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Reconfigurable all-in-one chaotic computing with skyrmions: Leveraging periodic
modulations of perpendicular magnetic anisotropy
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Magnetic skyrmions became critical elements in spintronics. Our study, through micromagnetic simulations,
reveals that skyrmions experience chaotic changes in topological charge when exposed to sinusoidal variations
in perpendicular magnetic anisotropy. This work introduces the following concept: a logic device based on
a single skyrmion, which we envision as a stepping stone in chaotic computing. This conceptual device
is designed to perform various logic operations in a reconfigurable format. We demonstrate the concept’s
feasibility by implementing sixteen 2-input logic gates, whose functionality depends on the skyrmion’s initial
conditions. These initial conditions can be manipulated by a current, accompanied by spin-orbit torque and the
subsequent skyrmion-Hall effect. Our study presents an optimized logic operation map, highlighting specific
initial conditions for corresponding logic operations. This work may provide the concept of a magnetic-field-
free, low-power logic device, potentially contributing significantly to the development of advanced spintronic
computing paradigms.
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I. INTRODUCTION

Perpendicular magnetic anisotropy (PMA), which shapes
the magnetization direction normal to the surface or inter-
face, has played a crucial role in spintronics thanks to its
superior thermal stability, energy efficiency, and scaling prop-
erties [1–3]. PMA has been widely manipulated in various
systems such as transition metal/oxide interfaces [4], heavy-
metal/ferromagnet [5], two-dimensional materials [6], and
L10 magnetic alloys [7] to control magnetization in soft [8]
and hard magnets [9] as well as magnetization switching in
magnetic nanoelements in storage devices and spintronics.
In particular, the introduction of voltage-controlled magnetic
anisotropy (VCMA) has sparked considerable interest due
to its ability to manipulate magnetizations without applying
magnetic fields or currents [10]. Its significance in spintron-
ics lies in its capacity for low-power-driven magnetization
switching [11].

The advent of PMA not only advanced spintronics but
also played a pivotal role in the emergence and sophisticated
control of nontrivial topological spin textures, particularly
magnetic skyrmions [12–14], thereby significantly contribut-
ing to the field of skyrmionics [15]. The magnetic skyrmions
have garnered focus for their topological stability, leading
to potential applicability in low-power-driven high-density
data storage and fast information processing devices at the
nanoscale [16–18]. Exciting skyrmions not only through
electric currents [19,20], spin-transfer torques [18], spin-
orbit torques (SOTs) [21], and thermal fluctuation [22]
but also via PMA show promise for their applications in
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spintronic information processing devices [23–26]. Specifi-
cally, skyrmionics has recently expanded to include unconven-
tional computing approaches such as artificial neural networks
[27], synaptic devices [28], neuromorphic computing [29,30],
Brownian reservoir computing [31], probabilistic computing
[32], reshuffle devices [33], and quantum computing [34,35].
Other potential examples are explorations of chaotic dynamics
within skyrmions driven by magnetic field [36] and current
[37], which can potentially offer an advanced scheme for
chaotic computing [38,39]. However, research into the or-
dered or chaotic dynamics of skyrmions modulated by PMA
is still unexplored.

This study explores an advanced computation platform
using the chaotic switching dynamics of magnetic skyrmions
confined in a nanodisk driven by PMA modulation. Inspired
by the concept of “dynamics-based computation” by Sinha
et al. [38,39], we focus on chaotic logic gates that can switch
between different logic operations, like OR and AND logics,
based on the initial conditions of the skyrmion. By manipulat-
ing PMA modulation, we achieved diverse dynamic patterns,
enabling various logic operations according to different initial
conditions. This research explores the potential of skyrmion-
based chaotic computing, featuring reconfigurable all-in-one
logic operations, as an innovative advancement in spintronics.

