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MAGNETIC LOGIC DEVICE, CIRCUIT HAVING MAGNETIC LOGIC DEVICES, AND
METHODS FOR CONTROLLING THE MAGNETIC LOGIC DEVICE AND THE CIRCUIT

Cross-Reference To Related Application

[0001] This application claims the benefit of priority of Singapore patent application
No. 10201910275V, filed 5 November 2019, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a magnetic logic device, a method for controlling the
magnetic logic device, a circuit having magnetic logic devices and method for controlling the

circuit.

Background

[0003] Known microelectronic devices such as CMOS (complementary metal-oxide-
semiconductor) transistors work based on the accumulation and dissipation of charge which is
mediated by the flow of electrons across a conducting channel. However, the electrons possess
another degree of freedom - quantum mechanical angular momentum called “spin”. Unlike
charge, spin can have two orientations, +1/2 and -1/2, and each can be represented as a binary
bit. Devices that explore the spin property of electrons along with charge are known as
spintronic devices. The spin state (magnetic state) of a spintronic device such as a nanomagnet
can be determined through magnetoresistance and anomalous Hall effect measurements. The
former is a measure of resistance due to the scattering of polarised electrons through regions of
varying magnetisation, while the latter can be measured as a voltage drop formed due to
imbalanced deflection of spin polarised electrons. The unique property that makes spintronic
devices attractive is non-volatility, resulting in zero quiescent power, thus reducing power
consumption. Though spintronic-based memory devices such as hard disc drives have been

very successful, logic and computational operations performed by processing units are still
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dependent on microelectronic circuits. This leads to relatively higher power consumption due to
resistive heating caused in part by periodic memory refresh (due to volatility), as well as data
transfer. As devices continue to shrink in size, this effect becomes more pronounced. Moreover,
the transfer of electronic data between different levels of memory in memory hierarchy leads to
latency.

[0004] The spin degree of freedom has enabled the development of non-volatile, high-speed,
ultra-low energy dissipation, and scalable spin-based sensors and memory devices. These
devices utilize the spin property of the electron rather than relying on electronic charge alone as
a state variable, and address device level issues such as high dynamic and standby power
dissipation due to leakage current, and heat dissipation inherent to known silicon-based
complementary metal-oxide-semiconductor (CMOS) technology. The spin-transfer torque
Magnetic Random Access Memory (STT-MRAM) is one of the successful and commercially
available spintronic products. Its inherent non-volatility, relatively high speed, low power
dissipation, as well as quasi-infinite endurance make it an attractive alternative to transistor-
based devices. As STT-MRAM devices scale progressively, read disturbance becomes a critical
barrier to overcome. More recently, highly efficient current-induced switching techniques have
been achieved in spin-based devices with large spin-orbit coupling (SOC) materials such as
heavy metals (HM) Ta (tantalum) and Pt (platinum), allowing write and read current paths to be
decoupled. By injecting an in-plane electrical current through a HM, spin polarised electrons
accumulate at the interface of the HM/ferromagnet (FM). The transverse spin current exerts
torque on the magnetisation of the FM layer, leading to deterministic spin-orbit torque (SOT)
switching. For devices with perpendicular magnetic anisotropy (PMA), the polarity of a
symmetry-breaking in-plane field parallel to the direction of current flow determines the
chirality of SOT switching. In many cases, it may be advantageous to eliminate the use of

external magnetic fields.

Summary

[0005] The invention is defined in the independent claims. Further embodiments of the

invention are defined in the dependent claims.
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[0006] According to an embodiment, a magnetic logic device is provided. The magnetic logic
device may include two magnetic elements, wherein the magnetic logic device is configured,
for each of the two magnetic elements, to have a magnetisation state with a perpendicular easy
axis, and configured to switch the magnetisation state in response to a spin current generated in
the magnetic element in response to a write current applied to the magnetic element, and a
conductive element coupled to the two magnetic elements and arranged at least substantially
perpendicular to the two magnetic elements, wherein the magnetic logic device is configured to
generate, as an output, a Hall voltage across the conductive element in response to a respective
read current applied to each of the two magnetic elements, wherein a magnitude of the Hall
voltage is variable, depending on a direction of the magnetisation state of each of the two
magnetic elements and a direction of the respective read current applied to each of the two
magnetic elements, for the magnetic logic device to provide outputs corresponding to one of a
plurality of logical operations

[0007] According to an embodiment, a circuit is provided. The circuit may include a first
magnetic logic device and a second magnetic logic device electrically coupled to each other,
wherein the first magnetic logic device is as described herein to provide the outputs
corresponding to an XOR logical operation, and wherein the second magnetic logic device is as
described herein to provide the outputs corresponding to an AND logical operation.

[0008] According to an embodiment, a method for controlling a magnetic logic device as
described herein is provided. The method may include skewing the magnetisation state of each
of the two magnetic elements away from the perpendicular easy axis for switching the
magnetisation state, for each of the two magnetic elements, applying a write current to the
magnetic element to generate a spin current in the magnetic element to switch the
magnetisation state, and applying a respective read current to each of the two magnetic
elements for the magnetic logic device to generate, as an output, a Hall voltage across the
conductive element, wherein a magnitude of the Hall voltage is variable, depending on a
direction of the magnetisation state of each of the two magnetic elements and a direction of the
respective read current applied to each of the two magnetic elements, for the magnetic logic
device to provide outputs corresponding to one of a plurality of logical operations.

[0009] According to an embodiment, a method for controlling a circuit is provided. The method

may include operating a first magnetic logic device of the circuit according to the method as
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described herein to provide the outputs corresponding to an XOR logical operation, and
operating a second magnetic logic device of the circuit according to the method as described
herein to provide the outputs corresponding to an AND logical operation, wherein the first
magnetic logic device and the second magnetic logic device are electrically coupled to each

other.

Brief Description of the Drawings

[0010] In the drawings, like reference characters generally refer to like parts throughout the
different views. The drawings are not necessarily to scale, emphasis instead generally being
placed upon illustrating the principles of the invention. In the following description, various
embodiments of the invention are described with reference to the following drawings, in which:
[0011] FIG. 1A shows a schematic top view of a magnetic logic device, according to various
embodiments.

[0012] FIG. 1B shows a flow chart illustrating a method for controlling a magnetic logic
device, according to various embodiments.

[0013] FIG. 1C shows a schematic top view of a circuit, according to various embodiments.
[0014] FIG. 1D shows a flow chart illustrating a method for controlling a circuit, according to
various embodiments.

[0015] FIG. 2A shows a schematic diagram of a spin-orbit torque driven logic device,
according to various embodiments.

[0016] FIG. 2B shows an optical micrograph of a fabricated device with contact electrodes,
according to various embodiments.

[0017] FIG. 2C shows a plot of cumulative anomalous Hall voltage Vg in a sweeping out-of-
plane magnetic field H..

[0018] FIG. 3A shows a schematic illustration of a chip package having a device array with
integrated electronics between electromagnet poles.

[0019] FIG. 3B shows an optical micrograph of a logic device with the addition of a field line,
while FIG. 3C shows a schematic diagram of a cross-sectional view of the device along line

A-A.
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[0020] FIG. 3D shows a schematic diagram for exchange bias of the perpendicularly-
magnetized ferromagnetic (pFM) layer with an antiferromagnetic (AFM) layer, while FIG. 3E
shows a schematic diagram for exchange coupling of the perpendicularly-magnetized
ferromagnetic (pFM) layer with an in-plane ferromagnetic (iFM) layer.

[0021] FIG. 3F shows a schematic diagram illustrating tuning of the magnetic properties of a
perpendicular  ferromagnetic  (pFM) layer through  voltage-controlled magnetic
anisotropy (VCMA), while FIG. 3G shows a schematic illustration of the effect of voltage, Vg,
on the magnetic anisotropy of the pFM layer.

[0022] FIG. 4A shows a plot of measurement of Vy of the device in a scanning magnetic field
in the Z-direction.

[0023] FIG. 4B shows a plot of measurement Vg of the device with various combinations of the
sign of the write currents in an external magnetic field of 300 Oe in the +X-direction.

[0024] FIG. 5 shows the measurement results for AND and NOR logic operations based on
device output for the same sequence of write input parameters at #, = 300 Oe followed by
Hy=-300 Ce.

[0025] FIGS. 6A and 6B show Kerr microscopy images for the device of various embodiments
for application of write pulses of different polarities.

[0026] FIGS. 7A to 7D show Kerr microscopy images and truth tables corresponding to the
operation of the logic device of various embodiments.

[0027] FIG. 8 shows the results for Vi for corresponding inputs of Frr, J;, and J>.

-
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[0028] FIG. 9A shows a plot corresponding to comparison of Vi between
electromagnetic field and field line assisted current-induced magnetisation switching (CIMS).
[0029] FiG. 9B and 9C show Ry in a sweeping out-of-plane (OOP) field H..

[0030] FIGS. 10A to 10F show the SPICE-compatible compact model of a logic device and
functional application as half-adder, according to various embodiments.

[0031] FIG. 11 shows a schematic diagram of a bilayer system having a normal metal (NM)

layer and a ferromagnetic (FM) layer with perpendicular magnetic anisotropy (PMA).

[0032] FIG. 12 shows the parameters used in the SPICE-compatible compact model.
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Detailed Description

[0033] The following detailed description refers to the accompanying drawings that show, by
way of illustration, specific details and embodiments in which the invention may be practiced.
These embodiments are described in sufficient detail to enable those skilled in the art to
practice the invention. Other embodiments may be utilized and structural, logical, and electrical
changes may be made without departing from the scope of the invention. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

[0034] Embodiments described in the context of one of the methods or devices are analogously
valid for the other methods or devices. Similarly, embodiments described in the context of a
method are analogously valid for a device, and vice versa.

[0035] Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,
even if not explicitly described in these other embodiments. Furthermore, additions and/or
combinations and/or alternatives as described for a feature in the context of an embodiment
may correspondingly be applicable to the same or similar feature in the other embodiments.

[0036] In the context of various embodiments, the articles an” and “the” as used with

o,
regard to a feature or element include a reference to one or more of the features or elements.
[0037] In the context of various embodiments, the phrase “at least substantially” may include
“exactly” and a reasonable variance.

[0038] In the context of various embodiments, the term “about” as applied to a numeric value
encompasses the exact value and a reasonable variance.

[0039] As used herein, the term “and/or” includes any and all combinations of one or more of
the associated listed items.

