Nanoscale
Advances

rsc.li/nanoscale-advances

101001

B g
-«

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2516-0230

PAPER

Rawana Yagan, Mehmet C. Onbasli et al.

Universal skyrmion logic gates and circuits based on
antiferromagnetically coupled skyrmions without a
topological Hall effect

Volume 6

Number 24

21 December 2024
Pages 6031-6434

E\ NCNST




#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Universal skyrmion logic gates and circuits based
on antiferromagnetically coupled skyrmions
without a topological Hall effect

{ ") Check for updates ‘

Cite this: Nanoscale Adv., 2024, 6,
6142

*ab

Rawana Yagan, (2*@ Arash Mousavi Cheghabouri 22 and Mehmet C. Onbasli

Nanoscale skyrmions are spin-based quasiparticles that are promising for nonvolatile logic applications.
However, the presence of the skyrmion Hall effect (SKHE) in ferromagnetic skyrmions limits their
performance in logic devices. Here, we present a detailed micromagnetic modeling study on low-energy
skyrmion logic gate circuits based on skyrmions in synthetic antiferromagnetically coupled (SAF) metallic
ferromagnetic layers to eliminate the SKkHE while reducing current requirements. First, we demonstrate
the functionalities of the SAF skyrmion logic inverter gate and other Boolean gates such as NOR, OR,
AND, and NAND using the inverter gate block and show the improved performance over their
ferromagnetic skyrmion gate counterparts. We analyzed the operation and energy consumption at
different stages of the SAF skyrmion logic operation and found that the SAF gates can operate at lower

current densities. We designed a multiplexer circuit as a test case and obtained a fast response and low
Received 26th August 2024 Joule heating. The skyrmi tion through the gates is shown to be stable and efficient in different
Accepted 25th October 2024 oule heating. The skyrmion motion throug e gates is shown to be stable and efficient in differen
regions, and cascading the gates creates longer linear motion without the unwanted transverse SkHE.

DOI: 10.1039/d4na00706a Overall, the results indicate the feasibility of antiferromagnetically coupled skyrmions for low-energy
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Introduction

Skyrmion-based devices have shown promise in achieving fast
response, non-volatile, ultra-low power logic, and memory
systems. Topologically protected skyrmions are nanoscale spin-
based quasiparticles that can be moved, generated, and
destroyed using a current or magnetic field. These make them
advantageous building blocks for logic and data storage appli-
cations' and neuromorphic computing.” Current-induced
motion is one of the promising approaches for moving sky-
rmions through ferromagnetic materials and in racetrack
memories®* via spin-transfer torques (STTs), which result from
applying spin-polarized currents.>® Previous studies used FM
skyrmions to investigate magnetic skyrmion-based devices with
high speeds and minimal energy consumption.®** Although
shown to offer high velocities in theory, the presence of the
topological Hall effect or the skyrmion Hall effect (SKHE),'>*?
limits the FM skyrmion performance and its velocity when
driven by current pulses in racetracks in memory or logic
devices. For information processing, the current-driven trans-
verse motion of skyrmions in a nano track is called SkHE, and
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logic with improved performance over ferromagnetic skyrmionics.

this effect prevents the lateral movement of skyrmions during
subsequent logic gate operations. Thus, to design any
skyrmion-based digital logic device application and use the
merits of skyrmions for logic applications, SKHE must be
eliminated by establishing an appropriate balance for forces or
torques acting on a current-driven skyrmion.

