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A skyrmionic programmable logic device (SPLD) with complete Boolean logic functions is proposed
and analyzed by micromagnetic simulations. The SPLD is based on an antiferromagnet-ferromagnet
bilayer structure, in which the antiferromagnetic layer supports the interfacial Dzyaloshinskii-Moriya
interaction and the out-of-plane exchange-bias field for stabilizing a zero-field skyrmion. By varying the
local exchange-bias field, artificial pinning sites are introduced to trap skyrmions. Depending on the input
currents and initial position of skyrmions at different pinning sites, different logic functions can be realized.
Micromagnetic simulations show that the proposed SPLD has a robust performance, even under thermal
fluctuations and inhomogeneity effects. Our work can provide insights for the design of programmable
spin-logic devices.
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I. INTRODUCTION

Magnetic order that can be harnessed via a magnetic
field or electrical current is widely explored for memory,
logic, and sensor applications [1–5]. The demand for scal-
ing down the size of magnetic devices grows with devel-
opments in information processing and storage technolo-
gies. To this end, nanosized magnetic textures have been
extensively studied with promising prospects on dense
magnetic devices. A magnetic skyrmion is a newly dis-
covered topological magnetic texture, which has received
much attention due to its prominent properties, such as
nanoscale size, nontrivial topology, and low driving cur-
rent density [5–10]. These properties lead to proposals
for a range of prototypes of skyrmionic devices, such
as skyrmion racetrack memory [5,8,10–12] and skyrmion
logic [13–17].

Boolean logic devices comprise the basic elements in
modern electronic circuits. Conventional logic devices can
be classified into two broad categories: a fixed logic device
(FLD) and a programmable logic device (PLD) [18]. In
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recent years, many FLDs that are based on magnetic
devices have been proposed. For example, a single mag-
netic domain, domain wall, or skyrmion can be employed
as information bits to achieve different logic functionalities
in FLD [13–17,19–26]. However, the logic functional-
ity of the FLD is fixed once it has been manufactured,
which limits flexibility in applications. In contrast, a PLD
can be reconfigured and, hence, possesses multiple func-
tionalities. Nonetheless, there are only a few research
works reporting the realization of a skyrmion-based PLD
[16]. Similar to the racetrack device, in a skyrmionic
programmable logic device (SPLD), the input and out-
put binary data bits “1” and “0” are encoded by the
state with and without a skyrmion, respectively. Based
on the voltage-controlled magnetic anisotropy effect, some
SPLDs have been proposed [16,17]. However, racetrack-
based devices may suffer from the skyrmion Hall effect
(SKRHE), thermal fluctuations, and edge roughness, espe-
cially in constricted devices [7,12,27–31].

Here, we report a SPLD with complete Boolean logic
functions (16 functions, including AND, NAND, XOR, etc.)
based on artificially induced skyrmion pinning sites and
current-driven skyrmion motion. Depending on the ini-
tial skyrmion position and applied currents, full logic
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functionalities can be achieved. The proposed scheme does
not suffer from the SKRHE and skyrmion-edge repulsion,
since the working principle does not involve long-range
skyrmion diffusion and skyrmion-edge interactions. Fur-
thermore, simulations with thermal fluctuations and inho-
mogeneity effects also demonstrate the robustness of the
proposed SPLD device.

II. MODEL AND METHOD

The proposed logic device is shown in Fig. 1(a).
The antiferromagnet (AFM)-based heterostructure is
patterned into a crossbar with a center region of
400 × 450 nm2. The antiferromagnetic layer provides the
interfacial Dzyaloshinskii-Moriya interaction (DMI) and
an exchange-bias field to the ferromagnetic (FM) layer,
which endows zero-field stability to the skyrmion. Elec-
trical currents are designed as input signals with identical
amplitude, I 1 and I 2, which are orthogonal to each other.
Due to the spin Hall effect in the AFM layer [32–37],
the applied current generates spin-orbit torque and drives
skyrmion motion in the FM layer [8,38,39]. To achieve dif-
ferent logic functions, the skyrmions must be initialized