II. METHODS

In this study, we used a model system consisting of a
single skyrmion in a circular nanodisk with a radius of
40 nm [23]. We assumed a CoFeB/MgO interface with
PMA. To simulate the time-variable magnetization in the
nanodisk, we employed the MUMAX3 code, which im-
plements the Landau-Lifshitz-Gilbert equation: ∂M/∂t =
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−γ M × Heff + (α/Ms)M × ∂M/∂t , where M is the magne-
tization, γ the gyromagnetic ratio, α the Gilbert damping
constant, Ms the saturation magnetization, and Heff the ef-
fective field, calculated as Heff = −(1/μ0)∂Etot/∂M. The
total energy, Etot, includes magnetostatic, magnetocrystalline
anisotropy, exchange, and intrinsic Dzyaloshinskii-Moriya in-
teraction (DMI), and Zeeman energies. Notably, no Zeeman
field was applied in our system. For the CoFeB/MgO in-
terface, we used the following variables: α = 0.03, Ms =
1 MA/m, exchange constant Aex = 20 pJ/m, and interfacial
DMI constant Dint = 3 mJ/m2 [40]. The cell size was set to
1 × 1 × 1 nm3.

With the conditions specified above, we introduced a
skyrmion of Néel type with a topological charge of −1 (core
polarization down) and relaxed into its ground state, achieving
a skyrmion radius [41] around 17.5 nm. Subsequently, we
modulated PMA sinusoidally along time, as Ku(t ) = K0(1 +
κ sin(2π f t )), where K0 = 0.8 MJ/m3. The frequency of the
modulation, denoted as f , ranged from 0.01 to 10 GHz, vary-
ing in increments of 0.01 GHz. Concurrently, the parameter
κ (0 < κ � 1) was varied in increments of 1

800 (= 0.001 25).
A value of κ exceeding 1 would result in negative PMA
values during the modulation. We also changed the number
of periods, n, for the sinusoidal PMA modulation. The same
initial ground state of the magnetic skyrmion was used for
each simulation with varying parameters of ( f , κ, n).

The skyrmion’s inherent topological properties were char-
acterized by its topological charge, Q, defined as Q =

1
4π

∫ ∫ m · (∂xm × ∂ym)dx dy, where the local magnetiza-
tion direction can be written in polar coordinate, m(r) =
m(θ, φ) = (sinθ cosφ, sinθ, sinφ, cosθ ). Additionally, the
helicity number is Qh = φ − Qvϕ where the vorticity number
Qv = 1

2π

∮
c dφ [42].

III. RESULTS

A. Variations of skyrmion’s topological charge
through PMA modulation

Figure 1 illustrates the magnetization reversal process of a
skyrmion in a nanodisk driven by a single period of the PMA
( f , κ ) = (0.5 GHz, 0.7) sinusoidal modulation (see blue line
at the top of Fig. 1). The topological charge Q (black) and
the helicity Qh (red), which vary during the PMA modulation,
are plotted as functions of time. Snapshot images of spin
configurations at specific times, labeled as A, B, C, and D,
are shown at the bottom of Fig. 1. The skyrmion transitions
from an initial state of (Q, Qh) = (−1, 0) to (1, π ) after the
given single-period modulation. Consequently, the core po-
larization at the initial state turns out to be spin up (D state)
from spin down (A state). The skyrmion disappears through
the B state to the C state (|Q| < 0.5). Notably, immediately
following state B, spin waves are generated at the disk’s
center and propagate towards its edges. This phenomenon
occurs when the skyrmion is annihilated, a process similarly
observed during the magnetic vortex switching, as detailed in
Ref. [43] and illustrated in the Supplemental Material video
[44]. In more detail, with increasing PMA, the skyrmion’s
radius [41] decreases, then turns into a magnetic vortexlike
state and eventually becomes a ferromagnetic state (Q ≈ 0)

FIG. 1. Variation of topological charge (Q, black line) and he-
licity (Qh, red line) of a given skyrmion during the modulation of
perpendicular magnetic anisotropy over time (illustrated by the blue
line at the top), where Ku(t ) = K0[1 + κ sin(2π f t )], 0 < κ � 1.
Example modulation parameters are κ = 0.7 and f = 0.5 GHz. A
black circle indicates a maximum value of the topological charge,
Qmax, during the modulation. The bottom section shows four distinct
spin configurations of the nanodisk, labeled A, B, C, and D at specific
times, marked by arrows and dashed lines. The spin direction is de-
picted using the HSV color scale, and the contour height additionally
represents the Mz/Ms component.

with magnetizations aligning along upwards. Noticeably, Q
and Qh fluctuate with a small amplitude between A and B
states and with a relatively large amplitude between C and
D states.