Previous research relied on tweaking the STT-driven motion
in their micromagnetic models by balancing the field-like and
damping-like torque perfectors to drive FM skyrmion in a lateral
trajectory with no transverse displacement.'»*> Others studied
theoretical models of enhancing the material properties of the
boundary of the track at the edges'®'® or by creating track-
assisted walls™ and predefined skyrmion to track with ratios*
to prevent the skyrmion from being destroyed at the track
edges. However, realistically, FM skyrmions suffer from insta-
bility in linear nanotracks that causes loss of information,>
requiring the realization of the design of such structures with
higher complexity of logic and memory devices. The challenge
of identifying magnetic thin films and multilayer structures that
can host stable skyrmions and can be manipulated by electrical
currents at room temperatures with low densities has been
identified as a key issue in skyrmion-based logic devices. In
addition, issues still lie ahead in balancing the trade-off
between low energy consumption and high switching speed in
gate processing and providing skyrmion with lower radii to
downscale these skyrmion devices for higher information
density.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Previously, we showed using micromagnetic models that FM
skyrmion logic gates and circuits can be designed using current-
driven geometries that use domain walls to gate skyrmion
motion.*** In that study, we used mirror symmetry breaking of
vertical in-plane tracks to convert incoming logic skyrmion bits
into domain walls, which act as gatekeepers against probing
skyrmions. These probing skyrmions essentially act as clock
signals regarding microelectronic circuit design. Those circuits
could shrink logic operations significantly into nanometer-
square areas. Still, one major shortcoming is the skyrmion
Hall effect or topological Hall effect, which is the in-plane
transverse deflection of skyrmions due to Magnus force while
being current-driven along in-plane longitudinal direction. This
shortcoming may prevent cascadable circuits that carry out
larger-scale logic operations. Thus, the Magnus force must be
compensated to ensure that skyrmions do not deflect for
a broad window of material, geometry, and external drive
parameters.”>* Antiferromagnetic** and ferrimagnetic*® mate-
rials possess such properties. However, few experimental
observations of skyrmions at room temperature have been
reported.

To solve the skyrmion Hall effect problem, synthetic anti-
ferromagnetically coupled (SAF) ferromagnetic multilayers
might help minimize the Magnus force. Skyrmions are stabi-
lized in SAF ferromagnetic multilayers both theoretically**?®
and experimentally.””*®* These quasiparticles offer enhanced
static stability and improved dynamic motion characteristics
compared to skyrmions in FM-based devices with the absence
of SKHE. These skyrmions can provide guided motion due to the
absence of the Magnus force fundamentally present in FM
skyrmion longitudinal tracks. In the SAF layers, we modeled in
ref. 25, FM skyrmion pair existing with opposite topological
charge signs in top and bottom interfaces couple antiferro-
magnetically through the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interlayer exchange interaction® that is mediated via
the sandwiched non-magnetic (NM) spacer layer.

Due to the strong coupling of skyrmions along the two
interfaces, SAF multilayers provide current-driven stability to
the skyrmion pair in such a way as to improve its velocity and
establish an adiabatic drive while using lower current densi-
ties.”® These models show that stable skyrmions can be driven at
current densities several orders of magnitude lower than those
required by FM skyrmions to reach velocities in a couple of
hundred m s™'. External fields have been found to affect the
coupling strength between SAF skyrmion pairs. This achieve-
ment enables the design of SAF skyrmion logic devices with low
energy consumption, low drive current densities, high skyrmion
velocity, and no transverse displacements.

Very few models on SAF skyrmion-based devices®**** have
been shown previously to perform any logic operations. Hence,
we highlight the need to investigate the performance and
switching time of such promising systems in SAF configuration
and under external bias conditions for functional logic gates
and circuits. Based on our previous study conducted on sky-
rmions in SAF multilayers and comparing with the existing FM
skyrmion and DW systems, five distinct features of SAF sky-
rmions in racetrack memory and logic devices emerge: (i) with

30~

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

the absence of the SKHE, SAF skyrmions can move along the
spin-polarized current direction in a straight line. (ii) As the net
magnetization of skyrmion is zero, it can endure magnetic
perturbations with considerable robustness. (iii) Spin currents
can push SAF skyrmions at greater velocities than FM sky-
rmions and the domain walls*” with up to 3 orders of magnitude
lower current densities, further reducing the Joule heating
effects. (iv) SAF-skyrmion-based logic gates can simplify the
driving mode of devices, reduce energy consumption, increase
the speed of skyrmion motion, and expand the variety of logic
functions. (v) They show thermal stability, strong coupling
against external magnetic fields, and large current densities due
to the strong AFM coupling in the RKKY constant Ji,.>*>"373¢

In this study, we use micromagnetic models and the merits
of SAF skyrmions to design SAF logic gate devices and circuits
that could be cascaded for the feasible operation of arbitrarily
large circuits and Boolean operations. We focus our investiga-
tion in this paper on the features of SAF skyrmions in logic
applications and provide a model based on SAF multilayers® for
FM skyrmion logic gates from the micromagnetic model of the
logic inverter gate for the [Co/Pt] bilayer® and redesign the FM
micromagnetic continuum model to present the case of the
skyrmion pair in SAF multilayers. The MuMax3 and post-
processing scripts are published as a GitHub repository under
the project name “SAF-Logic”.%”

