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Abstract—Magnetic skyrmions are nanoscale whirls of magnetism that can be propagated with electrical currents. The
repulsion between skyrmions inspires their use for reversible computing based on the elastic billiard ball collisions proposed
for conservative logic in 1982. In this letter, we evaluate the logical and physical reversibility of this skyrmion logic paradigm,
as well as the limitations that must be addressed before dissipation-free computation can be realized.

Index Terms—Spin electronics, reversible computing, conservative logic, spintronics, skyrmion, voltage-controlled magnetic anisotropy.

I. INTRODUCTION

The conventional nonreversible paradigm for general digital com-
puting will eventually approach fundamental thermodynamic limits
on its energy efficiency, which stem ultimately from the fact that
this standard paradigm relies primarily on operations that systemat-
ically discard correlated logical information, and therefore increase
entropy [Frank 2005, 2018, 2021]. For example, a typical digital logic
architecture in complementary metal-oxide semiconductor (CMOS)
destructively overwrites the output of each active logic gate with a new
bit value on each clock cycle. It has been known ever since the field of
the thermodynamics of computation was first elucidated by Landauer
[1961] and Bennett [1973, 1982, 2003] that general digital computing
technologies can only avoid the consequent limits on their energy
efficiency if they are instead re-architected on the basis of logically
reversible operations that are implemented (at the device and circuit
level) in a nearly thermodynamically reversible way [Frank 2017].

Logical reversibility requires logical operations to conserve infor-
mation content, and is a prerequisite for thermodynamic reversibility.
In a thermodynamically or physically reversible system, the entropy
of the environment does not increase during computation, enabling
incredible energy savings. While complete physical reversibility is
not attainable in any nonequilibrium system at nonzero temperature,
systems can be designed to approach these thermodynamic bounds.

Although this alternative paradigm of reversible computing can
be implemented in CMOS technology [Younis 1993; Frank 2020a,
2020b], there is also a need to explore a range of other, novel device
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Fig. 1. Skyrmion logic track structure. (a) Synchronizer cross sections
in the yz and xz planes. The combined track thickness is 1.6 nm, with
a track width of 20 nm. (b) A Neel skyrmion (colored circle) exists in
the ferromagnetic layer. Injected electric current in the +y direction (J)
induces a spin current (Js) with polarization P in the +z direction via the
spin-Hall effect. This spin current produces a +y-directed spin-Hall force
(Fsn), propelling the skyrmion in the +y direction. The skyrmion-Hall
(Fskyn) effect creates an x-directed force, which deviates the skyrmion
from its current trajectory unless a track is present to provide repulsion.

technologies to determine whether they may potentially exhibit advan-
tages for reversible computing compared to CMOS [Frank 1999]. In
the line of work reported here, magnetic skyrmions are being explored

1949-307X © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on June 22,2022 at 19:52:35 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-7337-6637
https://orcid.org/0000-0002-0066-331X
https://orcid.org/0000-0002-3655-4836
https://orcid.org/0000-0002-7050-3151
https://orcid.org/0000-0002-4804-3726
https://orcid.org/0000-0002-4805-2112
https://orcid.org/0000-0002-1536-8858
https://orcid.org/0000-0003-3176-1593
https://orcid.org/0000-0001-9847-4455
https://doi.org/10.1109/LMAG.2022.3174514
https://www.ieee.org/publications/rights/index.html

4503805

IEEE MAGNETICS LETTERS, Volume 13 (2022)

Fig. 2. Micromagnetic simulation results for AND/OR gate with current
(5 x 1010 A/m2) in the +y direction, with skyrmion trajectory represented
by the black path. (@) A=0,B=1.(b) A=1,B=0.(c) A=1,
B = 1. All simulations are performed with MuMax3 [Vansteenkiste 2014].
The SOT generated by the uniform electrical current was simulated
as an external field to induce skyrmion motion. The Oersted field was
excluded from the simulations, as its effect is insignificant relative to that
of the Dzyaloshinskii-Moriya exchange interaction. Simulations were
run at 0 K. Similar logic and system functionality is expected at nonzero
temperatures, as both skyrmion transport and VCMA-based pinning are
robust to thermal noise [Yu 2017, Walker 2021], though correct operation
may require adjustments to material composition, current distribution,
and geometry.

as a candidate device technology for the implementation of reversible
computing.