[0040] Various embodiments may provide a spin-orbit torque driven logic, including, for
example, a programmable spin-orbit-torque logic device with integrated bipolar bias field for
chirality control.

[0041] Apart from memory units as described above, spin-based devices also show potential in

logic-in-memory applications. Techniques disclosed herein may provide one or more stateful



10

15

20

25

30

WO 2021/091484 PCT/SG2020/050626

SOT logic devices, with a balanced ternary output that may be employed to represent Boolean
logic outputs. The Boolean logic outputs due to the logical inputs may be reconfigured by
changing the device magnetisation and/or the read current scheme. Various embodiments may
enable current-induced magnetisation switching (CIMS) with an integrated bias field line for
the generation of a local Oersted field, effecting only the intended device and sparing adjacent
devices from an external field otherwise provided by an electromagnet. This design may allow
for on-the-fly reconfigurability by the switching chirality, and may not require initialization or
reset current pulses that may increase write latency. The SOT-driven logic device of various
embodiments may store and/or process data, and may serve as a reconfigurable spin-orbit
torque driven nonvolatile logic-in-memory device.

[0042] Driven by the need to address both the von Neumann bottleneck and scaling limits
predicted by Moore’s law, spintronic devices have been shown to be strong contenders for
logic-in-memory applications. While several field-free spin-orbit torque (SOT)-driven logic
devices have been proposed, their operation typically requires additional initialization or reset
pulses, the exchange-coupled canted spins may reduce both anomalous Hall sign-to-noise ratio
as well as thermal stability of the ferromagnetic layer, and device-to-device variation in
exchange coupling strength may be expected. A reconfigurable SOT-driven logic device using
a double Hall cross structure with an integrated bias field line for the generation of a local bias
field is disclosed herein. The on-chip bipolar bias field may be toggled to flip the SOT-induced
switching chirality, and to assist with deterministic SOT magnetisation switching, thereby
enabling on-the-fly reconfigurability of the logic device to function as one of several possible
logic gates, e.g., AND, NOR, XNOR, XOR, NIMP, and converse NIMP. Through compact-
modelling and circuit simulation, it is shown that the applications of such reconfigurable logic
devices may be further expanded to build half-adders.

[0043] Various embodiments may provide a magnetic logic device driven by the spin-orbit
torque (SOT) phenomenon. The logic functionalities may be achieved by connecting two Hall
cross structures in series and sharing a common Hall bar. Though the underlying mechanism for
logic operation may be related to spintronics, the device clocking may be achieved by current
and output may be read from the voltage measured via the anomalous Hall effect. By
connecting multiple devices, a programmable magnetic device driven by current may be

achieved. In exploring the non-volatile parallel processing, a route towards spintronics-based
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computation is shown by designing a half-adder circuit, which may further be expanded to full-
adder functionality.

[0044] Various embodiments may be related to binary computing driven by the spin-orbit
torque phenomenon. A magnetic Hall cross structure is designed and disclosed herein, that may
simultaneously perform multiple logic operations including but not limited to AND, NOR,
XNOR, XOR, NIMP and/or Converse NIMP gate operations, thereby opening the avenue for
both programmability (reconfigurable logic) and parallel processing.

[0045] FIG. 1A shows a schematic top view of a magnetic logic device 100, according to
various embodiments. The magnetic logic device 100 includes two magnetic elements 102, 103,
wherein the magnetic logic device 100 is configured, for each of the two magnetic
elements 102, 103, to have a magnetisation state with a perpendicular easy axis, and configured
to switch the magnetisation state in response to a spin current generated in the magnetic
element 102, 103 in response to a write current applied to the magnetic element 102, 103, and a
conductive element 104 coupled to the two magnetic elements 102, 103 and arranged at least
substantially perpendicular to the two magnetic elements 102, 103, wherein the magnetic logic
device 100 is configured to generate, as an output, a Hall voltage across the conductive
element 104 in response to a respective read current applied to each of the two magnetic
elements 102, 103, wherein a magnitude of the Hall voltage is variable, depending on a
direction of the magnetisation state of each of the two magnetic elements 102, 103 and a
direction of the respective read current applied to each of the two magnetic elements 102, 103,
for the magnetic logic device 100 to provide outputs corresponding to one of a plurality of
logical operations.

[0046] In other words, a magnetic logic device 100 having a first magnetic element 102, a
second magnetic element 103, and a conductive element 104 arranged at least substantially
perpendicular to the two magnetic elements 102, 103 may be provided. The conductive
element 104 may be connected to or electrically coupled to the magnetic elements 102, 103.
The conductive element 104 may be shared by the two magnetic elements 102, 103. The two
magnetic elements 102, 103 and the conductive element 104 may define a structure having two
crosses, as may be seen in FIG. 1A. The first magnetic element 102 and a first section of the

conductive element 104 may define a first cross, while a second magnetic element 103 and a
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second section of the conductive element 104 may define a second cross. The two crosses may
be connected in series. The two crosses may be symmetrical to one another.

[0047] The two magnetic elements 102, 103 may be arranged at least substantially parallel to
each other. However, it should be appreciated that the two magnetic elements 102, 103 may be
arranged in other directions relative to each other in a non-parallel manner. Each magnetic
element 102, 103 may define a channel. Each magnetic element 102, 103 may be a nanowire.
[0048] In the context of various embodiments, each magnetic element 102, 103 may include a
ferromagnetic (FM) material, e.g., in the form of a ferromagnetic (FM) layer. Each magnetic
element 102, 103 may further include a heavy metal (HM) layer. The conductive element 104
may be magnetic or non-magnetic.

[0049] Each magnetic element 102, 103 may have or may be configured to have a
magnetisation state with a perpendicular easy axis. This means that each magnetic element 102,
103 has perpendicular magnetisation anisotropy, e.g., each magnetic element 102, 103 may
have perpendicular-magnetized ferromagnetic (pFM) material. This may mean that the
direction of the magnetisation state (or magnetisation orientation) of the ferromagnetic layer of
the magnetic element 102, 103 may be perpendicular to the plane of a major surface of the
ferromagnetic layer. Further, this may mean that the magnetisation orientation of the
ferromagnetic layer may be at least substantially parallel to a thickness direction of the
ferromagnetic layer.

[0050] Each magnetic element 102, 103 may be configured to switch the magnetisation state in
response to a spin current generated in the magnetic element 102, 103 in response to a write
current that may be applied to the magnetic element 102, 103. The spin current may be
generated in response to the write current due to spin orbit coupling (SOC). The magnetisation
state of each magnetic element 102, 103 may be switched between an upwardly pointing
direction and a downwardly pointing direction. The direction of the switch of the magnetisation
state or the direction of the magnetisation state after the switch may depend on the polarity of
the spin of the spin current, which, in turn, may depend on the polarity of the write current. As
such, in a write operation, for each magnetic element 102, 103, different polarities of the write
current may be applied to switch the magnetisation state of the corresponding magnetic

element 102, 103.



10

15

20

25

WO 2021/091484 PCT/SG2020/050626

[0051] The magnetic logic device 100 may generate, as an output, a Hall voltage (e.g., an
anomalous Hall voltage) across (ends of) the conductive element 104 in response to a
respective read current applied to each magnetic element 102, 103. As may be appreciated, the
conductive element 104 may be a Hall conductive element, meaning that the conductive
element 104 is capable of exhibiting Hall effect. A magnitude of the Hall voltage may be
variable and dependent on a direction of the magnetisation state of each of the two magnetic
elements 102, 103 and a direction of the respective read current applied to each of the two
magnetic elements 102, 103. The respective read current (or probe or sense current) may be
applied to each magnetic element 102, 103 in a read operation. For each magnetic element 102,
103, different polarities of the read current may be applied to the magnetic element 102, 103.
Based on different combinations of the respective magnetisation states of the two magnetic
elements 102, 103 and the respective read currents, the magnetic logic device 100 may provide
outputs corresponding to one of a plurality of logical operations.

[0052] In various embodiments, a circuit may be electrically coupled to each of the two
magnetic elements 102, 103 to supply the respective write and read currents. Write and read
currents may be differentiated by their amplitudes. Write currents are generally larger in
amplitude than read currents. Read currents are small enough not to perturb the magnetisation
state of the device.

[0053] In one mode of operation, for each of the two magnetic elements 102, 103, the direction
of the respective read current may be fixed, and the magnitude of the Hall voltage may be
variable in response to a change in a direction of the write current applied to the magnetic
element 102, 103 to change a polarity of the spin current to switch the magnetisation state.
[0054] In a further mode of operation, for each of the two magnetic elements 102, 103, the
magnetisation state may be maintained (e.g., after the write operation or applying the write
current once), and the magnitude of the Hall voltage may be variable in response to a change in
the direction of the respective read current applied to the magnetic element 102, 103.

[0055] The magnetic logic device 100 may be configured to skew the magnetisation state of
each of the two magnetic elements 102, 103 away from the perpendicular easy axis for the

magnetic element 102, 103 to switch the magnetisation state in response to the spin current.
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[0056] The magnetic logic device 100 may be configured to skew the magnetisation state by
generating a magnetic field across the two magnetic elements 102, 103 using an electromagnet.
Such an approach may provide a global field.

[0057] The magnetic logic device 100 may be configured to skew the magnetisation state by
disposing a conductive field bias line adjacent to the two magnetic elements 102, 103, and the
magnetic logic device 100 may be configured for the conductive field bias line to generate an
Oersted field to interact with the two magnetic elements 102, 103. Such an approach may
provide a local field to the magnetic elements 102, 103. The Oersted field may be generated by
the conductive field bias line in response to a field current applied to the conductive field bias
line. The conductive field bias line is electrically isolated from the two magnetic elements 102,
103.

[0058] The direction of the Oersted field (or field lines) may be dependent on and variable
according to a direction of the field current. The Oersted field may be aligned coaxial to the
write current(s) and/or the read current(s). The Oersted field may be parallel to or anti-parallel
to the direction of the write current(s) and/or the read current(s).

[0059] For each of the two magnetic elements 102, 103, the magnetic element 102, 103 may
switch the magnetisation state in response to the spin current and the Oersted field, wherein the
direction of the magnetisation state after switching may be dependent on a polarity of the write
current and a direction of the Oersted field.