The operation of many skyrmion-based logic devices
consists of skyrmion generation, initialization, skyrmion-based
transfer, manipulation techniques, and final output reading
and processing. Skyrmions can be generated using local spin-
polarized current pulses injection,***° magnetic fields,"
optical pulses,”” and current-assisted generation through
nanoscale constrictions.”*** Most of the processes involved in
these logic gates and computational structures are based on the
skyrmions alone as information carriers**® or the dynamics of
skyrmions and DW in nanotracks.>** Some of these processes
concerning the latter method include the reversible conversion
and the collision between the skyrmion and the domain
wall,***” skyrmion-skyrmion, and skyrmion-edge repulsion.*®
In this paper, we will adapt the FM skyrmion-based logic blocks
presented in the previous work in ref. 6 and in ref. 22 into the
SAF skyrmion system based on the domain wall-gated skyrmion
logic.*** These models show an all-skyrmion inverter logic that
demonstrates the capability for asynchronous, low nanosecond
delay, thermally robust, low-power, high-bandwidth, and scal-
able systems as compared to other methods such as voltage-
gated logic*** and skyrmion-skyrmion logic.>*

In the following sections, we present simulation models and
the SAF skyrmion logic inverter gate operation by describing the
different physics and interactions involved, which show that it
offers better performance characteristics than the FM skyrmion
case. We study the performance parameters of these SAF sky-
rmionic gates in terms of velocity response to applied current
density J and output delivery within the desired application time
with minimum latencies. Using current-driven skyrmion motion
via spin-orbit torques, skyrmion edge repulsion, skyrmion-DW
pair conversion, and collision in the SAF multilayer structure, we
show the operation of the SAF skyrmion logic inverter block. We
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then implement and expand the functionality of the inverter gate
to construct logic OR, NOR, AND, and NAND operations using
the inverter block as the basic element constituting these gates.
These Boolean operations are demonstrated for skyrmion-based
input and probe signals that allow for the desired output by
cascading and rotating the inverter blocks. As a demonstration,
we show the design and operation of an SAF skyrmion-based
digital multiplexer circuit. We aim to show that SAF-based sky-
rmion logic can pave the way for realizing such logic gate designs
with minimum power consumption, improved response, and
higher switching speeds.

Micromagnetic model of SAF logic
gates

SAF multilayers and heterostructures have been proposed to
improve skyrmion stability and mobility by eliminating the
SKHE. In this paper, we show and evaluate the functionality of
the SAF skyrmion-based logic gates using micromagnetic
modeling adapted from ref. 6 and 14 for the FM-based skyrmion
logic and computational gates. Source codes, videos, and
sample data of the different logic gates and circuits are available
at the GitHub link.%”

The structure shown in Fig. 1(a) is the simulated inverter
gate in MuMax3 micromagnetic solver,”* where the magnetiza-
tion dynamics are controlled by the modified Landau-Lifshitz—
Gilbert (LLG) equation with the additional spin-orbit torque
(SOT) term (see equation in ESI S17), that includes the applied
current density (/). The dimensions of the inverter gate are
provided in ESI Fig. S1,7 where the mesh size issetto1 x 1 x 1
nm®. The material parameters used in the simulations for SAF
multilayers (FM/NM/FM) are adopted from the (W/Co/CoFeB/Ir/
Co/CoFeB/Pt) SAF coupled multilayers through the Ir spacer
layer in ref. 27 for each 1 nm FM layer. They are as follows:
saturation magnetization (M, = 954 x 10° A m ™', interfacial
Dzyaloshinskii-Moriya constant (Dj,g) = 2.0 x 107° ] m 2
uniaxial anisotropy constant (K,) = 0.85 x 10° ] m >, along the
z-direction, Heisenberg exchange (4) = 10 x 10" J m™*, and
Gilbert damping («) = 0.1. In ref. 25 a detailed study of the
stability and dynamic response of the SAF skyrmion pair
showed that these skyrmions can be driven by SOT current
densities with greater stability and improved linear velocity.
This is due to the absence of the Magnus force (total topological
charge equal to zero), eliminating the SKHE present in FM
skyrmion long nanowires. The spin-Hall angle is 0.25, and the
SOT parameter pair (x, 4) is (—2, 1). The large spin Hall angle for
the SAF multilayers allows for utilizing low current densities
applied through the SOT method (current perpendicular to the
plane method described in ESI S1t). The interlayer exchange
coupling between the top and bottom skyrmions mediated
through the Ir layer (see schematic Fig. 1(a)) is governed by the
antiferromagnetic (AFM) exchange constant Ji,. = —0.26 x 10~°
J m~2. This antiferromagnetic coupling is known as the RKKY
interaction, electronically mediated through the spacer (NM)
layer.>*