Figure 2 shows the maximum value of topological charge,
Qmax, in the nanodisk during the single-period modulation
of PMA on the plane of ( f , κ). For example, Q reaches
Qmax ≈ 1 at 1.9 ns (indicated by a black circle), under the
condition of ( f , κ ) = (0.5 GHz, 0.7), as illustrated in Fig. 1.
The phase diagram shown in Fig. 2 is informative regarding
the conditions under which the skyrmion transitions to other
spin configurations. The red region indicates that the core
polarity of the skyrmion was reversed, although this does
not guarantee that the Q remains in the +1 state after the
end of PMA modulation. In some modulation parameters,
the Q returns to the −1 state. The yellow region signifies
that the skyrmion briefly assumed a half-skyrmion state,
while the green region denotes a temporary ferromagnetic
state. The blue region indicates that the skyrmion maintains
its initial topology during the modulation. As f increases, the
threshold PMA at which the skyrmion transitions to the ferro-
magnetic state decreases linearly [44]. This suggests that the
transformation of the skyrmion’s spin configuration depends
on the rate of variation in PMA.
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FIG. 2. Phase diagram of maximum topological charge, Qmax,
observed in the nanodisk during the sinusoidal modulation of PMA
across various ( f , κ) values.

Next, the final values of the topological charge just after the
nth cycle of the PMA modulations, Qn, are plotted in Fig. 3,
where n represents the number of periods of sinusoidal PMA
modulation. As previously mentioned, the spin texture in the
red region initially achieved a skyrmion state, indicated by
Q1 = +1. However, some reverted to the ferromagnetic state,
as indicated by Q1 = 0, with green stripes marking this tran-
sition at the top-left part of the figure. In some blue regions,
where the Qmax approached 0.5, the spin texture eventually
transitioned back to skyrmions, now with Q1 = −1. This indi-
cates that the stability of the transformed state is significantly
influenced not only by the threshold Ku value and the rate of
Ku variation but also by the spin texture’s inherent response to
the Ku changes.

In certain regions, ordered patterns become apparent. For
instance, one can observe that Qn is +1 (indicated in red)
when n is an odd number, and Qn is –1 (indicated in blue)

when n is an even number, which results in an alternating
sequence: +1,−1,+1,−1, and so forth. Conversely, certain
regions exhibit the opposite behavior: Qn = −1 for even n
and Qn = +1 for odd n. To compare this difference, Fig. 3
arranges odd-numbered patterns in the top row and even-
numbered patterns in the bottom row. Throughout n = 1–10,
areas shaded in blue, consistently exhibit a pattern of Qn =
−1, indicating simplicity in their behavior. Similarly, the
green stripes, as mentioned, consistently represent Qn = 0.
A more complex sequence also emerges; for instance, a re-
peating pattern of +1,+1,−1,−1 can be seen near ( f , κ ) ≈
(5 GHz, 0.4). In areas with higher ( f , κ) values, the top-right
part of the phase diagram, the patterns become obscured as
phases start to mix with increasing n. This blending process
seems to plateau at n = 6; beyond this cycle, neighboring
points display behaviors that are independent of each other,
resulting in disordered patterns. Disordered patterns also arise
at lower ( f , κ) values ≈(5 GHz, 0.25). The various patterns
are categorized and detailed in the following section.

B. Diverse patterns of Qn

Figure 4(a) shows eight selected ordered patterns of
Qn(n = 1 − 10). We categorized distinct Qn patterns with
similar trends into groups. In the first pattern, (a1), Qn

alternates between +1 and −1 for odd and even n, respec-
tively. The second pattern, (a2) shows Qn alternating between
−1 and +1 for odd and even n, respectively. In the third
pattern, (a3), Qn repeats “+1,+1,−1,−1.” In the oppo-
site way, the fourth pattern, (a4), exhibits Qn repetition of
“−1,−1,+1,+1.” In the fifth pattern, (a5), Qn remains con-
stantly at −1, while in the sixth pattern, (a6), it stays at 0. The
seventh pattern, (a7), features Qn alternating between +1 for
odd n and 0 for even n. The eighth pattern, (a8), shows Qn

switching between 0 at odd n and −1 at even n. In addition to
the 8 distinct patterns, 337 additional patterns were observed
[44]. These ordered Qn patterns imply that the magnetization
dynamics of the skyrmion are periodic under the sinusoidal