[0060] In various embodiments, each of the two magnetic elements 102, 103 may include a
ferromagnetic layer (i.e., perpendicular-magnetized ferromagnetic (pFM)), and the magnetic
logic device 100 may be configured to skew the magnetisation state by forming each of the two
magnetic elements 102, 103 with an antiferromagnetic (AFM) layer or an in-plane
ferromagnetic (iFM) layer for exchange coupling with the ferromagnetic layer. The AFM layer
or the iFM layer may contact the ferromagnetic layer. Therefore, an interface may be defined
between the ferromagnetic layer and the AFM layer or iFM layer. The AFM layer or the iFM
layer may be part of the magnetic element 102, 103.

[0061] For each of the two magnetic elements 102, 103, the magnetic element 102, 103 may
further include a non-magnetic (NM) material (or layer) between the ferromagnetic layer and

the AFM layer or iFM layer.
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[0062] In various embodiments, the magnetic logic device 100 may be configured to skew the
magnetisation state by, for each of the two magnetic elements 102, 103, arranging an electrode
and a dielectric layer between the electrode and the magnetic element 102, 103, and, wherein
the magnetic logic device 100 may be configured so that, in response to a voltage applied to the
electrode, an electric field is generated in the dielectric for tuning a magnetic anisotropy of the
magnetic element 102, 103.

[0063] The magnetic logic device 100 may further include a rectification circuit electrically
coupled to the conductive element 104 to rectify the Hall voltage. The rectification circuit may
include a half-rectification circuit and/or a full rectification circuit. A defined threshold level
may be employed for rectification of the Hall voltage.

[0064] In various embodiments, the magnetic logic device 100 may provide the outputs
corresponding to at least one of AND, NOR, XNOR, XOR, NIMP, and converse NIMP logical
operations. This means that, depending on the magnetisation state of each of the two magnetic
elements 102, 103 and the respective read current applied to each of the two magnetic
elements 102, 103, the magnetic logic device 100 may perform or carry out one or more of
AND, NOR, XNOR, XOR, NIMP, and converse NIMP logical operations.

[0065] FIG. 1B shows a flow chart 120 illustrating a method for controlling a magnetic logic
device, according to various embodiments. The magnetic logic device may be as described
herein (e.g., in the context of the magnetic logic device 100), and having two magnetic
elements and a conductive element coupled to the two magnetic elements and arranged at least
substantially perpendicular to the two magnetic elements, wherein the magnetic logic device is
configured, for each of the two magnetic elements, to have a magnetisation state with a
perpendicular easy axis.

[0066] At 122, the magnetisation state of each of the two magnetic elements is skewed away
from the perpendicular easy axis for switching the magnetisation state.

[0067] At 124, for each of the two magnetic elements, a write current is applied to the magnetic
element to generate a spin current in the magnetic element to switch the magnetisation state.
[0068] At 126, respective read current is applied to each of the two magnetic elements for the
magnetic logic device to generate, as an output, a Hall voltage across the conductive element,
wherein a magnitude of the Hall voltage is variable, depending on a direction of the

magnetisation state of each of the two magnetic elements and a direction of the respective read
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current applied to each of the two magnetic elements, for the magnetic logic device to provide
outputs corresponding to one of a plurality of logical operations.

[0069] In one mode of operation, for each of the two magnetic elements, the direction of the
respective read current may be fixed, and a direction of the write current applied to the
magnetic element may be changed to change a polarity of the spin current to switch the
magnetisation state, wherein the magnitude of the Hall voltage is variable in response to the
change in the direction of the write current.

[0070] In a further mode of operation, for each of the two magnetic elements, the magnetisation
state may be maintained (e.g., after the write operation or applying the write current once
at 124), and the direction of the respective read current may be changed, wherein the magnitude
of the Hall voltage is variable in response to the change in the direction of the respective read
current.

[0071] At 122, a magnetic field may be generated, using an electromagnet, across the two
magnetic elements to skew the magnetisation state of each of the two magnetic elements away
from the perpendicular easy axis.

[0072] At 122, a field current may be applied to a conductive field bias line adjacent to the two
magnetic elements to generate an Oersted field to interact with the two magnetic elements to
skew the magnetisation state of each of the two magnetic elements away from the perpendicular
easy axis.

[0073] A direction of the field current may be changed to change a direction of the Oersted
field.

[0074] At 122, for each of the two magnetic elements, a voltage may be applied to an electrode
arranged adjacent to the magnetic element to generate an electric field in a dielectric arranged
between the electrode and the magnetic element for tuning a magnetic anisotropy of the
magnetic element to skew the magnetisation state of each of the two magnetic elements away
from the perpendicular easy axis.

[0075] In various embodiments, the Hall voltage may be rectified, or may undergo a
rectification process.

[0076] In various embodiments, the magnetic logic device may be operated to provide the
outputs corresponding to at least one of AND, NOR, XNOR, XOR, NIMP, and converse NIMP

logical operations.
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[0077] It should be appreciated that description in the context of the magnetic logic device 100
may correspondingly be applicable in relation to the method for controlling a magnetic logic
device described in the context of the flow chart 120.

[0078] FIG. 1C shows a schematic top view of a circuit 170, according to various
embodiments. The circuit 170 includes a first magnetic logic device 100c and a second
magnetic logic device 100d electrically coupled to each other (as represented by lines 172),
wherein the first magnetic logic device 170 may be as described herein (e.g., in the context of
the magnetic logic device 100) to provide the outputs corresponding to an XOR logical
operation, and wherein the second magnetic logic device 100d may be as described herein
(e.g., in the context of the magnetic logic device 100) to provide the outputs corresponding to
an AND logical operation. The circuit 170 may be configured as part of or as a half-adder
circuit.

[0079] FIG. 1D shows a flow chart 180 illustrating a method for controlling a circuit, according
to various embodiments.

[0080] At 182, a first magnetic logic device of the circuit is operated according to the method
described herein to provide the outputs corresponding to an XOR logical operation.

[0081] At 184, a second magnetic logic device of the circuit is operated according to the
method described herein to provide the outputs corresponding to an AND logical operation.
[0082] The circuit may be as described herein (e.g., in the context of the circuit 170), where the
first magnetic logic device and the second magnetic logic device are electrically coupled to
each other.

[0083] While the methods described above are illustrated and described as a series of steps or
events, it will be appreciated that any ordering of such steps or events are not to be interpreted
in a limiting sense. For example, some steps may occur in different orders and/or concurrently
with other steps or events apart from those illustrated and/or described herein. In addition, not
all illustrated steps may be required to implement one or more aspects or embodiments
described herein. Also, one or more of the steps depicted herein may be carried out in one or
more separate acts and/or phases.

[0084] Various embodiments may relate to a magnetic logic device. The magnetic logic device
may include two Hall crossbar structures connected in series such that a parallel pair of

channels (e.g., in the form of nanowires) may be connected by a single Hall bar which may be
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arranged perpendicular to the channels, wherein each channel may be configured to receive a
corresponding write current, and wherein the magnetic logic device may be configured to
perform one of a plurality of logic operations dependent on the polarity of the write current in
each channel, the magnetic field direction applied to the magnetic logic device, and a direction
of a probing current inputted to each channel. An output of the magnetic logic device may be
the voltage measured across the Hall bar. Half rectification or full rectification may be carried
out on the measured voltage. The logic operation performed by the magnetic logic device may
also be dependent on the half rectification or full rectification of the measured voltage. Half
rectification or full rectification may be carried out using one or more circuits, which may be
external circuit(s) or implemented on the same substrate as the logic device.

[0085] The Hall bar is arranged perpendicular to the channels as the anomalous Hall voltage,
Vu, is orthogonal to both the current flow direction and magnetisation. If current flows in the
(x) direction and the magnetisation is in the (z) direction, then Vy forms across the (y) direction.
In embodiments where a magnetic field is applied as described herein, as the magnetic field
needs to be coaxial to the current direction, the pair of channels may be arranged parallel to
each other, for example, in the case of an externally applied magnetic field by a magnet or
electromagnet. In the case of the bias field line (as will be described further below), the
channels may not or do not necessarily need to be parallel, since the bias field line may be
redirected or reoriented such that the generated field is coaxial to the current flow through the
channels.

[0086] Various embodiments will now be further described by way of the following non-
limiting examples and with reference to the figures.

[0087] For the devices of various embodiments, besides storing data as a magnetic state in a
magnetic nanowire, logic operations may also be performed on these binary bits stored in the
data. It is achieved by connecting two nanowires with a single Hall bar (or equivalently, two
Hall crosses in series sharing a common Hall bar). A “Hall bar” means a bar capable of
exhibiting Hall effect. Each Hall cross has a cross-shaped structure having at least part of the
Hall bar which may be arranged transverse to the corresponding nanowire and used for
electrically measuring the anomalous Hall voltage Vy. Each Hall cross may be patterned out of
a perpendicular-magnetized ferromagnetic (pFM) material interfaced with a heavy metal (HM).

When a charge current (e.g., any flow of current (or electrons) through the device that,
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regardless of amplitude, results in spin current due to SOC) is applied through the nanowires, a
transverse spin current generated within the HM due to spin-orbit coupling may accumulate at
the HM-pFM interface. Subsequently, the spin current may be injected into the pFM across the
interface, leading to the switching of the magnetic state. The polarity of spins injected at the
interface depends on the polarity of the charge current, thus, opposite magnetisation states in
the device may be achieved by injecting opposite polarities of charge currents. The switching of
the magnetic state may be probed by anomalous Hall effect (AHE) in which a voltage drop
across the Hall bar (the anomalous Hall voltage (Vg)) due to a probing current (Ir0p.) (01 read
current) depends on the orientation of the magnetisation across each nanowire. The AHE
(different from the ordinary Hall effect (OHE)) describes Vg due to local magnetisation. This
may mean that, in AHE, Vg forms due to the local magnetisation in the magnetic material and
no external field is required during the measurement process.

[0088] In the devices disclosed herein, the anomalous Hall resistance (Ry) may be determined
by Ry = Vi / Iyrove. The Vi and corresponding Ry across the Hall bar is the sum of contributions
from the two individual Hall cross structures as they are connected in series, given by Vg = Vg ;
+ Va2 (Vg and Vg2 being respective voltages associated with the two individual Hall cross
structures). The main path in which the current flows through has to be magnetic, and,
therefore, the (horizontal) nanowires are magnetic. The (vertical) Hall bar in which Vg is
sensed, may be magnetic although it may instead be non-magnetic, and may be made of a non-
magnetic conductive material.