6144 | Nanoscale Adv, 2024, 6, 6142-6153
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We used a larger value for the coefficient Ji,; than the one
used in ref. 25 to make sure that the coupling between the SAF
skyrmion pairs is strong enough to withstand the deliberately
induced geometrical effects and the track width changes along
the traveled path of the SAF skyrmion, which increases the
energy barrier imposed on the AFM coupled skyrmions. The
SOT current was applied to the inverter gate's horizontal and
vertical channels in a current perpendicular-to-plane (CPP)
configuration. The current densities were modified in accor-
dance with the timed plots in Fig. 1(b) when the skyrmion/DW
pair approached the different stages in its path. In the region
where demagnetizing fields were sufficient to form an energy
barrier that prevented these magnetic features from traveling in
the direction of the applied spin current, these current levels
were increased.

Prior to executing the gate operation in the simulation, SAF
skyrmion pairs (each of which is of the Néel type, with cores
magnetized in opposition to one another) were formed on the
layer interfaces and relaxed in the constructed geometry for
both gates. The skyrmion and DW pair conversion occurs for
both interfaces across the gate layers. This conversion demon-
strates that the DW pair and the skyrmion have a Néel config-
uration. Within the SAF bilayer, we demonstrate that the
skyrmion pair can traverse the inverter gate channels at high
velocities when driven by spin current density (/). This charac-
teristic proves beneficial in simplifying the operation of devices
based on skyrmion technology. The logic gates examined in this
study are operated by the utilization of current-driven skyrmion
motion within restricted geometries, DW pair pinning and
expansion, and interaction between skyrmion-DW pairs. In the
subsequent section, we will examine the operation and perfor-
mance of the SAF Skyrmion Inverter, as well as the cascaded
AND, NAND, OR, and NOR gates, and digital multiplexer circuit.

Inverter block (basic building block)

In the inverter block scheme depicted in Fig. 1, two distinct
types of skyrmion signals are utilized: probing and input
signals. In stage 1, the SAF skyrmion is first created and then
driven by applying J = 1.25 x 10" A m™? in the horizontal
channel for 2 ns. The input signal skyrmion is initialized in
stage 2 in this process as the signal bit 1 and is transferred
through the vertical channel until it reaches the narrow
channel. During stage 3, applying the previous high current
value will cause the skyrmion pair to decouple and lose its
stability as it enters the narrow channel. Therefore, in this step,
we decrease J to 0.9 x 10 A m™? to facilitate a smooth tran-
sition from the SAF skyrmion state to the SAF coupled DW pair
and to ensure the second DW is securely pinned. In stage 3, the
first DW moves through the recessed notch region with
a reduced energy barrier, while the second wall gets pinned.
Due to the low current applied, the DW expands through the
narrow channel but cannot exit and pass through the crossed
region in stage 4. The initial DW retracts to its original shape,
forming a straight wall in stage 4 with a lower energy state.
Applying a higher current density (2.25 x 10" A m™?) in the
vertical channel causes the DW to shift and expands the domain

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Inverter gate operation in the SAF system. (a) The different stages shown for SAF paired skyrmions are shown with the top layer (TL)

showing the skyrmion of core orientation —z and the bottom layer (BL) showing the skyrmion of +z core. The yellow arrows resemble the
resulting current density (J) direction and magnitude from the applied J to the gate channels. (b) The applied current density time plot is based
on the different stages of gate operation. In stages 1 and 5, the current is applied in the +x direction, while in the other stages, the J. is applied in

+y.

until it reaches the end of the channel. Applying J to the hori-
zontal channel brings the SAF skyrmion closer to the left DW,
effectively hindering the skyrmion movement within the
channel. This is classified as output logic 0, as observed in stage
5. The clearance stage 6 ensures that the gate is completely
cleared by applying an intense current in the vertical channel
and the two side notches, which can reduce the protected
topology and eliminate all the magnetic features present. The
energy consumption of the inverter device as a function of time
is shown in ESI Fig. S4.F The operation stages of the inverter
block are demonstrated in ESI Video SV1.t