in the ferromagnetic layer by injecting a spin-polarized
current through four different magnetic tunnel junctions
(MTJs) marked as A, B, C, and D. MTJ D is also used
to read the skyrmion as an output signal via the tunneling
magnetoresistance (TMR) [9,10]. As shown in Figs. 1(b)
and 1(c), the FM layer that hosts the skyrmions serves
as the free layer of the MTJ, and the TMR is determined
by the relative magnetization state between the FM layer
and the fixed layer of the MTJ. The presence (absence) of
a skyrmion can be defined as the high- (low-) resistance
state. The local exchange-bias field can be manipulated by
scanning-tip-based field cooling [40], x-ray exposure [41],
or an electron beam to achieve effective pinning for the
skyrmion [42]. Figure 1(d) shows the layout of pinning
sites and MTJs. These pinning sites are designed for posi-
tioning the skyrmions. The input currents determine the
direction of skyrmion motion associated with the SKRHE
[7,30,31]. In the proposed device, we set the skyrmion Hall
angle (θSKRHE) to about 45° for clarity, and this parameter
can be optimized for different materials. Figures 1(e)–1(h)
show the direction of skyrmion motion under different
input current schemes. The influence of different θSKRHE
values will be discussed later.

(b)(a)

(c)

(d)

(e) (f) (g) (h)

FIG. 1. Setup of device and motion of skyrmions under input current. (a) Illustration of the device configuration in FM-AFM bilayer.
AFM layer (blue) is patterned into cross-shaped Hall bar, and FM layer (gray) cover the center region. Two orthogonal currents with
identical amplitude, I 1 and I 2, are injected into AFM layer as input signals. Four magnetic tunnel junctions (MTJs), marked as A, B, C,
and D, are used for writing skyrmions. MTJ D is also used for reading output voltage. (b),(c) Spin structures in MTJ of parallel (P) and
antiparallel (AP) states, respectively. Spins in AFM layer are reoriented into local in-plane order, resulting in local exchange-bias field
and pinning sites (PSs). (d) Layout of pinning sites and MTJs. (e)–(h) Skyrmion motion in FM layer under different input currents.
J represents overall current direction, and v represents skyrmion velocity. I 1= 0 and I 2= 0 indicate no input current (or equivalently,
input 0), leading to no skyrmion motion. I 1= 0 (I 1= 1) and I 2= 1 (I 2= 0) indicate applied in-plane current flowing along y (x) axis
and skyrmion moving along vector (−1, 1) [(1, 1)]. I 1= 1 and I 2= 1 indicate current flow along vector (1, 1) and skyrmion moving
along y axis.
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To simulate skyrmion motion and design a skyrmionic
programmable logic device, the micromagnetic simulation
package Mumax3 is employed [43]. In the sim-
ulation, the magnetic system is discretized into a
mesh of dimensions 1 × 1× 1 nm3. The material-related
parameters are as follows: saturation magnetization
(MS), 1.0 × 106 A/m; exchange stiffness constant (A),
1.5 × 10−11 J/m; Dzyaloshinskii-Moriya constant (D),
2 mJ/m2; perpendicular magnetic anisotropy (PMA) con-
stant (Ku), 0.9 × 106 J/m3; spin Hall angle (θSHE), 0.4; and
damping coefficient (α), 0.3. The dipole-dipole interaction
is also considered. The working principle of the proposed
device is irrespective of the edge and, hence, we do not
consider the edge effect. The periodic boundary condi-
tion is adopted to improve the simulation efficiency (for
more details of simulations with larger areas and open
boundary conditions, see Appendix B). The pinning site
induced by the local exchange-bias field (LEBF) serves as
an effective potential well for the skyrmion. Such a pinning
effect has been systematically investigated in our previous
work [12]. It is shown that the pinning strength can be
engineered by the size of the potential well (DE) and the
intensity of the exchange-bias field (HE). For large DE and
HE , the pinning effect is strong and the skyrmion is eas-
ily trapped by the pinning site. In our model, DE is 60 nm
and the nearest distance between different pinning sites is
240/

√
2 nm. The effective local exchange-bias field, HE ,

in the circle is 0.02 T (field direction along the y axis
because the Néel orders are reconfigured by local thermal
excitations induced by x-ray exposure [41] or an electron
beam [42] and finally point to the +y direction), while HE
outside the circular pinning region is 0.02 T (field direc-
tion along the z axis because the Néel orders in the AFM
layer are initially uniformly pointing to the +z direction).
We consider a layered AFM and assume that the LEBF
is not affected by magnetization dynamics in FM layer
[41,42]. Thermal fluctuations (∼300 K) are included. The
effect of inhomogeneity is introduced by a 5% variation
of saturation magnetization, exchange stiffness constant,
DMI constant, and anisotropy in different grains (grain size
approximately10 nm).