[0089] The anomalous Hall voltage, Vg, is an indication of how much “up-ness” and “down-
ness” of magnetisation is in the perpendicularly magnetized device. A fully “up”/“down”
magnetisation yields +Vu/-Va.

[0090] In various embodiments, for devices with perpendicular magnetic anisotropy (PMA),
spin current and a technique to cant/skew the magnetisation (e.g., using magnetic field) may be
required for magnetisation switching. A magnetic field may be required to ensure deterministic
switching. The magnetic field may be an external one (such as use of a large magnet, or an
electromagnet) or may be provided via a bias field line instead so that this field generation is
local to the device. Using the bias field line, the local magnetic field may be turned on and off

and the polarity of the local magnetic field may be toggled.
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[0091] In various embodiments, the nanowires and the Hall bar (therefore, the Hall crosses)
may have the same materials and/or heterostructure and/or multilayer structure. Each nanowire
is of a magnetic material. Each nanowire and the Hall bar may be magnetic. The nanowires and
the Hall bar may have the same magnetic material. Nevertheless, optionally, the Hall bar may
be of a non-magnetic material or a completely non-magnetic conductive material. Each
nanowire and the Hall bar are electrically conductive.

[0092] The nanowires and the Hall bar may be connected or coupled to each other. The
nanowires and the Hall bar (therefore, the Hall crosses) may be formed as a single integrated
structure. Nevertheless, it should be appreciated that each of the nanowires and the Hall bar
may be formed separately, with the Hall bar being coupled or connected to the nanowires.
[0093] FIG. 2A shows a schematic diagram of a spin-orbit torque driven logic device 200,
according to various embodiments, illustrating the device structure. Also shown is the
measurement set-up for the device 200. The device 200 includes two magnetive elements
(e.g., nanowires) 202, 203 sharing a common conductive bar (Hall bar) 204. The two magnetive
elements (or magnetic structures or bars) 202, 203 and the common conductive bar 204 are
coupled to each other. The first magnetive element 202 (shown within the top horizontal dashed
rectangle) may define “Channel 1, while the second magnetive element 203 (shown within the
bottom horizontal dashed rectangle) may define “Channel 2”. The Hall bar 204 is shown within
the vertical dashed rectangle. The magnetive elements 202, 203 may be arranged at least
substantially parallel to each other. The Hall bar 204 is arranged at least substantially
perpendicular to the magnetive elements 202, 203. As shown in FIG. 2A, the magnetive
elements 202, 203 are arranged in a horizontal direction (along the X-direction) while the Hall
bar 204 is arranged in a vertical direction (along the Y-direction).

[0094] The magnetive elements (or nanowires) 202, 203 and the Hall bar 204 may define two
separate Hall crosses 206a, 206b connected in series along their individual Hall bars (as part of
the Hall bar 204). As a non-limiting example, the structure may be formed by forming the two
Hall crosses 206a, 206b integrally.

[0095] FIG. 2B shows an optical micrograph of a fabricated device 200b with contact
electrodes (or electrical contacts) 232a, 232b, 232¢, 232d, 232e, 232f electrically coupled
thereto. Similar to the device 200 (FIG. 2A), the device 200b includes two magnetive elements

(or nanowires) 202b, 203b and a common Hall bar 204b (electrically) coupled to one another.
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As may be observed, two crosses in series may be defined. The two crosses define six arms,
each arm being (electrically) coupled to or in contact with a respective electrode 232a, 232b,
232c¢, 232d, 232e, 232f. Electrodes 232a, 232d may be employed for Vr measurements across
the Hall bar 204b, while electrodes 232b, 232f may be employed for current injection for
magnetive element 202b (Channel 1) and electrodes 232c, 232e may be employed for current
injection for magnetive element 203b (Channel 2).

[0096] Referring to the measurement or operation set-up for the device 200 as shown in
FIG. 2A, currents may be delivered through the two inputs I; and I respectively to the
magnetive elements 202, 203. Bidirectional writing and reading (or probing) currents may be
delivered through the inputs /; and 2. A current of positive polarity may be defined as logic “1”
or true (T), while a negative polarity may be defined as logic “0” or false (F). The polarity of
the current through each input may be controlled independently of each other. The resultant of
the logic functionality may be read by delivering a read or probing current, i (Or Iprobe,1) and
Lac2 (or Iprove2), Tespectively to the magnetive elements 202, 203, and measuring the voltage
drop across the Hall bar 204 due to the cumulative Vg across both junctions or crosses 206a,
206b. Due to the anomalous Hall effect (AHE), the state of the device 200 may be measured
from the voltage drop (Hall voltage, V) across the Hall bar 204. As shown in FIG. 2A, a bias
tee (which is a three-port device) 230a, 230b may be respectively provided for each of the input
current sources I7 and I, for supplying currents through the respective channels, i.e., Channel |
and Channel 2. Each bias tee 230a, 230b may enable a respective write current (e.g., a write
pulse) or write current density J7, Jo, and a respective read or probe current Ly {07 Lyobe,1). lic2
(o1 Lyrove,2) 10 be supplied to or through the respective channel.

[0097] The junctions of the nanowires 202, 203 and the common Hall bar 204 may be
symmetric, and, effectively the two Hall crosses 206a, 206b may be symmetric. In such a
configuration, the voltage, Vg ;, across or associated with the first cross 206a and the voltage,
Va2, across or associated with the second cross 206b may be at least substantially similar,
i.e., Va1 = Vu2. Vi, may either be a positive or a negative value for up or down magnetisation
states, respectively, where the subscript n refers to the channel number. The magnetisation
states may be arbitrarily assigned, e.g., the up magnetisation state as “l1” and the down
magnetisation state “0”. Consequently, the possible measured voltage drops due to the

cumulative Vi may be (+Vgi1+Va2), (Vi 1—Va2), or zero for the possible combinations of
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(+Vu,1—Vu2) and (-Vg1+Vg2). Therefore, the output may be also interpreted in a similar
convention as the input - a finite voltage drop may be normalised to =1, whereas a zero-voltage
drop may be considered as “0”".

[0098] As a non-limiting example, perpendicularly magnetized thin films of
Ta/Pt/[Co/Pt]3/Co/Ta may be employed. For example, a film stack of Ta (5)/Pt (3)/[Co (0.6)/Pt
{0.6)13/Co (0.6)/Ta (5) (thickness in nanometer) may be deposited on thermally-oxidised Si
substrates by dc magnetron sputtering at a base pressure better than 5x10% Torr at room
temperature. Numbers in parentheses indicate nominal film thicknesses in nanometers and the
subscript indicates the number of [Co/Pt] bilayer repeats. The thin film stack is perpendicularly
magnetized as-deposited. The blanket films may be patterned using electron beam lithography
and Ar (argon) ion milling techniques to define a device structure (e.g., 200, FIG. 24; 200b,
FIG. 2B) resembling two identical Hall crosses (e.g., 206a, 206b, FIG. 2A) sharing one
common Hall bar {(e.g., 204, FIG. 2A; 204b, FIG. 2B). The double Hall cross structure may be
referred to as a “logic device”. The wire widths {(e.g., 202, 203, FiG. 2A; 202b, 203b, FI1G. 2B)
may be about 5 um, and electrical contacts {e.g., 232a, 232b, 232c, 232d, 232¢, 232f, FiG. 2B)
having Ti (5)/Cu (100)/Ta (5) may be patterned and deposited at the wire ends.

[0099] After fabrication, the devices may be measured using 4-terminal Hall voltage
measurement using a source measure unit (e.g., Keithley 2400). An external magnetic field may
be provided by an electromagnet (e.g., LakeShore EM4 electromagnet). For logic operation, a
bias tee (e.g., 230a, 230b, FIG. 2A) may be used to couple the probing dc input from a source
measure unit (e.g., Keithley 2400) with the RF input from a pulse generator (e.g., Picosecond
Pulse Labs 10,300B). Each bias tee may enable write J, = 1.5 x 107 A cm™ and read Iy, =
100 pA currents to be delivered through each Channel n (see FIG. 2A, where n = 1, 2), and the
cumulative anomalous Hall voltage Vy = V1 + Vy2 may be probed along the Hall bar. Since
Vi o« Licm;, Vg provides an indication of the magnetisation of the device. The parameter m; is
the magnetisation in the z-direction, i.e., out of plane direction. The magnetisation in this thin
film and device is such that it points in the +z or -z direction, and the z-axis is the axis of
anisotropy. Therefore, the anomalous Hall voltage Vg is proportional to the probing dc current
amplitude and the degree of out-of-plane magnetisation.

[0100] To ensure that the perpendicular magnetic anisotropy (PMA) may be preserved in the

patterned logic device, Vg may be probed in a scanning OOP (out-of-plane) field A as shown
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in FIG. 2C. The resulting hysteresis loop shows sharp transitions at about |HJd = 350 Oe, from
which may be inferred that the magnetisation at the channel junctions switch at about the same
H., meaning that the magnetisation at each channel has about the same switching field H.. As
the junctions (or Hall crosses) are of similar geometry and multilayer structure, it is expected
that Vi = Va2l

[0101] For magnetisation switching to take place in spin-transfer torque (STT) driven devices
such as STT-MRAM, a fixed layer provides the necessary spin polarization of an otherwise
unpolarised charge current. The spin polarised current then passes through a free layer where
momentum exchange results in magnetisation rotation and switching. A “fixed layer” is a layer
with harder magnetisation, i.e., layer with larger anisotropy, which is harder to switch. Due to
this property, randomly polarised electrons tend to be polarised by this magnetic layer. A “free
layer” is a layer with lower anisotropy, easier to switch, and utilised as the layer in which data
is stored. Polarizsed electrons can transfer momentum to the softer local magnetisation and
cause the magnetisation to switch.

[0102] On the contrary, a fixed layer is unnecessary for SOT-driven magnetisation switching.
An unpolarised charge current flowing through a HM (heavy metal) layer with large SOC
(spin-orbit coupling) may result in spin accumulation at the interfaces, which may diffuse into
an adjacent ferromagnetic layer and apply a torque to the magnetisation, leading to
magnetisation switching. For SOT to induce deterministic switching in devices with PMA, the
magnetisation may be canted toward the +x-direction orthogonal to both the anisotropy axis (Z)
and spin polarization (§). This may be achieved with an externally applied field H., or via
exchange coupling with an adjacent magnetic layer. The former allows for improved anomalous
Hall signal-to-noise ratio as the magnetisation canting may be toggled on and off, as well as
reconfigurability by switching the magnetic field direction to achieve polymorphic logic device
functionality. On the other hand, the latter affords an integrated solution for magnetisation
canting. As such, a means of localising the required magnetic field using an integrated bias field
line may afford us the features mentioned. In various embodiments, SOT-driven switching may
be achieved using 100 ns write pulses of current density J;, J- = £1.5 x 10’ A cm? in the
presence of H.. After each write process, the magnetisation state of the device may be

determined by measuring Vg with a probing current /4., = =100 pA concurrently through each
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channel n. The current-induced SOT switching according to the techniques disclosed herein
may enable deterministic magnetisation switching for individual Hall crosses.