© 2024 The Author(s). Published by the Royal Society of Chemistry

Through a comparison of the performance of the SAF sky-
rmion inverter gate to the FM case (refer to ref. 6), several
observations can be made. We can specifically compare the
logic switching delay (t4) of the SAF and FM skyrmion gates.
This performance metric is determined by the velocity of sky-
rmions and the distance between input and output termi-
nals.*** The SAF skyrmion gate demonstrates a similar
response time to the FM skyrmion gate but operates at signifi-
cantly lower current densities. This advantage enables opera-
tion with reduced Joule heating costs while maintaining a fast
response, with ¢4 of approximately 7 ns. Therefore, the SAF

Nanoscale Adv., 2024, 6, 6142-6153 | 6145
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t <7.05ns

6

Fig.2 Demagnetization field (Byemag) SPatial distribution at the different stages of the inverter gate operation is shown for the bottom interface.

One layer in the SAF provides the mirrored response of the other.

skyrmion and DW pair maintain their stability, integrity, and
fast response without interference from the Magnus force
effects or any unwanted transverse deflections caused by their
interaction.

The demagnetization field spatial distribution is shown in
Fig. 2, where we observe that the field distribution changes
when the probing SAF skyrmion approaches the narrow channel
and when the signal skyrmion collides with the DW.

Consequently, we analyze the time evolution of the total and
demagnetization energies, Etota and Egemag, respectively, of the
logic gate depicted in Fig. 2. When current J is applied to the
multilayers, an oscillatory behavior in Egemaez and a peak
response in Ey, can be observed. Overcoming the energy
barriers by applying a suitable amount of J allows us to push
them through the channels, notches, and edge effects. During
stages 3 and 4, as the DW pair moves through the vertical
channel, there is an energy barrier that the first DW encounters
at the intersection. This leads to an increase in Egemag as the DW
bends and retracts. At this stage, the total energy decreases due
to the influence of competing forces, such as the Heisenberg
exchange and magnetostatic energies. As the skyrmion moves
towards the left DW, Egemag decreases because of the growing

repulsion forces between these objects, causing Ey, to increase
in response to the induced anisotropy changes. The total energy
consumption of the SAF skyrmion inverter gate is calculated to
be 2.17 x 10 '® J. This calculation is based on taking the
derivative of Eiy, giving the instantaneous power due to the
contributions of the different energy terms driving the SAF
skyrmion pair through the channels, and then integrating the
positive region of the instantaneous power vs. time data

(Fig. 3).°

SAF skyrmion logic gates

Constructing Boolean logic gates from the inverter block can be
achieved by cascading and connecting these basic blocks, and
by rotating the block, we control the transition of the input
skyrmion to yield the desired logic output. The concept of
creating these logic circuits from the inverter (NOT) gate is
demonstrated and described in ref. 22. In Fig. 4(a) and (b), the
NOR and OR gates are shown for two cases of logic inputs (0, 0)
and (1, 0). The OR gate in Fig. 4(b) is extended from the NOR
gate by connecting an inverter block's vertical channel to the
output of the NOR gate. In this case, the final inverter block is

-4.25
-4.30

-4.35+"

Ep (x1077J)

Time (ns)

Fig. 3 SAF skyrmion inverter gate energy response plot shows the total energy (Eiota) and demagnetizing energy (Egqemag) time response during

the gate operation.
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Fig. 4 Logic (a) NOR gate, of inputs (0, 0) and (1, 0), and (b) OR gate, of inputs (0, 0) and (1, 0), constructed from the inverter blocks showing the
different stages of the SAF skyrmion input signals and probing skyrmions of the top and bottom layers transitions which lead to the output logic of

the respective gates (BL: bottom layer, TL: top layer).

rotated by +90°. The switching time (¢4) of the SAF NOR gate is
9.3 ns, and an additional 4.55 ns is used to obtain the output of
the OR gate. In the NOR (0, 0) operation, there are no input
skyrmions from the two bottom vertical channels, which leads
the probing skyrmion to pass through the main horizontal
channel without any constriction all the way to the output
region, representing logic 1. As for the NOR (1, 0) operation, the
existence of an input skyrmion at the first vertical channel will
block the way of the probing skyrmion through the skyrmion-
DW encounter. Thus, a logic 0 is yielded with the absence of
skyrmion in the output region. The simulation results for the
time evolution of the NOR gate operation are shown in ESI

