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ABSTRACT: Magnetic skyrmion, a nanosized spin texture
with topological property, has become an area of significant
interest due to the scientific insight that it can provide and also
its potential impact on applications such as ultra-low-energy
and ultra-high-density logic gates. In the quest for the
reconfiguration of single logic device and the implementation
of the complete logic functions, a novel reconfigurable
skyrmion logic (RSL) is proposed and verified by micromagnetic simulations. Logic functions including AND, OR, NOT,
NAND, NOR, XOR, and XNOR are implemented in the ferromagnetic (FM) nanotrack by virtue of various effects including
spin orbit torque, skyrmion Hall effect, skyrmion−edge repulsions, and skyrmion−skyrmion collision. Different logic functions
can be selected in an RSL by applying voltage to specific region(s) of the device, changing the local anisotropy energy of FM film.
Material properties and geometrical scaling studies suggest RSL gates fit for energy-efficient computing as well as provide the
guidelines for the design and optimization of this new logic family.
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Magnetic skyrmions are considered as units (bits) in new
magnetic data-storage devices, which are topological

spin structure with whirling configuration generated at the
ferromagnetic (FM) layer surface.1−4 Due to their very small
size (i.e., can be a few nanometers in diameter) and relatively
low critical depinning current density (∼106 A/m2, defined as
the minimum current density for a skyrmion to initiate its
motion), there exists great potential for skyrmion-based
magnetic memory and logic device applications,5−8 in which
skyrmions are regarded as the major carrier to transfer
information, and binary data can be encoded with and without
the presence of a skyrmion in an FM nanotrack. Skyrmion-
based structures have advantages including topological stability,
low operating power, and data nonvolatility realized in a small
device footprint.
To allow varying operations to be performed efficiently with

a minimal amount of devices, creating device that is adaptable
for different logic functions or operations is an ingenious way to
help design smaller, more-powerful, less-expensive, and more-
reliable integrated circuit. Also, the completeness of Boolean
operations is one of the essential tenets for logic implementa-
tion to enable feasible integrated circuit.9 However, in the
existing proposals of skyrmion-based logic,10−12 the reconfigu-
ration of single device and the implementation of the complete
logic functions are lacked.
In this work, complete logic family including AND/OR/

XOR and NOT/NAND/NOR/XNOR are implemented based
on our skyrmion logic gates, in which the skyrmion’s moving
trajectories are manipulated by virtue of various effects

including spin orbit torque (SOT),13,14 skyrmion Hall effect
(SkHE),15−19 skyrmion-edge repulsions,20,21 and the voltage
control of magnetic anisotropy (VCMA) effect.22,23 In addition,
the proposed logic devices only utilize single skyrmion’s motion
and interaction between skyrmions in the FM film without the
interactions between the skyrmion(s) and domain wall,10−12

which, to the maximum extent, simplifies the design and
operation of skyrmion-based devices. The aforementioned logic
functions can be integrated on one single skyrmion device and
reconfigured by controlling terminal voltages, which generates a
new kind of logic gates to existing spintronic device family: the
reconfigurable skyrmion logic (RSL) gates.

Simulation Methodology. Micromagnetic simulations
using object-oriented micromagnetic framework (OOMMF)
are performed to study the dynamical behaviors of skyrmions
with the interfacial Dzyaloshinskii−Moriya interaction (DMI)
effect24 included. The adopted mesh size is 1 nm × 1 nm × 1
nm with one site in the thickness direction. A Co/Pt bilayer
with perpendicular magnetization anisotropy (PMA) was used
as the FM medium for skyrmions. The material-related
parameters are as follows. The saturation magnetization (MS),
the exchange stiffness constant (A), the DMI constant (D), the
PMA constant (Ku), the spin Hall angle (θSH), and the damping
coefficient (α) are 5.8 × 105 A/m, 1.5 × 10−11 J/m, 3 mJ/m2,
0.8 × 106 J/m3, 0.08, and 0.3, respectively.
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The skyrmion can be considered as a rigid quasi-particle,
which provides a great convenience for theoretical research of
skyrmion dynamics.25 A skyrmion can be generated by local
injection of a spin-polarized current into FM layer surface26 and
then be driven by a current flowing in the heavy metal (HM)
layer via SOT. The SOT-driven skyrmion’s motion is modeled
using the Thiele equation25−28

α⃗ × ⃗ + ⃡ · ⃗ + ⃗ + ⃗ =G v D v F F 0spin (1)