[0103] As described, in SOT-driven current-induced magnetisation switching (CIMS), such as
the techniques disclosed herein, an in-plane field (H,) coaxial to the writing current may be
provided to cant or skew the device magnetisation from the perpendicular easy-axis and break
the switching symmetry for achieving deterministic switching. The direction of H, may be
parallel or anti-parallel to the write and read currents. H, may be provided by an external
electromagnet 396, as illustrated in FIG. 3A. In such an arrangement, if the device is part of an
array or integrated as part of a larger system (e.g., a chip package 395 having a device array
with integrated electronics), the electromagnet poles 396 subject the entire circuit or array of
devices, or part/whole of the system to a ‘global’ magnetic field (represented by magnetic field
lines 397). However, there are challenges as this may lead to undesired operational behaviour.
Further, this may require a large magnet or electromagnet to generate a field large enough to be
uniform across all devices. Therefore, methods of localising the magnetic field or to completely
do away with a magnetic field to achieve deterministic field-free switching may be provided.
[0104] In various embodiments, a local (magnetic) field may be generated by passing a current
through a field line that runs adjacent to the intended devices, such that the current through the
field line generates a local Oersted field that envelops only the intended devices. Beginning
with spin-orbit torque for perpendicularly magnetized devices: a field may be needed to ensure
that the switching is deterministic, for the operation of the device. Without the field, there are
challenges that the device may not switch reliably.

[0105] FIG. 3B shows an optical microscopy image of a spin-orbit torque driven logic
device 300 with an integrated bias field line 340. This may allow the device to be self-contained
and compact. While not clearly shown in FIG. 3B, the device 300 may have a similar structore
as the device 200 (FIG. 24), 200b (FIG. 2B). The measurement or operation set-up for the
device 300 are also shown. There are respective bias tees for supplying input currents, similar
to FIG. ZA, and electrical contacts electrically coupled to the device 300, similar to FIG. ZB.
FIG. 3C shows a schematic diagram of a cross-sectional view of the device along line A-A
along the length of the top channel, illustrating the generation of a local Oersted field
(represented by the closed loop paths with arrows) due to current flows along the bias field

line 340. The field line 340 may be electrically isolated from the device 300 (or magnetic
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layer 342) by a passivation layer 344 (e.g., containing hafnium oxide, HfO2). The magnetic
layer 342 may be or may contain a perpendicular ferromagnetic layer (pFM). The magnetic
layer 342 may further include at least one heavy metal (HM) layer. The magnetic layer 342 may
include a multilayer stack having pFM with the bottom-most or top-most layer of the stack
being the HM layer, or having two HM layers sandwiching the pFM on the top and bottom.
[0106] Currents, Ir;, of opposite polarities may be supplied through the field line 340,
generating local Oersted fields of corresponding opposite polarities. For the top image of
FIG. 3C, the current through the field line, Ir;, is in a direction out of the page, while, for the
bottom image of FIG. 3C, the current through the field line, Irz, is in a direction into the page.
The local field experienced by the device 300 may be parallel or antiparallel to the current flow,
I, through the device 300 (see current, /, indicated through the magnetic layer 342 in FIG. 3C,
representing the write and/or read currents). By providing the bias field line 340, the bias field
(Oersted field) may be turned on and turned off, and the polarity of the field may be changed.
Turning off the bias field lets the magnetisation fully point in the “up” or “down” state,
allowing maximum anomalous Hall voltage read-out.

[0107] The field line 340 may be fabricated by depositing one or more conductive metals,
including but not limited to, copper (Cu), gold (Au), silver (Ag) or aluminium (Al). The field
line 340 may be patterned such that the Oersted field generated may be coaxial to the write and
read current directions, as shown in FIG. 3C. The Oersted field generated by the field line 340
may be local, and only the intended devices 300 may be subjected to it. A passivation layer 344
electrically isolates the field line 340 from the device 300. The proximity of the field line 340 to
the device 300 may be tuned by varying the thickness of the passivation layer 344, such that the
Oersted field generated for a given field line current, Irr, may be sufficient to provide
deterministic switching of the intended device 300, while leaving neighbouring devices
unperturbed.

[0108] In further embodiments, the multilayer stack of the device may be modified to cant or
skew the device magnetisation through exchange coupling with, for example, an
antiferromagnetic (AFM) layer or an in-plane ferromagnetic (iFM) layer. Such arrangements
may allow for field-free magnetisation switching. In other words, such embodiments may not
require a field (e.g., Oersted field) for operation. However, there are challenges in that the

exchange bias is added complexity to the multilayer stack that may be tuned, and that the
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exchange bias cannot be “turned off”, meaning that the magnetisation is always canted. Since
Vg is proportional to the amount of out-of-plane magnetisation, this may reduce the Vu
amplitude, since the exchange bias is always present and the magnetisation is always skewed.
Further, the direction of the exchange bias cannot be changed. Changing the direction will also
change the current-induced magnetisation switching direction.

[0109] FIG. 3D shows a schematic diagram for exchange bias of the perpendicularly-
magnetized ferromagnetic (pFM) layer with an antiferromagnetic (AFM) layer. An optional
spacer layer 347d is also shown. The canting or skewing of the device magnetisation may be
achieved through exchange coupling achieved by interfacing an AFM layer 345 with the pFM
layer 342d. The AFM layer 345 may include but not limited to one or more of IrMn (iridium
manganese), PtMn (platinum manganese), FeMn (iron manganese), PdMn (palladium
manganese), NiMn (nickel manganese) or NiO (nickel oxide). An optional spacer layer 347d
having a non-magnetic (NM) material (e.g., copper (Cu) or ruthernium (Ru) or tantalum (Ta))
may be sandwiched between the AFM layer 345 and the pFM layer 342d to tune the exchange
coupling strength between the AFM layer 345 and the pFM layer 342d.

[0110] FIG. 3E shows a schematic diagram for exchange coupling of the perpendicularly-
magnetized ferromagnetic (pFM) layer with an in-plane ferromagnetic (iFM) layer. An optional
spacer layer 347e is also shown. The canting or skewing of the device magnetisation may be
achieved through exchange coupling achieved by the addition of an iFM layer (e.g., NiFe
(nickel iron), Co (cobalt), CoFeB (cobalt-iron-boron)) 346 sharing a common interface with the
pFM layer 342e. An optional spacer layer 347e having a non-magnetic (NM) material
(e.g., copper (Cu) or ruthernium (Ru) or tantalum (Ta)) may be sandwiched between the iFM
layer 346 and the pFM layer 342e to tune the exchange coupling strength between the iFM
layer 346 and the pFM layer 342e.

[0111] The non-magnetic (NM) layers 347d, 347e are optional. As a non-limiting example,
ruthenium (Ru) may be used as a non-magnetic layer due to the RKKY (Ruderman—Kittel—
Kasuya—Yosida) coupling mechanism that allows ferro- and anti-ferromagnetic coupling based
on how thick the Ru layer is.

[0112] Exchange coupling works when neighbouring spins influence each other. Using FIG. 3E
as a non-limiting example, the pFM 342e is out-of-plane, while the iFM 346 is in-plane. The
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proximity of the spins (represented by the arrows therein) of the iFM 346 cause some of the
spins (represented by the arrows therein) of the pFM 342e to skew, as illustrated in FIG. 3E.
[0113] In further embodiments, the magnetic properties of a pFM layer 342f may be tuned
through voltage-controlled magnetic anisotropy (VCMA), as shown in FIG. 3F. In this
technique, a layer of dielectric 348 may be sandwiched between the pFM layer 342f and a gate
electrode 349. The dielectric layer 348 may include but not limited to one or more of hafnium
oxide (HfO3), manganese oxide (MgO), gadolinium oxide (Gd>O3), aluminium oxide (Al>O3),
titanium oxide (TiO3), or one or more ionic liquids. The gate electrode 349 may include but not
limited to one or more of Cu, Au, Ag or Al. The gate electrode 349 and the device (having the
pFM layer 342f) are electrically isolated by the dielectric 348. An electric field may be built up
in the dielectric 348 when a non-zero voltage, Vg, is applied such that the energy barrier EB
may be tuned and, consequently, the magnetic anisotropy of the pFM 342f may be increased or
decreased, as shown in FIG. 3G. A larger anisotropy makes it harder to switch between the up
and down spin states, while a smaller anisotropy makes it easier to switch between the up and
down spin states.

[0114] In various embodiment, a non-limiting example of the pFM multilayer film stack may
be composed of Pt(3)/Co(0.3)/[Pt(0.6)/Co(0.3)]3/Ta(3) (numbers in brackets indicate
thicknesses in nm) that may be sputter-deposited on Ta(3) seed on thermally grown SiO2
substrate, although such recipe is not so limited. In further embodiments, the pFM layer may
include cobalt-iron (CoFe) or cobalt-iron-boron (CoFeB) sandwiched by a magnesium
oxide (MgO) layer and a heavy metal (HM) layer. In further embodiments, the pFM layer may
include Pt/[Co/Ni], or Pt/[Co/Pt], where the subscript n is the number of multilayer repeats.
The multilayer stack of Ta/Pt/[Co/Pt]3/Co/Ta, as decribed above, is confirmed to be
perpendicularly magnetized as shown by the hysteresis loop measured while sweeping an out of
plane magnetic field as shown in FIG. 4A, where the square hysteresis loop shows good
perpendicular magnetic anisotropy. Generally for spin-orbit torque (SOT) operation, a HM
(e.g., Ta, Pt, W, etc.) may be required at least on one side of the stack. While HM may be used
on both sides of the stack, the materials are to be different (e.g., Pt/FM/Ta). Further, a HM may
be used on one side of the stack and a dielectric (which is neither magnetic nor conductive) on

the other side, e.g., Pt/FM/MgO or Ta/FM/MgO.
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[0115] Hall cross structures having a parallel pair of 5 um wide channels (e.g., 202, 203,
FIG. 2A) connected by a shared single Hall bar (e.g., 204, FIG. 2A) of about 2 um width may
be fabricated using electron beam lithography and Ar-ion milling techniques. The wire widths
for both channels and the Hall bars may be reduced to the nanometer (nm) regime, and operated
at the appropriate current densities, without or minimally affecting the general behaviour of the
device. Ti(5)/Cu(100)/Ru(5) electrodes (e.g., 232a, 232b, 232c, 232d, 232e, 232f, FIG. 2B) may
be deposited to provide contacts for current injection and Vg measurements.