© 2024 The Author(s). Published by the Royal Society of Chemistry

Videos SV2-SV4.t In Fig. 4(b), we demonstrate the logic (0, 0)
and (1, 0) operation of the OR gate. In this case, and compared
to the NOR gate operation, the presence of the third cascaded
inverter gate would count for the logic complement operation.
The probing skyrmion traveling through the main horizontal
channel would prevent another probing skyrmion coming from
the third vertical channel from traveling to the output region,
thus obtaining a logic 0 for this specific operation. We map the
same process for the case of inputs (1, 0) and the output 1 for
the OR gate, where the last horizontal channel skyrmion travels
to the output region. The simulation results for the time

Nanoscale Adv, 2024, 6, 6142-6153 | 6147
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Fig. 5 Logic (a) AND and (b) NAND gates constructed by cascading and rotating the inverter blocks. Both gates' logic inputs (0, 0) and (1, 1) are

demonstrated here.

evolution of the OR gate operation are shown in ESI Videos SV5
and SV6.t

Fig. 5 shows examples of logic operations AND and NAND for
the SAF skyrmion system. In the case of the AND gate
construction, the first inverter block (from the left) is mirror-
flipped off the horizontal axis, and the input skyrmion would
travel in the top vertical channel. In the AND (0, 1) case, since
there is no input 1 skyrmion, the probing skyrmion would travel
the main horizontal channel all the way to the junction, con-
verting to DW pair and blocking the 2nd input skyrmion,
achieving the logic 0 result. While, in the AND (1, 1) case, the
input 1 skyrmion would block the probing skyrmion allowing
the input 2 skyrmion to travel down to the output region, with
output logic 1. The simulation results for the time evolution of

6148 | Nanoscale Adv, 2024, 6, 6142-6153

the AND gate operation are shown in ESI Videos SV2-SV4.1 The
NAND gate in Fig. 5(b), consists of the AND gate blocks and
a third inverter gate connected to the output region, thus per-
forming the complementing stage as the prior NOR gate. The
simulation results for the time evolution of the NAND gate
operation are shown in ESI Videos SV9 and SV10.}

The skyrmions at the output channels of these logic circuits
can be detected using two suggested methods: tunneling
magnetoresistance (TMR) and the inverse spin Hall effect
(ISHE). In the first method, the TMR signal in magnetic tunnel
junction (MT]) devices® can be detected and read depending on
the output state where a skyrmion exists (logic 1) or not (logic 0).
A single MT]J device of the same order of magnitude as the track
width is sufficient for detecting existing skyrmions in a single

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The operation of the two-input SAF logic AND gates with inputs (0, 1) and (1, 1), respectively. (a) Snapshots of the different stages that are

driven by applied current densities according to the timed plots in (b). The arrows show the direction of the applied current.

logic gate. At the same time, another MTJ can be placed on
a reference track free of skyrmions to read out simultaneously
for background noise cancellation. For larger scale circuits with
n skyrmions, n + 1 MTJs should be sufficient where +1 is the
reference or “skyrmion ground” track. The second method,

using the ISHE, would require detecting the voltage difference
induced by the spin currents (or skyrmion currents) in the
transverse direction. This is a rather weak effect, and since
skyrmion signals are already weak, using ISHE might not be
effective against background room temperature noise.

Table 1 Energy consumption and Joule heating table for the SAF logic gates and their FM counterpart. These energy consumptions approach
the Landauer limit of kT In(2) = 2.87 x 1072 J at T = 300 K, which is the ultimate limit for the reversible two-level logic switching energy. The SAF
skyrmion magnetic energy consumptions (column 3) range from 2.47 x 10° to 4.35 x 10° times the Landauer limit at room temperature. The FM
skyrmion magnetic energy consumptions (column 4) range from 662 to 1800 times the Landauer limit at room temperature. The FM skyrmion
magnetic energy consumption is for single layer, while the SAF skyrmion magnetic consumption includes the skyrmion energies and their
interaction terms. While the magnetic energy consumption of SAF skyrmion logic seems higher than the FM logic, the current reduction enables
SAF logic gates to reduce Joule heating by at least 1 order of magnitude (last two columns)