The first term on the left side represents the Magnus force29

that gives rise to the SkHE (i.e., the skyrmion trajectories bend
away from the direction of the conduction electron flow). G is
the so-called gyrocoupling vector, and v is the drift velocity of
the skyrmion. D⃡ is the dissipative tensor. Fspin represents the
SOT driving force by spin current generated by the spin Hall
effect of the HM layer. F denotes to the resultant force acting
on the skyrmion from FM track edges, defects, impurities,
another skyrmions and so on when they approach to each
other. Here, defects and impurities are not taken into account.
Skyrmion-Based Binary Data Representation. The

mechanism to read out a skyrmion is through a magnetic
tunnel junction (MTJ) structure. The bottom FM contacted
with HM layer works as the free layer of the MTJ. The top FM

layer acts as the fixed layer. The resistance of MTJ depends on
the angle (θ) of the two FM layers’ magnetization moments
due to the tunnelling magnetoresistance (TMR) effect, which
can be divided into two states, i.e., the high-resistance state
(HRS) and the low-resistance state (LRS). Once the skyrmion
appears in the free layer, the core of skyrmion is either in
parallel with or antiparallel to the fixed layer, denoting as the
quasi-parallel or quasi-antiparallel states. As expected, there
exist four states in studied MTJ structures, namely, parallel (P),
antiparallel (AP) (without a skyrmion), quasi-parallel (Quasi-P)
and quasi-antiparallel (Quasi-AP) states (with a skyrmion), as
shown in Table 1.
The resistance (R) of an MTJ can be expressed as30

θ
=

+ + −
R

G G G G
2

( )cosp ap p ap (2)

with Gp and Gap representing the conductances of P (θ = 0°)
and AP (θ = 180°) states, respectively. Gp is set to be twice of
Gap, corresponding to a peak TMR of 100%. The average θ
between a skyrmion and the fixed layer in the MTJ region is
calculated. The average θ for Quasi-P and Quasi-AP state is
about 37° and 143°, and the TMR is 10.6% and 67.8%,
respectively. The four MTJ states are classified as two binary

Table 1. Studied MTJ structuresa

aTheir corresponding states of two FM layers: parallel (P), antiparallel (AP), quasi-parallel (Quasi-P), and quasi-antiparallel (Quasi-AP); averaged
angles (θ) of magnetization moments between two FM layers; tunnelling magnetoresistance (TMR) variation with respect to the case of θ = 0°;
resistance (R): low-resistance state (LRS), high-resistance state (HRS); binary data levels with (w/) and without (w/o) the presence of skyrmion
(Sk) in an MTJ.

Figure 1. Skyrmion logic AND gate: (a) the device structure with two inputs and one output and (b−d) micromagnetic simulations of trajectories of
skyrmion motion in FM films under three cases of inputs. Skyrmion logic OR gate: (e) the device structure with two inputs and one output and (f−
h) micromagnetic simulations of trajectories of skyrmion motion in FM films under three cases of inputs.
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data levels. P and Quasi-P states are encoded as “0″, while AP
and Quasi-AP states are defined as “1”.
Implementation of AND and OR Logic Functions. In

the proposed structure shown in Figure 1a, two input-MTJs A
and B are placed at the left side, while an output-MTJ Y is
placed at the lower right side. It is noted that the magnetization
is pointing up in fixed layer of MTJs so that state “0”
corresponds to the absence of a skyrmion and “1” corresponds
to the presence as mentioned above. When input voltage (Vin)
is below the critical value (Vc) to overcome the topological
stability barrier, no skyrmion appears in the free layer of the
input-MTJ. At Vin > Vc, a sufficiently large spin-polarized
current is applied to create a skyrmion. The created skyrmion
then moves toward right under drive current (Jd). If a skyrmion
reaches bottom layer of the output-MTJ, it results in a high-
resistance state and consequently a high output voltage (Vout).
If no skyrmion is detected by the output-MTJ, a low Vout is
output.
When both inputs are “0” state (Vin < Vc), there are no

skyrmions moving in the FM nanotrack. Figure 1b−d shows
the trajectories of skyrmion motions in FM film under another
three cases of inputs. As shown in Figure 1b, an individual
skyrmion at lower left moves (about 60 nm) along the +x
direction due to SOT and simultaneously deviates to the +y
direction (for a distance about 50 nm) because of the SkHE.
Then the skyrmion stops at the center region due to the
repulsion from track edge. If a skyrmion starts to move from
upper left, it moves along the edge of FM film and stops (after a
35 nm) traveling along the −y direction, as suggested by Figure
1c. However, when both of the skyrmions from lower and
upper left move in this structure, the bottom one can reach
lower right once it collides with top one (Figure 1d). As a
result, only when both inputs are “1” state (Vin > Vc) can a
skyrmion reach the output region. The states of two inputs and
their corresponding outputs implements the function of AND
(see Table S1 for the truth table of skyrmion logic AND gate).
If the upper right region is set as output, the function OR can

be implemented as depicted in Figure 1e. In this structure, the
individual skyrmions from lower or upper left can reach the
upper right under drive current (Figure 1f,g). When the two are
moving simultaneously, the top skyrmion can reach the upper
right, while the bottom one gets impeded by an artificial notch
after its collision with the top one (Figure 1h). To ensure the
collision occurring at the center region, another rectangular (or
triangular) notch26 is set at upper edge to adjust the trajectory
of top skyrmion. Consequently, a skyrmion can reach the
output region, provided that one of the inputs is “1” (see Table
S2).
Implementation of NOT Logic Function. The logic