III. SKYRMION-BASED PROGRAMMABLE
LOGIC GATES

We first explain the working principle of the logic opera-
tion for a XOR gate as an example. As shown in Fig. 2(a1),
the clean operation is first executed by applying a large
current pulse (∼1012 A/m2) to annihilate skyrmions on
all MTJ sites. This operation can wipe out previously
configured functions. To initialize the XOR function, two
skyrmions are created at positions B and C by local injec-
tion of a spin-polarized current [Fig. 2(a2)]. Then, elec-
tric current pulses with duration tp = 3 ns and density
Jp = 2 × 1011 A/m2 are injected as inputs. For the case

with input signal I 1= 0 and I 2= 0 [Fig. 2(a3)], no electric
current is injected and the skyrmions stay in their origi-
nal position. Therefore, a low-resistance state in MTJ D is
read out, showing an output signal of “R = 0,” as shown
in Fig. 2(a4). Figures 2(b1), 2(c1), and 2(d1) show the
results for different combinations of input signals. If the
input signal is I 1= 0 (I 1= 1) and I 2= 1 (I 2= 0), as shown
in Fig. 1(b3) [Fig. 1(c3)], the applied in-plane current flows
along the y (x) axis, and the skyrmions both move along
the vector (−1, 1) [(1, 1)]. After injection of the input
current pulse, the skyrmion in the B (C) site moves to
the D site. Finally, the high-resistance state in MTJ D is
read out, showing an output signal of “R = 1” [Figs. 2(b4)
and 2(c4)]. As for the case with I 1= 1 and I 2= 1, which is
similar to the case of I 1= 0 and I 2= 0, no skyrmion moves
into the D site, as a result R = 0 [Fig. 2(d4)].

In Fig. 3, we show the simulation results for several
other logic gates. Different initial skyrmion configurations
correspond to different logic operations. For example, ini-
tializing skyrmions at B and C sites leads to the function
of the XOR logic gate, as discussed above. The initializa-
tion of skyrmions at sites A, D, AD, BC, ABC, and BCD
leads to AND, NOR, NXOR, XOR, OR, and NAND logic gates,
respectively. It should be noted that the device also has a
stable performance under thermal fluctuations (300 K) and
inhomogeneity effects. The proposed device can realize
16 logic functions (see Table I), including material impli-
cation [B for inverse implication (NIMP), C for reverse-
inverse implication (RNIMP), ACD for inverse implication
(IMP), and ABD for reverse implication (RIMP)], inoper-
ation (AB for I 1 and AC for I 2), NOT gate (BD for NOT
I 2 and CD for NOT I 1), false (no skyrmion set), and true
(ABCD).

IV. DISCUSSION

A. Influences of θSKRHE and θSHE

The examples discussed above show that the skyrmion-
shift operation determines the output signal, indicating that
the logic operation relies on stable skyrmion positioning
and precise skyrmion-shift operation. Thus, θSKRHE is an
important parameter in this device. For specific values of
θSKRHE, the design of the layout of pinning sites and MTJs
should be further optimized, as shown in Appendix A
[Figs. 5(d), 5(h), and 6]. On the other hand, θSHE also influ-
ences the amplitude and duration of the input current pulse
and is closely related to the operation frequency.

To further understand the role of θSHE and the magnitude
of the input current pulse Jp , we employ Thiele’s approach
[8,38,39]. Their relationship can be obtained from the
Thiele equation:

�G × �v − α
↔
D · �v + 4πB

↔
R · �J = 0. (1)
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(a) (a1) (a2) (a3) (a4)

(b) (b1) (b2) (b3) (b4)

(c) (c1) (c2) (c3) (c4)

(d) (d1) (d2) (d3) (d4)

XOR

FIG. 2. Simulated logic device with XOR function. Complete process includes four sets of inputs, (a) I 1= 0 and I 2= 0, (b) I 1= 0 and
I 2= 1, (c) I 1= 1 and I 2= 0, (d) I 1= 1 and I 2= 1, and four operations, clean, initialization (initial for short), input, and read. (a1)–(d1)
“Clean” operation wipes out all skyrmions in FM layers by using a large current pulse. (a2)–(d2) “Initialization” operation creates
skyrmions in specified pinning sites to initialize specific logic function. (a3)–(d3) “Input” operation injects input signals (currents)
and drives skyrmion motion. Black arrows indicate input currents. Arrows in green, red, and blue show the trajectory of skyrmions
after injecting current. (a4)–(d4) “Read” operation reads output voltage signal from MTJ D. Output signals, R, are indicated by dashed
arrows.