SAF skyrmion magnetic
Logic inputs energy consumption for

FM skyrmion-based (Co/Pt)
energy consumption

SAF logic Joule

FM logic Joule

Gates and output 2 layers of 1 nm each (f]) 1 nm layer (fJ) heating (f]) heating (f])**
NOR (0,0) = 1 0.00886 0.0019 9.89 130
(1,0) = 0 0.00735 0.00227
(1,1)—0 0.00708 0.00286
OR (0,0) = 0 0.0117 0.00434 20.5 269
(1,00 — 1 0.0118 0.004356
1,1 -1 0.0115 0.00496
AND (0,0) = 0 0.00768 0.00224 12 160
(0,1) =0 0.00753 0.00251
(1,1 -1 0.00737 0.00251
NAND (0,0) = 1 0.0122 0.00456 19.6 260
(0,1) = 1 0.0125 0.00483
(1,1)—0 0.00944 0.00517
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Fig. 7 2-To-1 multiplexer (MUX) circuit demonstration using the SAF
logic inverter and duplicator blocks. (a) The initial circuit schematic of
the MUX using the NAND and NOT gates with its Boolean function is
simplified in (b) to demonstrate its function with the minimum number
of inverter blocks and a duplicator block. The green shaded box
represents the duplicator gate block shown in Fig. 8. (c) The truth table
of the MUX Boolean function in (a) and (b).

Operation example (AND gate-single
cycle)

In Fig. 6(a), we show the timed snapshots of the AND gates, with
longer initialization channels, in the case of inputs pairs (0, 1)
and (1, 1) where according to the current density applied is
shown in the timed plot in Fig. 6(b). The initialization step
requires a current density of 1.25 x 10'* Am™? in order to push
the SAF skyrmions from the vertical input channels 1 and 2 to
the cross-regions. In this example, the length of the input
channels is kept in the original length compared to the AND
gate presented in Fig. 5(a). The intensity is then modified to
convert the skyrmions to the DW pair across the recessed
regions as shown in the green-shaded area of the plot for both
input channels 1 and 2. It is first lowered to 0.9 x 10" Am 2 to
allow the skyrmion pair to pass the notched region and not lose
the coupling, and then the current is increased to 1.25 x 10" A
m 2 to allow for the DW conversion scheme. The final stage is
the clearance of the vertical and horizontal channels with
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MUX (0, 1, SEL: 1), t = 10 ns
OR gate

Duplicator

Fig. 8 MUX circuit model (run on MuMax3) using the SAF logic blocks
and gates with the initialized state of the MUX logic inputs (IN1 = 0 and
IN2 = 1, respectively) and select input, SEL = 1. The grey-shaded box
includes the inverter block from Fig. 7(b). The blue boxes indicate the
probing skyrmions input channels.

a large current density of 5.5 x 10" A m~>. Compared to FM
skyrmion logic gates, we can operate the different stages of the
logic gates with lower current densities at comparable switching
times. These logic gates are operated using current-driven sky-
rmion motion in confined geometries, domain pinning and
expansion, and skyrmion-DW pair interaction. In addition,
these gates are driven at appropriate current densities, allowing
the coupled skyrmion pair to pass through the different
geometries without losing the coupling and adiabatic motion.
The operation of the AND gate and the rest of the logic gates in
this work is demonstrated in ESI Video SV4.+

Energy consumption of SAF and FM
skyrmion logic circuits

We present the table below to understand how the operation
conditions and geometry affect the magnetic energy consump-
tion for the cascaded logic circuits discussed in the previous
figures. We compare these values with the FM-based logic
circuits. In addition, the table includes the resulting Joule
heating cost calculated from i* x R x At of each gate. i is the
current applied to move the top and bottom interface sky-
rmions. At is the time it takes to drive the SAF skyrmion pair in
the different channels and sections of the logic circuit, and R is
the resistance the current faces through its journey (Table 1).