FIG. 3. Nanodisk’s topological charge, Q, reached after the indicated nth cycles (n = 1–10) of the sinusoidal modulation of PMA across
various ( f , κ) values.
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FIG. 4. (a) Various patterns of Qn during the PMA modulations with n = 1 − 10, where different colors indicate distinct patterns,
representing different ordered dynamics. (b) Phase diagram of Qn patterns, where each color corresponds to the dynamic patterns shown
in (a). The white regions denote Qn patterns with lack of order, which are not necessarily chaotic. (c) The entropy of the Markov chain, ε,
calculated for Qn. White or yellow regions indicate Qn with higher information content, while the ordered region is highlighted in black.

modulation of the PMA, offering a method for deterministic
control of the skyrmion’s topological charge. For instance,
a single period (n = 1) of the sinusoidal PMA modulation
in patterns (a1), (a3), and (a7), deterministically converts the
skyrmion from Q = −1 to Q = 1. Conversely, in patterns (a6)
and (a8), a single period of the modulation deterministically
annihilates the skyrmion. The PMA modulation in pattern (a5)
maintains the skyrmion with Q = −1.

In Fig. 4(b), a phase diagram is presented, classifying
ordered and disordered patterns, each marked by different
colors. These colored regions correspond to the color index
for patterns (a1)–(a8). There are eight additional patterns
[not shown in Fig. 4(a)] depicted in gray. It is notable that
similar patterns, like (a7) and (a8), are located adjacent to
each other, across a separating barrier line which is described
in Fig. 2. Regions colored with white represent disordered
dynamic patterns. Additionally, there may exist other complex
yet potentially ordered patterns observable in sequences of Qn

for n > 10, in 47498 different patterns that have not been clas-
sified in this study. Overall, out of the potential 59049 (= 310)
patterns, 47506 distinct patterns arose. This phase diagram
suggests that the skyrmion, subject to a given periodic PMA
modulation, could serve as a versatile pattern generator for
creating ordered and disordered sequences, as mapped out in
the phase diagram.

In our study, the sequence of Qn was conceptualized as a
Markov chain, grounded in the hypothesis that its sequential
evolution exhibits a memoryless characteristic. This means
that each state in the sequence, Qn, is assumed to be dependent
solely on its immediate predecessor, Qn−1, adhering to the
Markov property. It is important to note that for a sequence
characterized by chaotic dynamics, the correlation between
successive states (Qn−1 and Qn) tends to be weaker, leading
to increased unpredictability. In chaotic systems, while there
might be a deterministic underpinning, the sensitivity to initial
conditions and the consequent divergence of trajectories make
long-term prediction challenging.

To quantify the complexity inherent in this Markovian
sequence, we employed entropy calculation. The entropy
of a Markov chain serves as a measure of uncertainty or
randomness in the state transitions. A higher entropy value
corresponds to greater unpredictability and complexity, in-
dicating a weaker correlation between successive states and,
hence, a closer alignment with chaotic behavior. Conversely,
lower entropy suggests more predictable and orderly transi-
tions, characteristic of less chaotic sequences. In Fig. 4(c),
we display the information entropy of the Markov chain, ε,
for each Qn sequence. The values in the Qn sequence were
classified into three states: −1, 0, and +1. Qn values ranging
from 0.25 to 0.75 and from −0.75 to −0.25 were disregarded.
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The maximum value of ε, calculated as log23, is 1.585. The
calculation methodology is detailed in Appendix A. Notably,
nearly all ordered patterns exhibit an entropy value near 0
(black color), indicating minimal randomness. However, cer-
tain patterns, such as (a3) and (a4), are with ε values around
1, due to their more complex nature. In the white regions of
Fig. 4(b), where Qn is disordered, the entropy is relatively
higher. Regions with suspected chaotic Qn display high values
of ε. Additionally, patterns characterized by periodic conver-
sion dynamics demonstrate stable energetics, whereas those
with suspected chaotic dynamics exhibit instability in their
energetics [44].