Magnetic skyrmions have garnered recent interest in the physics
and computing communities due to their nonvolatility, small size,
and ability to be moved with an electrical current [Jiang 2017a,
Everschor-Sitte 2018]. They have been proposed for a variety of
computational schemes, including reservoir computing [Pinna 2020],
stochastic computing [Pinna 2018], and Brownian token-based com-
puting [Nozaki 2019], all of which are based on stochastic dynamics
and are not necessarily well-suited for use in general-purpose high-
performance deterministic digital computing. In contrast, our logic
paradigm leverages the nonvolatility of the skyrmions while minimiz-
ing thermal stochasticity to approach Landauer’s thermodynamic limit
for deterministic logical computation.

II. LOGICALLY REVERSIBLE SKYRMION LOGIC

Skyrmions are topologically stable magnetic quasiparticles that can
be propelled with applied electrical current or pinned with voltage-
controlled magnetic anisotropy (VCMA) [Wang 2018]. Their mobility
paired with the skyrmion-Hall effect [Jiang 2017b] and skyrmion—
skyrmion repulsion allows for the construction of a skyrmion-based
logic system [Chauwin 2019] based on billiard ball computing [Fred-
kin 1982]. Fig. 1 shows the structure of such a system, where a
skyrmion exists inside the Cobalt layer due to the Dzyaloshinskii—
Moriya interaction between the ferromagnet and heavy metal. Encod-
ing a logical “1” or “0” as the presence or absence of a skyrmion,
respectively, the skyrmion logic scheme manipulates these forces to
create logic functions such as the AND/OR gate, the Ressler—Feynman
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Fig. 3. VCMA synchronizer with a constant injected current of 5 x
10'° A/m? in the 4y direction. (a) lllustration of the skyrmion syn-
chronization method. The skyrmion is depinned when Fy > K, + K
(b) Voltage applied to the VCMA region over one clock cycle. (c) Micro-
magnetic simulation results. Skyrmion trajectory is represented by the
black line, and the VCMA region is represented by the dashed square.
The positive anisotropy barrier pins the skyrmion at t = 0.9 ns, and
the negative voltage at t = 1.0 ns reduces the barrier, depinning the
skyrmion. At nonzero temperatures, the electric field must be larger than
at 0 K to ensure pinning in the presence of noise [Walker 2021].
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Fig.4. VCMA synchronization of pipelined skyrmion AND/OR gate, with
a constant current (5 x 10'° A/m?) injected in the +y direction. (a) Clock
waveform applied to the VCMA synchronizers. (b) Micromagnetic sim-
ulation results for pipelined AND/OR gate, demonstrating proper logical
operation.
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Fig.5. VCMA synchronization of pipelined skyrmion one-bit full-adder with a constant current (5 x 10'0 A/m?) injected in the +y direction. (a) Clock
waveform applied to the VCMA synchronizers. (b) Micromagnetic simulation results for pipelined one-bit full-adder, demonstrating proper logical
operation. Note that in a real system, the dead-ends would be replaced with out-of-plane tracks for cascaded logic.

switch gate [Ressler 1981], and one-bit full adders. This proposed logic
scheme conserves skyrmions, and its structures can exhibit logical
reversibility.

Four forces underlie this conservative skyrmion computing scheme
(Fig. 1). Uniform electrical current through the heavy metal layer in
the +y direction moves the skyrmion in the same direction via the
spin-Hall effect. The skyrmion’s velocity causes it to deviate in a
direction perpendicular to its motion (—x) through the skyrmion-Hall
effect [Jiang 2017b]. Track-edge repulsion allows the skyrmion to
move in a straight line despite the skyrmion-Hall effect, and skyrmion—
skyrmion repulsion provides the billiard ball-like interaction necessary
for logic [Jiang 2017a, Everschor-Sitte 2018, Chauwin 2019, Walker
2021].

The skyrmion AND/OR gate uses these forces for conditionally re-
versible computation (Fig. 2). Electronic current moves the skyrmions
in a straight line in the +y direction due to track repulsion. However,
when a skyrmion in the right track reaches the gate junction, the loss of
track repulsion allows it to move in the —x direction into the left lane
[Fig. 2(a)]. Skyrmions in the left lane remain in the left lane, due to
constant track repulsion [Fig. 2(b)]. Importantly, when two skyrmions
are synchronized in both tracks [Fig. 2(c)], the skyrmion—skyrmion
repulsion allows for the right skyrmion to remain in the right track.
The output of the left track therefore represents logical OR, while
the right represents logical AND. Due to the input ambiguity of the
(OR = 1, AND = 0) case, the AND/OR gate is conditionally logically
reversible [Frank 2017] if one of the two input cases, (A = 0, B = 1) or

(A =1, B=0),is excluded from operation, allowing a version of this
gate to have an implementation that approaches the thermodynamic
limit. However, a reversible version of this particular gate would not
be useful; later, we discuss a more useful reversible gate.