[0116] For spin-orbit torque induced magnetisation switching, an external magnetic field
(e.g., provided by some larger magnets or electromagnets, where such field provides the
magnetisation canting/skewing) may be applied coaxial to the current direction for breaking the
switching symmetry. Bipolar switching may be achieved by changing the polarity of the write
current. When the field and current directions are parallel, the spin-orbit torque exerted by the
accumulated spins injected at the interface may switch the magnetisation from the down state to
the up state. When the field and current are anti-parallel, the magnetisation may be switched
from the up state to the down state. Here, “up” and “down” are arbitrary orientations to describe
the magnetisation states of the device. Shown in FIG. 4B is the cumulative Vy of the device
with various permutations of write pulse polarities applied through both nanowires
(corresponding to Channels 1, 2), and with the application of an external magnetic field. In
FIG. 4B, the notation “T” corresponds to a positive current polarity whereas the notation “F”
corresponds to a negative current polarity. For each pair of letters (e.g., TT, TF, FF, etc.), the
left-side letter corresponds to Channel 1 while the right-side letter corresponds to Channel 2.
Nevertheless, due to the symmetrical configuration, the left-side letter may instead correspond
to Channel 2 while the right-side letter may correspond to Channel 1. The Vg of the device is
measured for all four combinations of the directions of current pulses applied through the
nanowires (i.e., Channels 1, 2).

[0117] FIGS. 6A and 6B show Kerr microscopy images {obtained using, for example, the
MagVision Kerr microscopy system) for the device 600 of various embodiments for application
of write pulses of different polarities. The figures represent the magnetisation states across each
nanowire or magnetive element 602, 603 for (TF) and (FT) inputs, respectively. The arrows
indicate the direction of current flow of the input pulses I; (or J;) and > (or J2). FIG. 6A shows

the Kerr microscopy image of the device 600 when a positive pulse is applied through the top
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magnetive element 602 whereas a negative pulse is applied through the bottom magnetive
element 603. The dark contrast at the magnetive element 603 represents the magnetisation with
-Z-direction and the bright contrast at the magnetive element 602 represents the magnetisation
with +Z-direction (see FIGS. 2A and 3B for the Z-directions). FIG. 6B shows the Kerr
microscopy image of the device 600 when the polarity of the current pulses applied through two
magnetive elements 602, 603 are reversed, i.e., a negative pulse is applied through the top
magnetive element 602 whereas a positive pulse is applied through the bottom magnetive
element 603. If the subsequent read or probing currents through both magnetive elements 602,
603 flow parallel to each other, then Vg, at each magnetive elements 602, 603 are of opposite
polarities. This results in zero cumulative Vg across the Hall bar 604. However, if the read or
probing currents flow anti-parallel to each other, then Vx accumulates. It should be appreciated
that whether the “up” or “down” magnetisation state appears black (i.e., dark contrast) or white
(i.e., bright contrast) depends on the microscope settings. Only the relative changes can be seen.
[0118] There may be various modes of operation. As there are two sets of input information
that may be varied - the magnetisation states and/or the read currents may be varied - the logic
devices of various embodiments may be operated in two different modes as described in
TABLE 1. In each mode of operation, the logic gate is a fixed parameter that defines the
function of the logic device, such as AND, XOR, or NOR gates, while the logical inputs vary
between “true” and “false” permutations - TT, TF, FT, FF.

TABLE 1: Operating modes of the logic device. Modes I and 11 are defined by the varying

maguetisation states or write schemes, respectively.

Mude | Muaode i
Logic Gate Fised read scheme iy, Fixed magnetization states
fhved parameter) and gz iy and my
vical nputs arying magnatization darying read scheme iy
Logical Inputs Varying magnetization Yarying read scheme {g.y
fvarying parameter) states w1 and my and Ly

[0119] In mode I, the device logic gate functionality is determined by the read currents, 4,
and the magnetisation states m; and m2 may be varied. The logic functionality of the device

may be shown by performing current-driven SOT magnetisation switching in the presence of an
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externally applied field H. = 300 QOe, for example, provided by an electromagnet. The
magnetic field may completely immerse the device in a (uniform) magnetic field along the x-
direction (see FIGS. 2A and 3B for the x-direction). in a similar manner as illustrated in
FIG. 3A. A large electromagnet provides the field. In various embodiments, J,, may be varied to
vary #1,. By assuming a positive sy (referring to the spin Hall angle of the heavy metal (e.g., Pt
and Ta), which describes how much spin current can be generated due to the charge current
delivered, and is a property of the material) in the device multilayer stack disclosed herein, the

outcome of the magnetisation state at each channel junction may be summarised as:

Fo Hen O damg

Equation (1);

4

} 'ﬂ -H < O=—m R

Equation (2).
[0120] The logical inputs for the device are represented by Boolean “true” (T} or “false” (F),
corresponding to ./, = +1.5x107 A cm? through each channel n. FIG. 5 shows the Vi output
due to logical inputs TT, FF, TF, and FT for both polarities of H, of 300 Oe and -300 Oe. The
dashed line in the Vj output plot indicates a threshold that may be used to interpret the ternary
output of Vg = {-200, 0, +200} uV as a Boolean output by half rectification, represented by
respective regions 591, 592.

[0121] For H, = +300 Oe, logical inputs of TT and FF result in Vy = +200 yV and -200 uV,
respectively, while both logical inputs of TF and FT result in Vg = 0 uV. These results lead to
the truth table for logical AND. For H: = -30{ Oe, the Vu output for each combination of
logical inputs is negated, and the truth table of a NOR gate may be obtained. As discussed
herein, the cumulative Vg is due to the anomalous Hall voltages formed across each channel
junction (or each Hall cross). Due to the identical junction geometry and multilayer structure, as
well as the same write and read current amplitudes that result in the same magnetisation states
my and mp set at each junction, [Vg; | = Vg2l In mode I, the persistent device magnetisation
states may be switched, and the cutputs may be recovered by probing the logic devices using
the same read scheme. However, while operating in mode [ is possible, it may not be energy-
efficient to operate the device by repeatedly changing the magnetisation states.

[0122] Writing device magnetisation states repeatedly is energy-expensive. In mode 1, the
device magnetisation is the fixed quantity, and the read scheme may act as the logical inputs.
After writing the device magnetisation state once, different outputs may be achieved by varying

the logical read inputs.
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[0123] In the convention used herein, a positive write pulse corresponds to a true Boolean logic
input while a negative write pulse pulse corresponds to a false Boolean logic input. The device
of various embodiments may demonstrate four possible states due to the two inputs: (a) FF,
(b) TT, (c) FT, and (d) TF.

[0124] FIGS. 7A to 7D show Kerr microscopy images {(obtained using, for example, the
MagVision Kerr microscopy system) and truth tables corresponding to the operation of the
logic device of various embodiments. A pair of (in-situ) Kerr images and the corresponding
truth table are shown in each of FIGS. 7A to 7D. The polarity for each of the probe currents,
Lyrovet (01 Igc1) and Iprope2 (OT Igc2), corresponds to the Boolean logic, where positive polarity
corresponds to true (T) and negative polarity corresponds to false (F). In the Kerr images of
FIGS. 7A to 7D, a dark contrast is associated with the up state for the corresponding
magnetisation state while a light contrast is associated with the down state for the
corresponding magnetisation state.

[0125] For each device state (i.e., state of one junction (or one Hall cross)), the probing current
polarity is as shown in FIGS. 7A to 7D. A (T) input indicates true, with a positive current pulse
(for the probing current) applied through the corresponding nanowire, whereas an (F) input
indicates false, with a negative current pulse (for the probing current) applied instead. The write
current pulse width to each nanowire may be set at 1 ms, but may be made shorter due to the
intrinsically high speed of magnetisation switching as well as to reduce Joule heating.
Following each input pulse, simultaneous delivery of a dc probing current Iz (or Irope) = 200
pA through each nanowire may allow for the detection of Vg across the Hall bar. The dc
probing current may be of smaller amplitude (e.g., Iprove = 50 pA) and scales proportionally to
Vi (Vi = Iyrove X Ru). The devices demonstrate non-volatility as Vg and the state of the device
remain unperturbed during multiple measurement processes. Further, the device of various
embodimens may not or does not require resetting before performing logic functionality.

[0126] The in-situ differential Kerr images in FIGS. 74& to 7D show the four different logic
device magnetisation configurations (or logic device magnetic states) - up-up (FIG. 7A), up-
down (FIG. 7TB), down-up (FIG. 7C), and down-down (FIG. 7D) - where the dark (light)
contrast corresponds o the up (down) state at each junction, where “up” and “down” describe
the bistable magnetisation states. Outline of the logic device is shown for visval distinction

from the substrate.
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[0127] For each configuration, the probing inputs, Dyove1, Iprove2, permutate between TT (true-
true state), TF (true-false state), FT (false-true state), and FF (false-false state), where T and F
corresponds 0 +lprobe,n {£.2., 200 pA) and -Ipoven (e.8., -200 pA), respectively. Different logic
outputs may be achieved by writing with parallel and anti-parallel write currents, reading with
parallel and anti-parallel probing currents, followed by interpretation of the device output
(i.e., the anomalous Hall voltage, Vu). Interpretation may include using half- rectification or
full-rectification of the output (e.g., by setting a threshold as described above). The cutputs for
mode I are summarised in FIGS. 7A to 7D for all four permutations of the logic device
magnetisation states. As may be seen, processing to half-rectify (Vg > 0) or full-rectify (Vg
the outputs may be implemented to expand the range of logic to include NOR, XNOT, AND,
XOR, NIMP (Not-Implication}, and converse NIMF (Converse Not-Implication). Therefore, a
single logic device of various embodiments may perform multiple logic functions, including but
not limited to, AND, NOR, XNOR, XOR, NIMP and/or Converse NIMP, by changing the
polarity of the write current, and the probing current directions. When a magnetic field is used,
the direction of the magnetic field may also be changed.