Furthermore, the Q values of the skyrmion postrelaxation
from Qn, Qnr , show no consistent correlation with the prere-
laxation values of Qn within the chaotic regions. In periodic
regions, Qnr values closely match Qn. For example, Q10r is
close to +1 when Q10 is around +1. However, in chaotic
regions, Q10r values ranged diversely from −1 to +1, even
though Q10 was approximately 0. Similarly, Q10r could be +1,
even when Q10 was close to −1. For a detailed examination
of how Q10 and Q10r correlate across ordered, disordered,
and chaotic regimes, see the Supplemental Material [44]. This
observation highlights the initial-condition sensitivity in Qn

variations; Qn varies when the skyrmion’s initial conditions
are altered, even under identical PMA modulation parameters
( f , κ ). This phenomenon further supports the existence of
chaos in skyrmion dynamics under periodic PMA modula-
tions. Leveraging the chaotic dynamics of skyrmions, it is
possible to design computing schemes and devices.

C. Chaotic computation scheme

Utilizing the sensitive dependence on initial conditions, we
propose a concept for chaos computation. In this approach, a
single skyrmion geometrically confined in nanoelements acts
as a chaotic logic gate, forming the basic unit of the chaotic
computation scheme. This concept makes a given logic gate
reconfigurable since different types of logic operations are
possible when its initial condition is varied. Below, the chaos
computing scheme is described in three steps.

In step 1, the initial condition of the single skyrmion in the
chaotic logic gate is set based on a previously obtained initial-
condition map. The skyrmion’s initial condition, Q0, was
manipulated by a charge current density (J; see Appendix B),
determining the specific logic operation to be performed. For
example, the current density of J1 is used for OR logic, while
J2 is set for AND logic. Table I shows all 16 possible truth
tables operated by two-input signals (I1, I2). It includes six
out of seven basic logic operations, excluding the unary NOT

operation, and ten additional logic operations. These different
logic operations are labeled with integers from 0,1,2, …,15.
The Boolean expressions for these additional logic operations
are not exclusive. For example, not only (A + B) + Ā, but
also (A + B) + B̄ lead to the “constant 0” logic operation, as
labeled with 0 in Table I. If the desired logic operation is AND,
the corresponding initial core position of the skyrmion is set
as indicated by the initial-condition map.

In step 2, an input signal is applied to the chaotic logic
gate. The PMA of the nanodisk is modulated according to the
input signal, causing the topological charge of the nanodisk to

TABLE I. The truth table for the 16 possible two-input logic
operations (I1, I2) is presented, with the output indicated by O. This
set includes six basic logic operations (AND, OR, NAND, NOR, XOR,
XNOR) along with ten additional logic operations. Each operation is
uniquely assigned a label from 0 to 15.

(I1, I2) (0,0) (1,0) (0,1) (1,1) Boolean expression Gate Label

0 0 0 0 (A + B) + Ā 0
1 0 0 0 A + B NOR 1
0 1 0 0 Ā · B 2
1 1 0 0 (A · B) + A 3
0 0 1 0 A · B̄ 4
1 0 1 0 (A + B) · B 5
0 1 1 0 A ⊕ B XOR 6
1 1 1 0 A · B NAND 7

O
0 0 0 1 A · B AND 8
1 0 0 1 A ⊕ B XNOR 9
0 1 0 1 (A + B) · B 10
1 1 0 1 Ā + B 11
0 0 1 1 (A · B) + A 12
1 0 1 1 A + B̄ 13
0 1 1 1 A + B OR 14
1 1 1 1 (A + B) + Ā 15

vary in the chaotic regime. The number of input combinations
is 2m for m-input logics; for example, for two-input signals
(I1, I2), the four combinations are (0,0), (1,0), (0,1), and (1,1).
Therefore, four different PMA modulations are required to
emulate the two-input logic operations. In our study, κ values
were varied as κ1, κ2, κ3, and κ4, while f and n of the PMA
modulations were held constant.