Here, �G = (0, 0, g) is gyrocoupling vector with g = 4π ,
�v = (vx, vy) is the velocity of the skyrmion, and

�J = (Jp , 0) is the current density.
↔
D =

[
D0 0
0 D0

]
is

the dissipative tensor, and
↔
R =

[
cos ϕ0 sin ϕ0
−sin ϕ0 cos ϕ0

]
is

an in-plane rotation matrix with ϕ0= 0 for the Néel
skyrmion. α is the Gilbert damping and coefficient B =
[(γ0�θSHELscIρ)/(2eMsL)] is linked to the spin Hall effect,
where γ0 the gyromagnetic ratio, � is the reduced Planck
constant, θSHE is the spin Hall angle, e is the electron
charge, Ms is the saturation magnetization, L is the thick-
ness of the ferromagnetic layer, Lsc is the scaling length
equal to the strip width, and Iρ is the shape factor of the
skyrmion.

The solution of Eq. (1) is given (without boundary
conditions) as

−gvy − αD0vx + 4πBJp = 0,

gvx − αD0vy = 0.
(2)

Then, we can obtain the relationship between the velocity
of the skyrmion and the input current pulse:

v =
√

v2
x + v2

y = 4πBJp√
α2D2

0 + g2
. (3)

Therefore, the shift of the skyrmion between nearest pin-
ning sites can be described as

S = vtp , (4)

where S is the distance between the nearest pinning sites
and tp is the duration of input current pulse. From Eqs. (3)
and (4), one obtains
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A
(AND)

D
(NOR)

AD
(NXOR)

BC
(XOR)

ABC
(OR)

BCD
(NAND)

I2I1

FIG. 3. Simulated results of
different logic functions. Func-
tion is configured by setting
skyrmions in specified pinning
sites. Corresponding initial states
and logic functions (written in
brackets) are shown in the first
row. 1” and 0 indicate output
signals from MTJ D. Arrows
in green, red, and blue show
trajectory of skyrmions after
injecting different input currents.

tpJpθSHE = C, (5)

where C = SeMsL
√

α2D2
0 + g2/2πγ0�IρLsc is a constant

for a given device. In our system, for tp = 3 ns, Jp =
2 × 1011 A/m2, and θSHE = 0.4, C = 1.2 × 1011 ns A/m2 is

obtained. The relationship between tp and Jp is shown in
Fig. 4. It is obvious that tp is inversely proportional to
Jp . As mentioned above, large DE and HE lead to a rela-
tively strong pinning effect. Although the LEBF potential
well can pin the skyrmion, it also causes a problem when
driving the skyrmion. Thus, Jp should be larger than the

TABLE I. Sixteen logic functions programmed by different skyrmion configurations. Gray cells indicate input values (I 1 and I 2).
Corresponding initial states for different logic functions (written in brackets) are shown in the first row. Orange cells represent common
logic functions. Blue cells indicate material implication. Green cells indicate inoperations and a NOT gate. Pink cells represent false
and true.

A(AND) B(NIMP) C(RNIMP) D(NOR) AB(I1) AC(I2) AD(NXOR) BC(XOR)

ABC(OR) ABCD(True)--(False)ABD(RIMP)ACD(IMP)BCD(NAND)BD(NOT I2) CD(NOT I1)

I2I1

I2I1
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(Fe-Mn)

FIG. 4. Duration of input current (tp ) as a function of current
amplitude (Jp ) for various θSHE. Curves are plotted according
to Eq. (6) with different values of θSHE marked by blue 0.02
for Fe-Mn [49], green (0.3 for IrMn3 [35]), and black (0.08 for
Pt-Mn [34]).

critical driving current (Jc) to overcome the trapping force
and drive the skyrmion out of the LEBF potential well.
The influence of DE and HE on Jc are similar to that of
pinning strength. Therefore, DE and HE need to be engi-
neered to obtain optimal Jc and Jp [12]. The spin Hall
angle also plays an important role in the device. Antiferro-
magnets with large spin Hall angles, such as IrMn3 [35] or
Pt-Mn [34], are expected to increase the speed and energy
efficiency of the device.