[0128] As described above, the two modes describe which represents the logic gate: the
magnetisation state due to the write current, or the read current. Writing the magnetisation
states repeatedly is more energy consuming due to the larger current. By changing the input to
the read voltage, the device may still perform logical operations but at a lower power
consumption. The two modes described show how either the magnetisation state or the read
current as inputs may still yield logical functionality. A field (e.g., local Oersted field) may be
provided during the write process in either modes. No field is required if no changes to the
magnetisation state are required.

[0129] The techniques disclosed herein may enable on-the-fly reconfigurability by bias field
line. A method for localizing the necessary H,. to achieve deterministic switching with
switching chirality control may allow for selectively manipulating individual logic devices. The
term “deterministic switching” (in contrast to stochastic, being the opposite of deterministic)
describes the use of a field to enable reliable switching. Without the field, there are challenges
that it may not switch unpredictably due to Joule heating. As decribed above and as shown in
FIGS. 3B and 3C, a bias field line 340 that is electrically isolated from the device by a

dielectric 344 may generate a large enough Oersted field for magnetisation switching, omitting
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the need for an externally applied field. As a non-limiting example, the dielectric 344 used may
be 200 nm of HfO; sputtered over a rectangular region, sufficient for electrically isolating the
device from the subsequent patterning and deposition of a bias field line 340 having
Ti (5)/Cu (150)/Ta (5). The bias field line 340 may be fabricated such that the Oersted field
generated along the device channels may be coaxial to J, and the field may not be capable of
switching the perpendicularly magnetized states independently. The direction and amplitude of
the Oersted field may be tuned by changing the magnitude and polarity of the current Ir;
running through it. This may offer an on-chip solution to field generation that is local to each
device, allowing for reconfigurability without perturbing neighboring devices. The resultant
device may have polymorphic logic functionality, meaning that a single device can be
transformed to represent one of several possible logic devices. Referring to FIG. 3C, by
changing the polarity of Irz, the Oersted field along the device channels may be switched
between +* direction and -¥ direction.

[0130] A non-limiting example of the logic functionality of the logic device with the integrated
bias field line is as described below. First, 30 mA may be applied through the bias field
line 340. Then, write current pulses of J = =1.5 x 10’ A cm™ may be delivered through each
channel in the four possible permutations. The current flowing through /r;, may be turned off
after the write procedure, and i = 100 pA may be delivered through the channels to probe the
magnetisation state of the logic device between each set of write current pulses. The additional
energy expense for the bias field generation for each write operation is estimated to be under
1 nJ for a 10 Q field line of equivalent 100 ns pulse. Inputs may be supplied as described above,
and current through the bias field line 340 may be provided by a second source measure unit
(e.g., Keithley 2400). For integrated bias field operation, the device may be situated away from
external magnetic field sources. FIG. 8 shows the results for Vz (Hall voltage) for
corresponding inputs of 7z (field line current), .J;, and J» (write currents), illustrating the
measurement results for the device output for the same series of write input parameters at Irr =
30 mA and Iz = -30 mA. In the device of various embodiments, the magnetisation state may
not or does not require initialization. Initialization is a process in which a device needs to be
reset to a certain state before writing can occur, which the device of various embodiments may

not or does not need for either modes I or II. Initialization is not preferred because it means an
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added process every time one needs to set the device to a new state, which in turn means extra
time and extra energy expense.

[0131] By wutilising a field line {e.g., 340, FIG. 3B), a field line assisted reconfigurable spin-
orbit torgue logic may be provided. To compare between the externally applied electromagnet
field and the local Oersted field assisted current induced magnetisation switching (CIMS), the

AR

. AV, = VY — ¥
change in the anomalous Hall voltage 2" ™ Y& 7 Y& may be measured for both methods. Here,

SIS

“#  represents the anomalous Hall voltage at the up{down) states achieved by CIMS. The
range of fr is from -150 mA to +150 mA, while the externally applied electromagnetic field
range is from -12000e to +12000e. A simulation software {e.g., COMSOL) may be used to
obtain the Oersted field due to [y through the field line, with the parameters and dimensions

taken from fabrication and measurements. FIG. 9A shows a plot corresponding to comparison

of &% = Vg - Vi between electromagnetic field (see curve 960) and field line (see curve 962)
assisted CIMS. The inset shows Vg for a series of up and down states by CIMS with an external
field Hy = 245 Oe and for Ir; = -30mA. The device shows similar behavior as achieved with an
externally applied magnetic field, and the bias field line provides the same necessary magnetic
field for magnetisation canting with the added feature of allowing individual device
programming.

[0132] The curves 960, 962 are similar, except for the shallower gradient at the low-field linear
region and where {{rd} < 30 m4, as well as reduced AVy in devices with the integrated field line.
This may be attributed to thermal effects due to IE;,_, as well as the field line not generating a
local Oersted field purely coaxial to the x-axis. This may be seen in FIG. 9B, where it may be
observed that there is thermally induced reduction in coercivity at larger amplitudes of Ipr
regardless of polarity, indicating thermal effects from current through the field line. The slight
center shift in hysteresis with [rz at about 0.2 Oe/A indicates a non-zero out-of-plane (OGOP)
field contribution due to Iz being present, as shown in FIG. 9C, and likely due to uneven film
growth when the field line and passivation are overlaid on the device. However, these issues do
not critically impact the performance of the logic device as the Vy signal-to-noise ratio is large
and distinguishable. As such, the non-zero OOP field due to Jrr moay not or does not affect the

device functionality.
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[0133] A compact model of a reconfigurable spin orbit torque logic device may be as described
below. A half-adder may be demonstrated by constructing a SPICE-compatible compact model
of the device of various embodiments, the model being realised using a modular approach. In
this formalism, different spintronic phenomena are represented by elemental circuit modules,
which may then be combined to model device behavior.

[0134] Three pieces of device physics may be necessary for the modelling of each of the
multilayer Hall cross device: i) charge to spin conversion by the spin Hall effect (SHE),
ii) magnetisation dynamics governed by the Landau-Lifshitz-Gilbert (LLG) equation, and
iii) magnetisation state readout by the anomalous Hall effect (AHE). The circuit models of
these three phenomena are shown in FIGS. 10A to 10C, with their modular representations
being shown under their respective circuit representations.

[0135] FIG. 10A shows the SHE circuit model 1080 and is equivalent to solving the charge and
spin diffusion equations together with the generalised Ohm’s law used to quantify spin Hall
phenomena. The SHE circuit 1080 is represented by a coupled charge circuit 1081 which
models the motion of charge current in the longitudinal direction and a spin circuit 1082 which
models the motion of spin current in the transverse direction. The two circuits 1081, 1082 are
coupled by current sources, which represent conversion between charge and spin currents via
the SHE and the inverse spin Hall effect (ISHE). The charge circuit 1081 between the
terminals 1c and 2c contains a series conductance Go and two current sources Ip. which
represent spin-to-charge conversion via the inverse spin Hall effect (ISHE). The spin
circuit 1082 between the terminals 3y and 4y includes a series conductance Gy, shunt
conductances Gy, which represent spin current attenuation via spin-flip processes, and current
sources loy which represent charge to spin conversion by the SHE.

[0136] FIG. 10B shows a model 1083 having capacitor-current source circuits 1084a, 1084b,
1084c which represent the LLG equation. Magnetisation components m, my, and m, are
represented as node voltages.

[0137] The LLG equation may be defined as

i div  yh

T = gt X Hyy w00 X e X (R 1Y
dt gt MV Equation (3),

where # is the unit magnetisation, Heff is the effective field which includes external field and

uniaxial anisotropy field terms, « is the Gilbert damping coefficient, ¥ is the gyromagnetic
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ratio, M; is the saturation magnetisation of the ferromagnetic (FM) layer and V is its volume, o
refers to the vacuum permeability, and /4 refers to the reduced Planck's constant. The vector
triple product on the right-hand side is the damping-like (DL) torque caused by an incident pure
spin current of magnitude I, and polarization ¥. The corresponding circuit model 1083 in FIG.
10B includes capacitor-current source circuits 1084a, 1084b, 1084c where the node voltage
single domain ferromagnet in accordance with Equation (3).

[0138] FIG. 10C shows a voltage source circuit representation of the AHE 1085 where
Vare < IcM,. The AHE 1085 is represented by a voltage source 1086. The anomalous Hall

voltage, Vaug, generated due to small read current /. may be given by the following:

e Equation (4),
where R, is the anomalous Hall coefficient, M, is the saturation magnetisation of the FM layer,
and fry is its thickness. As Vapr & m:l., the transverse voltage generated by the AHE has a
polarity determined by the sign of s, for a given read current .. This allows for the simulation
of magnetisation state read-out within a circuit simulator. The derivation of Eguation (4)
(i.e., the Anomalous Hall Effect (AHE) generated voltage Vamg) may be done as described
below.
[0139] Consider a bilayer system 1190 with a normal metal (NM) layer 1191 and a
ferromagnetic (FM) layer 1192 with perpendicular magnetic anisotropy (PMA), as shown in
FIG. 11. Charge current /. is injected to both the NM layer 1191 and the FM layer 1192. The
anomalous Hall effect (AHE) generates a transverse voltage Vags © m,f. which may be used to
readout the magnetisation state. The transverse conductivity of the system 1190 may be given
by

Py = RoHe+ R:M; Equation (5),
where Rp and R; are coefficients for the Classical Hall Effect (CHE) and the AHE respectively.
In the system above, there is no external magnetic field applied, i.e., H, = 0, and the injected
charge current is a small probing current which does not perturb the magnetisation. Hence,
Equation (5) reduces to

Dpy = R M,

oy

Equation (6),

where M, = Msm; and M, is the saturation magnetisation.
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[0140] Next, an electric field pointing in the y direction due to a charge current density flowing
in the x direction may be considered:

By = Pyads Equation (7).
[0141] The current density is then converted to a current by multiplying and dividing the RHS
(right hand side) of Equation (7) with the cross-sectional area of the FM layer 1192, a = wtru.

Also, Pva = Py just as in the CHE. Equation (8) may be obtained.

— Equation (8).