In step 3, we estimate the final value of Qnr to determine the
output value. If Qnr is +1, the output is deemed true; if not, it
is considered false. This approach enhances energy efficiency
and offers technological benefits, particularly in magnetic tun-
nel junction (MTJ) configurations. A critical benefit is the
ability of tunneling magnetoresistance to accurately detect the
Qnr state of the nanodisk, which is considered a significant
advantage [45]. Moreover, SOTs enabled all-electrical read-
out methods are energetically advantageous [46]. Once the
output is assessed, the logic gate is reset to prepare for the
subsequent logic operation. Within this framework, the PMA
modulations in the ordered regime, specifically through pat-
terns (a1) and (a2), change a skyrmion’s Qnr value from +1
to −1. Similarly, a skyrmion with Qnr = 0 is converted to −1
through PMA modulations as depicted in pattern (a8).

D. Initial-condition mapping

Building an initial-condition map is an essential part of
designing the chaotic logic gate. This map serves as a ref-
erence for the chaotic computer to execute specific logic
operations. Therefore, it is important to conduct a thorough
search for gate conditions, including initial conditions and
control parameters, that yield an optimal initial-condition
map. This ensures the reliable functioning of the chaotic
computer. For instance, drawing inspiration from the ensem-
ble of simulations [47], we suggest constructing the map
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FIG. 5. (a) Outputs for 200 different initial conditions and four different input combinations (I1, I2) = (0, 0), (1,0), (0,1), and (1,1), where
white represents “true (1),” and black represents “false (0).” The 200 initial conditions were controlled by a current density J ranging from
1 × 109 to 200 × 109 A/m2. The four input combinations correspond to four different PMA modulations with κ values of 282

800 , 303
800 , 307

800 , and 572
800 ,

respectively, while f is held constant at 5.5 GHz. (b) Classified logic operations for 200 different initial conditions. White circles represent the
resultant logic deduced from (a). Each logic operation is numbered from 0 to 15, as labeled in Table I. Gray regions represent selected initial
conditions that cluster into the largest ensemble for each logic as labeled in italic at the top of the figure. The insets show spin configurations
for selected initial conditions with specified current densities. In each configuration, a black solid circle denotes the contour plot corresponding
to the skyrmion’s radius.

using ensembles of initial conditions. This approach guaran-
tees that initial conditions within the same ensemble lead to
consistent outputs.

We prepared 200 different initial conditions for the
skyrmion by applying a SOT and skyrmion Hall effect (SkHE)
[48] on the skyrmion. For the input combinations of (I1, I2) =
(0, 0), (1,0), (0,1), and (1,1), we chose four different PMA
modulations ( f , κi, n), where i = 1, 2, 3, and 4, respectively.
In this study, we set f to 5.5 GHz and n to 10 and examined
all possible combinations of κi to identify optimal modulation
parameters that maximize the clustering of initial conditions
and minimize κi while ensuring a larger gap between each κi.
The chosen κ values of 282

800 , 303
800 , 307

800 , and 572
800 , correspond to

the four input pairs, respectively. For instance, when the input
signal is (1,0), the corresponding PMA modulation applied to
the skyrmion, with its designated initial condition, would be
(5.5 GHz, 303

800 ,10).

Figure 5(a) illustrates the results from the application of
the predefined PMA modulations across 200 distinct initial
conditions. A value of Q10r close to 1, indicative of the
skyrmion’s core reversal, is set to define the output as “True”
(represented in white), while other values are considered
“False” (depicted in black). These results demonstrate the
sensitivity of Q10r to initial conditions. Notably, the logic gate
demonstrates a stronger sensitivity to initial conditions for the
modulations of κ3 and κ4 [corresponding to input pairs (0,1)
and (1,1), respectively] compared to κ1 and κ2 [corresponding
to input pairs (0,0) and (1,0), respectively]. Utilizing this
data, we can build an initial-condition map for distinct logic
operations, displayed in Fig. 5(b). For example, the first initial
condition yields outputs of Q10r = 1, 0, 0, and 1 for inputs
(I1, I2) = (0, 0), (1,0), (0,1), and (1,1), respectively. This
logic operation corresponds to the XNOR operation as labeled
with “9” in Table I.
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Each initial-condition corresponds uniquely to a single
logical operation as indicated by white circles. For instance,
the first seven initial conditions are associated with the XNOR

logic operation. Similarly, the next three initial conditions
correspond to the NOR logic operation. However, there are
additional initial conditions that correspond to either the XNOR