To build a robust device with high performance and
energy efficiency, an antiferromagnetic metal with a large
spin-orbit coupling (providing large enough values of DMI
and θSKRHE) and exchange-bias effects at room temperature
is necessary. This specific requirement limits the variety
of alternative materials. IrMn3 and Pt-Mn are promising
candidates for the antiferromagnetic layer, but other anti-
ferromagnets can also be explored. On the other hand,
the initialization of skyrmions leads to extra energy con-
sumption and longer operating time, which need to be
optimized. One solution is to increase the spin polariza-
tion of the electric current to lower the critical current
for writing of the skyrmions. The dipolar field originating
from the fixed layer of MTJ is neglected in our simula-
tion for simplicity, but for sub-100-nm MTJ the dipolar
field may affect the pinning strength and needs to be fur-
ther modified [12]. By using an optimized MTJ structure,
the energy consumption of the initialization operation can
be greatly reduced [44]. It is also possible to employ
the electric-field-assisted method to further optimize the
device [45].

B. More inputs of instructions

For a programmable logic device, additional inputs of
instructions are needed for more functions. In general,
the number of logic functions (NF ) is determined by the
number of instructions (N ins). For binary instruction, a
device with 16 complete logic functions needs four addi-
tional inputs of instructions. The four terminals in our
proposal correspond to the four MTJs (at the A, B, C,
and D sites). For other types of magnetic logic device
[13,46–48], it is found that more terminals of instructions
lead to more functions, indicating the importance of N ins.
Such multi-instruction schemes can also be implemented
in logic devices based on other physical systems, providing
a guideline for the design of a programmable logic device
with multiple functions.

V. CONCLUSION

We propose a skyrmionic programmable logic device
that includes 16 types of logic functions. The logic func-
tions are configured by initializing the layout of skyrmions.
The pinning sites can enhance the stability and certainty
of skyrmion motion, and the device thus shows significant
robustness under the effect of inhomogeneity and thermal
fluctuations. Our work could stimulate the design of a PLD
with complete functions and serve as a candidate for future
skyrmionic logic applications.
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APPENDIX A: LAYOUT OF PINNING SITES AND
MTJS

The skyrmion Hall angle determines the direction of
motion of the skyrmion under an applied current. This
machine thus influences the layout of pinning sites and
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FIG. 5. Sketch of the layout of pinning sites and MTJs in different skyrmion Hall angle. (a)–(c),(e)–(g) Skyrmion motion with small
and large skyrmion Hall angles, respectively. (d),(h) Layouts of pinning sites and MTJs. Solid blue lines in (c),(g) are parallel to those
in (d),(h).

MTJs in the proposed skyrmionic programmable logic
device, as shown in Figs. 5(d) and 5(h). For θSKRHE ≈ 45°,
the layout is shown in Fig. 1(d). For θSKRHE > 45°
(θSKRHE < 45°), the layout can be obtained by com-
plete counterclockwise (clockwise) rotation of the one at
θSKRHE= 45°. For example, when the damping constant is

XOR XOR

XOR XOR

FIG. 6. Simulation results for XOR gate with damping
α = 0.01.

0.01, the skyrmion Hall angle is close to 90°. Thus, the
layout of the device is rotated about 45° clockwise. The
simulation results are shown in Fig. 6. The performance
of the proposed device is still robust. This also implies that
damping should be taken into account when optimizing the
device.

XOR XOR

XOR XOR

FIG. 7. Simulation results for XOR gate with sample size
800 × 800 × 1 nm3 under open boundary conditions.
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APPENDIX B: MICROMAGNETIC SIMULATIONS
WITH LARGE AREA AND OPEN BOUNDARY

CONDITIONS

Figure 7 shows the simulation results of the XOR gate
with sample size 800 × 800 × 1 nm3 and open boundary
conditions. The results are still robust and similar to those
shown in Fig. 2.
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