As skyrmions need to be synchronized when entering a gate for
proper logical operation, varying skyrmion path lengths and ther-
mal fluctuations can result in logical errors. Through VCMA clock-
ing [Walker 2021], the application of an electric field (+z) via an
electrode changes the perpendicular magnetic anisotropy (PMA) of
the track. As skyrmions can be pinned by a PMA gradient, the voltage
modulation of the electrode at the VCMA region (Fig. 3) can be used to
pin and depin skyrmions as a clocking mechanism [Wang 2018]. These
synchronizers are used to create a pipelined AND/OR gate in Fig. 4.

When multiple skyrmion gates are cascaded together, complex
functions can be realized, such as the full-adder. In Fig. 5, an
XOR gate of A and B is created by connecting two Ressler—
Feynman switch gates in parallel. Using VCMA-based synchroniza-
tion, this XOR output is then synchronized with C;, before passing
through two additional switch gates and a synchronizer to result in
Sum and C,y,.

[ll. PHYSICAL REVERSIBILITY OF SKYRMION LOGIC

The inclusion of convergent skyrmion paths to perform the OR
operation in both the skyrmion AND/OR gate and full-adder preclude
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Fig. 6. Ressler—-Feynman switch gate with current (£5 x 10'© A/m?). Logic shown for input combinations. (a) A = 1,B = 0. (b) A = 0,B = 1.
(c) A =1,B = 1. Skyrmion trajectory under positive and negative current is represented by cyan and magenta colored paths, respectively. The
forward and reverse current trajectories vary slightly, demonstrating hysteresis. (d) Ressler—-Feynman switch gate truth table.

these gates from being physically reversible. One indication of this is
that if a gate is run in reverse, its outputs do not always return to their
input positions; this implies information—and therefore energy—Ioss.
The next step toward total physical reversibility is to implement logic
gates, which may be reversed, with information carriers returning from
primary outputs to primary inputs.

As seen in Fig. 6 and supplementary video 1, the skyrmion Ressler—
Feynman switch gate achieves this step toward reversibility: when
there is one skyrmion in either input track [Fig. 6(c) and (d)], the
skyrmion deviates in the +x direction into the adjacent leftward
track due to the skyrmion-Hall effect. When both input skyrmions
are present [Fig. 6(e)], the skyrmions repel each other, forcing the
B skyrmion to remain in the right track. Likewise, under reverse
current conditions, the —x deviation causes the skyrmions to return
to their respective inputs, demonstrating reversibility in this (limited)
sense.

This is not full physical reversibility, however, as the skyrmion tra-
jectories differ between the forward and reverse directions, indicating
hysteresis—which inherently incurs an energy cost. The skyrmion path
length variation necessitates synchronization, destroying information
and dissipating energy. Additionally, the magnetic damping that under-
lies controllable skyrmion motion further contributes to the energetic
dissipation within the magnetic lattice. While these effects can be min-
imized through the selection of improved materials and device design,
they inhibit the full physical reversibility of this system. Despite these
energetic losses, reversible skyrmion logic remains extremely energy
efficient [Walker 2021].

As the Ressler—Feynman switch gate is functionally complete,
switch gates can be cascaded to implement any arbitrary Boolean
function, including a physically reversible full-adder. Therefore, large-
scale skyrmion logic circuits that can be reversed may be constructed
from these Ressler—Feynman switch gates, enabling a path toward total
physical reversibility.

[V. CONCLUSION

Although the scheme can exhibit logical reversibility, more work is
needed to achieve total physical reversibility. In particular, at present:
1) the forward and reverse trajectories differ slightly, exhibiting hys-
teresis, which is a hallmark of dissipative processes; 2) the explicit
synchronization operations discard physical information in the form
of accumulated timing uncertainty; and 3) the driving currents will
necessarily be dissipative unless superconducting materials can be
used. However, research on this technology is still in its infancy, and
it holds potential for further improvement.
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