or NOR logic operations. As mentioned, we grouped the largest
consecutive initial conditions, sharing the same logic op-
eration, into an ensemble representing the logic operation.
There are overall ten initial conditions resulting in the XNOR

logic operation (white circles with label “9”). Among them,
only the first seven initial conditions are grouped into an
ensemble designated for the XNOR operation. Consequently,
there are a total of 16 ensembles, each comprising more than
three consecutive initial conditions. This approach enhances
a device reliability. For example, near J = 4 × 109 A/m2,
the device consistently performs the XNOR logic operation,
while around J = 7 × 109 A/m2, there is a possibility of the
NOR operation being performed in real device implementation.
These ensembles of initial conditions make the skyrmion in a
nanodisk a suitable candidate for reliable chaotic logic gates.
We believe that it would be much more energy-efficient to
cluster specific logic operations, which are frequently used
in real computation (such as six basic logic operations),
with initial conditions that can be controlled using lower
energies—in this case, current densities. Furthermore, the
reliability of the device would significantly increase if each
ensemble of initial conditions was made as large as possible.
Further details on the characteristics of the initial-condition
map, given the parameters (5.5 GHz, κi, 10), are available in
the Supplemental Material [44]. However, although explor-
ing all combinations of modulation parameters is excessive,
variations in ( f , n) should also be considered. We propose em-
ploying metaheuristic approaches [49] and machine learning
techniques for an efficient and accurate construction of the
initial-condition map.

IV. DISCUSSION

In this study, we explored the dynamic behaviors of a single
skyrmion’s topological charge in circular dots, subjected to
sinusoidal PMA modulations with varying parameters. We
observed diverse dynamic patterns of the topological charge
of the skyrmion exhibiting both ordered and chaotic fea-
tures, dependent on the specific PMA modulation parameters.
Drawing inspiration from the works of Sinha et al. [38,39]
and leveraging the chaotic conversions of the skyrmion’s topo-
logical charge, we proposed a chaotic computation scheme.
This scheme features a reconfigurable all-in-one logic de-
vice, achievable due to the sensitive dependence on initial
conditions of the skyrmion’s chaotic charge conversion,
where its’ initial condition can be finely tuned by current
densities. The operation and reconfiguration of the logic
gates can be rapidly executed within a few nanoseconds
through the PMA modulation and current density adjustments,
respectively.

To expedite the logic operation time, we can increase the
frequency, f , and decrease the number, n, of PMA modula-
tions. Our approach, utilizing the Q state of a single skyrmion
confined within a nanodisk, suggests that magnetic materials

with higher damping constants are more preferable, as they
allow for quicker overall manipulation time due to faster
relaxation time.

A proof-of-concept is feasible using the VCMA approach
to apply a vertical voltage across the MTJ, in conjunc-
tion with a SOT induced by a parallel current through a
heavy-metal layer beneath the MTJ. Field-free magnetization
switching in this voltage gated SOT-pMTJ system, comprising
IrMn/CoFeB/MgO/CoFeB [50] and W/CoFeB/MgO/CoFeB
[51], have been previously reported. Employing these sys-
tems, we can also propose a chaotic logic gate that combines
SOT-induced chaotic dynamics [52] in the nanodisk with
VCMA-controlled initial-condition variations [25], depend-
ing on the real device implementation feasibility. The PMA
of the nanodisk can be effectively modulated by VCMA up
to 10 GHz [53]. Additionally, it is noteworthy that mag-
netic skyrmion switching via VCMA has been achieved, with
a uniform VCMA effect enabling precise control over the
skyrmions’ core position through SOT [30]. A sinusoidal
VCMA signal can be generated using an external function
generator, an RC resonator, or an LC resonator. Implementing
appropriate circuit design and shielding can substantially re-
duce noise susceptibility and promise fault tolerance, thereby
preserving the initial condition and chaotic dynamics of the
logic gate. Furthermore, alongside our initial-condition en-
sembles, harnessing a weak chaos [54] could further enhance
the device’s reliability.