SAF-based digital multiplexer circuit

In this section, we demonstrate a more complex design of a 2-to-
1 multiplexer (MUX) circuit that is based on the SAF logic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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blocks, as shown in Fig. 7. In Fig. 7(a), we show a typical circuit
design of the MUX circuit and its Boolean equation using NAND
gates and a single NOT gate. To represent this circuit with our
SAF logic blocks, we simplify it to the equation and circuit
diagram shown in Fig. 7(b). This design allows us to use the
minimum number of inverter blocks and to use a duplicator
block (more information on the design and performance is
presented in the ESI Fig. S1 for inverter, S2 for multiplexer
design and S37 for duplicator operation). The Boolean equation
shown in Fig. 7(b) takes two inputs, IN1 and IN2, and a select bit
(SEL), which for the value of 0 (no skyrmion) chooses IN1 and
for the value of 1 (skyrmion) chooses IN2. IN1 and SEL will
proceed to the top inverter block, while IN2 and SEL will
proceed to the bottom AND gate. The output from each gate will
then be transferred to the OR block as a final stage. The simu-
lation results for the time evolution of the multiplexer operation
are shown in ESI Video SV11.t

An example of the MUX circuit operation, with inputs IN1 =
0, IN2 = 1, and SEL = 1, is shown in Fig. 8 for the red high-
lighted case in Fig. 7(c). In this case, the skyrmion in the SEL
input will be divided into two separate DW-pair in each branch
and then converted back to a skyrmion in the output branches;
one skyrmion will interact with the input from IN1 through the
inverter block while the second skyrmion will be transferred to
the AND gate interacting with the skyrmion in IN2. Finally, the
output from the previous blocks will be transferred through the
current pulse to the final OR gate to yield output 1 according to
the MUX function. The skyrmions in the SAF multilayer in this
geometry succeed in performing the MUX function with
improved performance for each block or gate. The order of the
sub-operations of the digital MUX circuit is shown in Fig. 8 as
well as in ESI Fig. S2.1 Refer to ESI Video SV117 to see each sub-
operation timing.

Conclusion

In this paper, we demonstrated the functionality of the SAF
skyrmion logic inverter using micromagnetic modeling adopted
from the cascadable FM-based skyrmion logic gates. SAF
multilayers have been proposed to improve skyrmion stability
and mobility by decreasing or eliminating the SKHE, and the
nonvolatility, high-density, and high-velocity merits of SAF
skyrmions can now be fully used for devices. These gates are
essential for performing more complex and universal combi-
national and sequential logic operations. We studied the
performance parameters of these SAF skyrmionic gates in terms
of velocity response to applied current density J and output
delivery within the desired application time with minimum
latencies. Using current-driven skyrmion motion via spin-orbit
torques, skyrmion edge repulsion, skyrmion-DW pair conver-
sion, and collision in the SAF multilayer structure, we showed
the operation of the SAF skyrmion logic inverter and duplicator.
The investigated system is the FM/NM (spacer layer)/FM trilayer
explored in ref. 25, in which the two FM layers are exchange-
coupled in an AFM configuration that permits stable SKHE-
free dynamics. The proposed geometry can be realized with
nm-resolved fabrication techniques such as e-beam lithography

© 2024 The Author(s). Published by the Royal Society of Chemistry
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or extreme ultraviolet (EUV) lithography.*® To further facilitate
the fabrication, the square notches proposed in our design can
be replaced with triangular notches, accommodating the capa-
bilities of the lithography methods. Triangular notches have
been investigated previously,”” where a fabrication-friendly
triangular notch shape can still work after optimizing the
current density and notch depth.

As we examined the motion of the skyrmion pair in the SAF
trilayer nanotracks, we showed that the edge effect and the
driving force caused by the spin-polarized current in the SOT
configuration can regulate the velocity simultaneously. We
demonstrate that the device application of SAF skyrmions is
possible in such logic gate designs with enhanced performance
and scalability. We showed that such cascadable designs still
preserve their integrity, as these results show that the SAF sky-
rmion operation is reliable and efficient in the different regions
of the gate blocks, and cascading these blocks creates longer
linear motion without the SKHE. As reported, these logic gates
can deliver a stable performance based on the advantages of
SAF skyrmions, even in external fields and with finite temper-
ature effects. The effects of thermal field, edge roughness, and
layer polycrystallinity on the stability and motion of SAF sky-
rmions are explored in our earlier work.>

These designs guide the development of spintronic
computing systems that employ nanoscale topological spin
textures as information carriers, with rapid operation and lower
current energy consumption. It may be possible to further
reduce power requirements by several orders of magnitude by
using magnetic insulators to eliminate Joule heating further
and minimize the exchange stiffness, magnetic moment, and
other criteria. The adaptability of devices based on skyrmions
will enable us to achieve the same functionality as electrical and
magnetic domain-based logic devices with an enhanced level of
integration.
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