NOT is implemented in a straightforward way by switching the
magnetization of the fixed layer of output-MTJ, as shown in
Figure 2a. The magnetization switching can be induced by an
in-plane current via SOT with the assistance of the exchange
bias from antiferromagnetic (AFM) top layer.31 In other words,
the magnetization direction of the fixed layer can be controlled
by the in-plane current (or voltage VM) polarity. In this regime,
when no skyrmion is created in the FM nanotrack, input is “0”
state and output is “1” state (Figure 2b). When a skyrmion is
created (i.e., input is “1” state) and then reaches the output
region, output is switched to “0” state (Figure 2c; see Table S3)
Similarly, the function of NAND and NOR can be achieved

based on existing AND and OR solutions (see Figure S1).
Besides, by connecting the output-end of two skyrmion logic

AND gates with the two input-ends of one skyrmion logic OR
gate, it gives a way to the realization of logic XOR/XNOR (see
Figure S2).

Reconfigurable Skyrmion Logic Gates. Furthermore, the
logic function of AND and OR can be implemented in one
structure by separating the outputs. Figure 3a−d shows the
evolution of the position of skyrmion(s) under four cases of the
inputs, respectively. According to the states of two inputs and
their corresponding outputs, one can see that OR operation is
executed at the upper right port, while AND operation is shown
at the lower right.
Based on this structure, the reconfigurable skyrmion logic

(RSL) gate structure is proposed to implement the
aforementioned functions, as shown in Figure 3e. The function
type can be selected by three voltage-control gates, where VK1
and VK2 are used to construct gates for controlling skyrmion
motion via the modification of the anisotropy energy of local
area in FM films under the applied voltage,22 known as the
VCMA effect.23 When VK1/VK2 is on, the Ku decreases in the
controlled region, resulting in a repulsive dipolar forces acting
on skyrmion so that its motion is impeded.22 Therefore, when
VK1 is on and VK2 is off, AND (NAND) operation is executed
(see Figure S3); when VK1 is off and VK2 is on, OR (NOR)
operation is executed (see Figure S4). Note that the stored data
need to be erased by applying a pulsed drive current with large
density for skyrmions’ annihilation in the FM track before the
next operation, denoted as the Erase operation.

RSL Gates Performance vs Scaling. The logic switching
delay (td) is determined by the velocity (v) of skyrmion motion
and the distance between input(s) and output. For one
skyrmion logic unit, td is estimated to be around 10−20 ns at Jd
= 5 × 1010 A/m2 with θSH = 0.08, which is comparable to that
of current emerging nonvolatile switches based on spintronics
and nanoelectro-mechanical technology.9 Particularly, the
skyrmion’s velocity is proportional to Jd, as shown in Figure
4a. Thus, there exists a trade-off between delay td and the power
consumption, and energy-efficient operations are optimal for
RSL gates. Skyrmion’s velocity is also affected by the magnetic
properties of the FM film such as Ku and D. As shown in Figure
4b, the velocity increases as Ku decreases and D increases for a
constant Jd. However, the skyrmion’s size, governed by the
diameter (d) of skyrmion in its steady state, is one of main
factors to downscale the logic devices, which is further
determined by magnetic properties such as Ku and D. As
shown in Figure 4c, the diameter decreases as Ku increases and
D decreases. Therefore, the switching delay is almost unaffected
by scaling down the RSL gates via tuning magnetic properties
including Ku and D.
In conclusion, functions including AND, OR, NOT, NAND,

NOR, XOR, and XNOR are implemented in skyrmion logic

Figure 2. Skyrmion logic NOT gate. (a) The device structure with one
input and one output. Inset: Polarity of control voltage VM and
corresponding magnetization direction. (b,c) A pair of cases of NOT
operation and corresponding trajectories of skyrmion motion.
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gates, driven by current-induced SOT, SkHE, and skyrmion-
edge repulsion effects. Within one device structure, different
functions can be selected by additional voltage controls via the
VCMA effect, enabling the reconfigurable logic styles. Material
properties and geometrical scaling studies through micro-
magnetic simulations with predictive models suggest that
reconfigurable skyrmion logic (RSL) is promising for non-
volatile and energy-efficient computing applications.
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Richter, K.; Büttner, F.; Sato, K.; Tretiakov, O. A.; Förster, J.; Reeve, R.
M.; Weigand, M.; Bykova, I.; Stoll, H.; Schütz, G.; Beach, G. S. D.;
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