Compared to the previous chaotic computing paradigms,
the current chaotic computation scheme exhibits two
distinctions. Firstly, it eliminates the need for setting a
separate threshold value for each logic operation. In this
scheme, the skyrmion’s switching, rather than surpassing a
specific threshold value, is considered as the criterion for
“True.” This approach removes the necessity for setting
distinct conditions for each logic operation. Secondly, this
system operates without a feedback loop, avoiding the need to
update chaotic dynamics iteratively. This results in consistent
operation times across different logic operations, as each
operation is conducted within the same modulation period.
These unique characteristics potentially enhance the practical
implementation of the proposed chaotic computation scheme
in digital computing devices. To extend the scheme’s func-
tionality to unary logic operations, such as the NOT and buffer,
which require a single input, we can introduce two additional
PMA modulation parameters (κ5 and κ6), each corresponding
to I = 0 and I = 1, respectively. This expansion would
further benefit the high-density integration of the chaotic
logic devices.

The chaotic computation offers reconfigurability, enabling
seamless and rapid transitions between various logic oper-
ations. This capability significantly lowers integration costs
and enhances device density. Moreover, our advanced chaotic
computation approach, designed specifically for magnetiza-
tion manipulation, boosts fault tolerance. This enhancement is
achieved by utilizing a set of initial conditions and by evaluat-
ing the results based on a uniform criterion: the topological
charge conversion of the skyrmions. Our methodology not
only facilitates the development of spintronics-based chaotic
computing devices but also sheds light on the diverse chaotic
behaviors of magnetic skyrmions influenced by changes in
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perpendicular magnetic anisotropy. These insights are crucial
for advancing skyrmionics technology.
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APPENDIX A: CALCULATION OF THE ENTROPY
OF A MARKOV CHAIN

In our analysis, we first identified all unique states within
the Qn sequence to construct a transition matrix. Each el-
ement of this matrix initially represented the frequency of
transitioning from one state to another, determined by count-
ing consecutive state pairs in the sequence. This matrix was
then normalized to convert these frequencies into transition
probabilities, which is a critical step in forming our Markov
chain model. To calculate the entropy, we employed the Shan-
non entropy formula [55,56]: ε = −∑

i P(i)log2P(i). This
calculation was performed for each state, and the entropy
values were then averaged to derive the mean entropy of
the entire Markov chain. This mean entropy value serves
as an indicator of the chain’s complexity, reflecting the pre-
dictability level in the sequence transitions. A higher entropy
value implies increased unpredictability and complexity, traits
commonly associated with chaotic behavior. This analysis
provides deeper insights into the dynamic properties and
underlying structure of the Qn sequence.

APPENDIX B: INITIAL CONDITIONS OF THE SKYRMION

The initial condition of the confined skyrmion can be con-
trolled via its deformation [57], transformation [58], shift, or
translation [59]. These changes can be systematically induced
using external stimuli such as magnetic fields, electric fields,
spin currents, and charge currents. An effective method for
manipulating the initial condition of the confined skyrmion
involves tracking its guiding center, R = (X ,Y ) where X =
∫ xq dx dy/ ∫ q dx dy and Y = ∫ yq dx dy/ ∫ q dx dy,
and q = (1/4π )m · (∂xm × ∂ym) is the topological charge
density [60].

In our micromagnetic simulation, we assumed a
CoFeB/MgO bilayer nanodisk positioned atop a heavy-metal
layer, such as Pt [61]. This configuration allows the conversion
of a charge current Jc with in-plane direction into a spin
current Js with out-of-plane direction via the spin Hall effect
[62]. The spin Hall angle, denoted as αH , was assumed to
have a magnitude of 0.2, and the ratio of the magnitudes of the
fieldlike and dampinglike terms, represented as ξ = bJ

aJ
, was

assumed to be −2.0 [63]. The current density, J , was varied in
steps of 1 × 109 A/m2, ranging from 1 × 109 to 200 × 109

A/m2. Due to the SOT, R moves along the longitudinal
direction parallel to the charge current, and due to the SkHE,
R simultaneously moves along the transverse direction.
However, this diagonal motion is not a prerequisite for the
sensitive dependence on initial conditions. Any variation of
the initial magnetic skyrmion, whether linear or nonlinear, is
acceptable. We achieved 200 initial states in their equilibrium
states. At the beginning of the PMA modulation, we turned
off the current. Spin configurations for three different initial
conditions, derived from corresponding current densities, are
displayed below Fig. 5(b) as insets.
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