[0142] It is then assumed that the electric field Ey is constant along the y-direction. It may
therefore be written as the potential difference of the transverse terminals divided by w. The
transverse potential difference would be given by the AHE generated voltage with respect to

ground, in accordance with FIG. 11. Equation (9) may be obtained.

HOY L —Vape—H)

8y B Equation (9).

%3]

v

[0143] Equations (6) and (9) may then be substituted into Equation (8), leading to
Equations (10) and (11) below.

Vs H Mo

: : <
W Wieae Equation (10),

oM,
fagr = Mg,

Yrns Equation (11).

[0144] Equations (10) and (11) show that Ysze o m.l., which reflects that the polarity of the
AHE generated voltage depends on whether m; > 0 or m; < 0 for a given charge current
injection /..

[0145] Referring back to FIGS. 10A to 10C, the SHE module 1080 accepts charge current
inputs through its 1c and Zc terminals and outputs y-polarized spin current through its 3y and 4y
terminals. The LLG module 1083 accepts spin current i, and the external field Hes as inputs,
and outputs the unit magnetisation 8. The AHE module 1085 accepts m. and the charge current
flowing through the FM layer as inputs and outputs the transverse voltage Vapr according to
Eqguation {4).

[0146] The three modules 1080, 1083, 1085 may be used to construct a compact model 1088 of

the (multilayer) Hall cross device of various embodiments, as shown in FIG. 10D. Parameters
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used for the compact model are shown in FIG. 12 illustrating the material and geometric
parameters for each module.

[0147] As described herein, the device may include a Ta (5)/Pt (3)/[Co (0.6)/
Pt (0.6)]3/Co (0.6)/Ta (5) multilayer stack. The HM layers may be modelled using the SHE
module 1080 while the FM layer may be modelled using the LLG module 1083 and resistance
Rry. Therefore, the Ta and Pt layers may be modelled respectively as "Tantalum SHE"
modules 1080a and "Platinum SHE" module 1080b, while the [Co/Pt]3/Co multilayer may be
approximated as a bulk FM layer with perpendicular anisotropy, and modelled using the LLG
module 1083 with charge current resistance Kri. The SHE modules 1080a, 1080b and Rz are
connected in parallel to approximate the current flow through the HM and FM layers. Upon

passing a charge current between terminals 1 and 2, the HM layers generate a spin current

which is then fed to the LLG module 1083 via the spin current line 1087. An external field Hoe
may also be specified and passed to the LLG module 1083 as an input. The LLG module 1083
module 1083 as well as the charge current flowing through the FM layer Iry (or 1) may then be
supplied as inputs to the AHE module 1085. The AHE module 1085 may then generate, as an
output, a transverse voltage Vagr based on Equation (4), which may be measured using nodes 3
and 4. The compact model 1088 schematic in FIG. 10D may be treated as a subcircuit with four
nodes, representing a single Hall cross in which charge current may be passed between nodes 1
and 2. This charge current may be used to write magnetisation states via torque resulting from
SHE or to sense magnetisation states by measuring the voltage due to AHE across nodes 3
and 4.

[0148] A half-adder circuit 1070 may be constructed as shown in FIG. 10E. The circuit 1070
may include two logic devices 1071a, 1071b. Each logic device 1071a, 1071b may be defined
or modelled by two Hall crosses - first/upper cross 1006a, 1006¢ and second/lower cross 1006b,
1006d - with their AHE voltage sources arranged in series with each other. The two logic
devices 1071a, 1071b may have magnetisation configurations and rectification circuits (full
rectification circuit 1074, half rectification circuit 1076) that yield the logical outputs of an
XOR gate and an AND gate respectively. The arrows in the Hall crosses 1006a, 1006b, 1006c,
1006d represent the magnetisation state of the Hall crosses 1006a, 1006b, 1006¢, 1006d, where
an 7 indicates m; > 0 and | indicates m; < 0. The half-adder circuit 1070 may include an XOR
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gate and an AND gate defined by the magnetisation states of each logic device 1071a, 1071b in
accordance with operating mode II. Current sources are wired to the devices 1071a, 1071b. The
two logic devices 1071a, 1071b are connected in series, such that the current inputs (e.g., input
current pulses) /1 and I» are concurrently delivered across the upper and lower Hall
crosses 1006a, 1006b, 1006¢c, 1006d of each logic device 1071a, 1071b, respectively. The
correlation between the compact model 1088 (FIG. 10D) to the symbolic representation of
FIG. 10E is indicated by the dashed box for the Hall cross 1006a.

[0149] In the arrangement shown in FIG. 10E, the logical inputs to both devices 1071a, 1071b
are read current pulses and the logical outputs are rectified AHE voltages. The XOR and AND
gates generate the SUM and CARRY outputs, respectively. In order to obtain the correct logic
functionality, the two devices 1071a, 1071b may be set to the correct magnetisation
configurations. Logic device 1 1071a may be initialised with its upper Hall cross 1006a in the
“down” (m; < 0) state and its lower Hall cross 1006b in the “up” (m.; > 0) state. The total
transverse AHE voltage generated by logic device 1 1071a may then undergo amplification and
full-wave rectification, via circuit 1074, in order to obtain the correct logical output. Similarly,
logic device 2 1071b may be initialised with both Hall crosses 1006¢c, 1006d in the “up” state
and its total transverse AHE voltage may undergo amplification and half-wave rectification, via
circuit 1076.

[0150] Referring to FIG. 10F, the half-adder functionality may be carried out by cycling
through the four possible logical input combinations. Logical inputs are delivered by /1 and I»
as exponential pulses with 3 ns pulse widths and 1 mA pulse amplitudes. The positive pulses
are interpreted as logical 1s and the negative pulses are interpreted as logical 0s. The SUM and
CARRY outputs are shown in the two bottom panels of FIG. 10F. The output voltages close to
zero are interpreted as logical 0 and the positive voltages are interpreted as logical 1. Hence, it
may be observed that the circuit 1070 of FIG. 10E functions as a half-adder.

[0151] The logic devices of various embodiments may be used as elements in larger systems
with other applications. Also, as each device may be reconfigured by magnetisation switching,
the design shown in FIG. 10E may be made more flexible by adding a suitable multiplexer
between the Hall cross devices 1006a, 1006b, 1006¢, 1006d and the rectification circuits 1074,
1076. Such a design may expand the functionality of the circuit shown in FIG. 10E and may

allow for greater flexibility during operation.
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[0152] As described above, various embodiments may provide a magnetic logic device of
perpendicular magnetisation, having two channels (nanowires) connected by a perpendicular
Hall bar. In a write operation, a respective write current (e.g., J1, J2) may be provided to each
channel. Different polarities of each respective write current may be provided for switching the
magnetisation state of the respective channel between the “up” and “down” state. In a read
operation, a respective read or probe current (e.g., Iprobe,1, Iprobe,2) may be provided to each
channel. Different polarities of each respective read current may be provided to the respective
channel. An anomalous Hall voltage, Vg, is generated across the Hall bar, as an output. Vg is
dependent on the read currents and the magnetisation states of the two channels. In all devices,
a method to cant or skew the magnetisation may be required, only for the write operation, for
switching the magnetisation of the relevant channel from “up” to “down”, or vice versa. This
method may be one of (i) Technique A: a field-associated method (e.g., an external magnetic
field provided by an electromagnet, or a local Oersted field provided via a bias field line), or (ii)
Technique B: a field-free method (e.g., exchange coupling with an AFM or iFM layer, or via
voltage-controlled magnetic anisotropy (VCMA)). Techniques A and B may define means for
skewing the magnetisation state of each of the two channels (nanowires) away from the
perpendicular easy axis.

[0153] When using the Technique A, during the write process, the magnetisation of the relevant
channel may be switched between “up” and “down” depending on the polarity/direction of the
write current and the direction of the field. In all devices, during mode I operation, for the
device to perform different logic functionalities, the read currents are fixed, and the polarities of
the write currents are varied, which, together with the method to cant or skew the
magnetisation, lead to switching the magnetisation states from “up” to “down”, or vice versa.
During mode 1 operation, when using Technique A, it is possible to vary the polarities of the
write currents and/or the direction of the field to switch the magnetisation states. During mode 1
operation, when using Technique B, it is possible to vary only the polarities of the write
currents to switch the magnetisation states. In all devices, during mode II operation and when
using either Technique A or Technique B, for the device to perform different logic
functionalities, the magnetisation states are maintained, and the polarities of the read currents

EEXT)

are varied. The magnetisation states are fixed by being “written”" once via the write process in

combination with either Technique A or Technique B.
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[0154] The device of various embodiments is capable of reconfigurability - the device may
switch to operate as one of the following logic gates: NOR, XNOR, AND, XOR, NIMP, and
Converse NIMP - by exploiting the effect of magnetisation switching due to the polarity of the
field applied and read current direction, and interpretation of the magnetisation state due to the
write current direction. The device input may either be due to i) write current, in which
magnetisation states are varied, or ii) read current, in which read current is varied. Thresholds
along with half-rectification or full-rectification may be used to achieve different read-outs for
the logic functionalities described herein.

[0155] As described herein, various embodiments may provide a reconfigurable spin-orbit
torque driven logic device, including, for example, a reconfigurable spin-orbit torque driven
logic device with an integrated bias field line. The performance of the logic device is similar
with respect to an external magnetic field generated by an electromagnet, and to a local Oersted
field by an integrated bias field line for each logic device, demonstrating the viability of locally
controlling the parameters for magnetisation switching for each device. The locally generated
bias field may enable chirality control of the current-induced magnetisation switching, allowing
the device to perform various logic gate functions. The device may logically output AND,
NOR, XNOR, XOR, NIMP, and converse NIMP, using either of two operating modes. The first
mode (mode I) may be write- and energy-intensive, and may be useful for applications
requiring the encoding of data for long term memory storage. The second mode (mode II) may
be more energy-conservative, where the device states that determine the logic gate function are
written once. A compact model of the logic device may be used to demonstrate the logic
functionality for half-adder operations. As described, mode II has been demonstrated in a
SPICE-compatible compact modelling of the logic in a half-adder application. Spintronic-based
computation by SOT switching according to the techniques disclosed herein has the potential to
lead to low power and high speed spintronic circuits logic and computation.

[0156] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various changes in
form and detail may be made therein without departing from the spirit and scope of the
invention as defined by the appended claims. The scope of the invention is thus indicated by the
appended claims and all changes which come within the meaning and range of equivalency of

the claims are therefore intended to be embraced.
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