B B D e 3 D
N e BT A A A
f N Nn~=>a 7 4R

s w7

b e e R e e e B R, N
i & T S B N
¥ & e i e~y e TR OK
& i & & i e = R RN
G T e & T e VR T

250 ps

1000 ps

Ry § 8 g
=R AR 2L ) vy
SR 7N NN {4
SNK Y=ty
RN A s 7 i e

& & G € e K g
b & b 4 e e e e
& & & g e e e e T E
€ el £ & h b e T

e G T L T & & e T N

FIG. 10B



WO 2020/254905 PCT/IB2020/055307
15/24

FIG. 11A FIG. 11B

e e e T T T P T
e e T S e e i e s 4
e N R e - EZEnm P A

- % =B =B > AP SF P = P P
e e e e e e e e

FIG. 11C FIG. 11D



PCT/IB2020/055307

WO 2020/254905

16/24

Gl

0

a¢i ‘Ol

(80)'H

Gl-

Y

+XX

d

0'6

56

00l

G014

0b

S

) ¥

Gl

V¢l Old

(80)"H

G-

\\\N\\\\\\\\\\\\&

ishe| said

Q\\\\\\\\\\\\\\\\

IETCINENY

100

XX

d

G



PCT/IB2020/055307

WO 2020/254905

17/24

aci ‘ol

{pun)*s
Ow g Q c- OT
_ . _ ' ' ¥ T 06
B £ g \\& _l mxm
] 4001
i 1601
i i i ;

Gl

Ad
=
5

¢l Ol

{yw)*y
0} G 0 G- 0}-

T i 1 ' ¥ i i ) i

O Y

- P

Y

. S "

e

~X¥

d

0’6

G'6

0oL

G001

oy

Gl

(T o



PCT/IB2020/055307

WO 2020/254905

18/24

g€l ‘ol

VElL Ol

N

@.V

-

4
Afrs

-3

s8A > - L r A - A
A A A s8A - A
payoumg | *uijeuld ! “w eniul payoumg | *uifeuiy "I i eniul




PCT/IB2020/055307

WO 2020/254905

19/24

vl Ol




PCT/IB2020/055307

WO 2020/254905

20/24

agl ‘Ol

H:O\/ e

XX

_\+XXD

(8180 | ON) 8pous pesy

cu\/_

VGl "Old

oy 1XX(y

m\+.XXD

(e1ef L ON) apow 81

WE>



PCT/IB2020/055307

WO 2020/254905

21/24

asi ‘ol

Z-xx a

H:O\/

N+ XXQ

%X

(2186 gNVN) 8pow pesy

w+ XXQ

Eu\/

4l ‘Ol

T (]

N+ xxa

%X

(s1e6 gNVN) apowl 8

_‘+ XKQ

2u

w:m>



PCT/IB2020/055307

WO 2020/254905

22/24

491 "Old

.......—...1 - Q

B N+nxe
LN0
A R4 {
Yxxxﬂ
_
(8120 YON) 8pow peay

351 Ol

%

N+ XXQ

%X

w+ XXQ

P m

(2126 YON) spowl e

NE>

2N



PCT/IB2020/055307

WO 2020/254905

23/24

91 'Ol

, 1%y % [ 9 > D
0 |9y | =>» %m =
oD fw oo Xw
o Ui
..xxﬁ_ +xxﬁm




WO 2020/254905 PCT/IB2020/055307
24/24

{teration #
FIG. 17




INTERNATIONAL SEARCH REPORT International application No.
PCT/1B2020/055307

A. CLASSIFICATION OF SUBJECT MATTER
G11C 11/16(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Gl11C

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

CNABS, CNTXT, CNKI, DWPIL, SIPOABS: three terminal, magnetic tunnel junction, MTJ, tunnel barrier, spin orbit torque,
SOT, free, remnant, current, non-symmetrical, trapezoid

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A CN 109727623 A (TAIWAN SEMICONDUCTOR MANUFACTURING CO., LTD.) 07 1-28
May 2019 (2019-05-07)
the whole document

A US 2016225982 A1 (T3AMEMORY INC.) 04 August 2016 (2016-08-04) 1-28
the whole document

A US 2018033954 A1 (UNIV CORNELL) 01 February 2018 (2018-02-01) 1-28
the whole document

D Further documents are listed in the continuation of Box C. See patent family annex.

*  Special categories of cited documents: “T” later document published after the international filing date or priority
«A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand the
to be of particular relevance principle or theory underlying the invention
«g” earlier application or patent but published on or after the international «X» document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive step
«1» document which may throw doubts on priority claim(s) or which is when the document is taken alone
cited to establish the publication date of another citation or other «y» document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
“0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“p»  document published prior to the international filing date but later than ~ « & document member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
14 September 2020 27 September 2020

Name and mailing address of the ISA/CN Authorized officer

National Intellectual Property Administration, PRC

6, Xitucheng Rd., Jimen Bridge, Haidian District, Beijing BAO,Wei

100088

China
Facsimile No. (86-10)62019451 Telephone No. 86-(010)-62411702

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/1B2020/055307

Patent document

Publication date

Patent family member(s)

Publication date

cited in search report (day/month/year) (day/month/year)
CN 109727623 A 07 May 2019 us 10276784 Bl 30 April 2019
us 2019131518 Al 02 May 2019
™ 201917730 A 01 May 2019
uUs 2016225982 Al 04 August 2016 None
Us 2018033954 Al 01 February 2018 us 10333058 B2 25 June 2019

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - wo-search-report
	Page 45 - wo-search-report

