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Programmable skyrmion-based logic gates in a single nanotrack
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Programmable logic devices with multiple functions are key ingredients in information technology. Here we
propose a multifunction logic device based on the current-driven skyrmion motion in a single nanotrack, where
the spatially modulated Dzyaloshinskii-Moriya interaction introduces a potential barrier to the skyrmion. Three
stable stages of the skyrmion location under a driving current of different magnitudes are demonstrated at room
temperature through micromagnetic simulations, according to which we implement all necessary logic gates for
computing applications. Our proposal provides a feasible scheme to design skyrmion-based programmable logic

devices.
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I. INTRODUCTION

Logic gates are basic units of electronic computing de-
vices. In recent years, magnetic logic gates potentially with
low power consumption, nonvolatility, and programmable
logic operations, have received increasing research inter-
est [1-3]. So far, various types of conceptual magnetic
logic devices have been proposed, based on magnetiza-
tion switching [4-7], magnetic domain wall motion [3,8],
spin wave transmission [9-11], or magnetic skyrmion dy-
namics [12-26]. Among them, magnetic skyrmions, stable
particlelike topological spin textures, are believed to be
promising candidates for the next generation of realis-
tic computing devices [27-36]. While most proposals of
skyrmion-based logic gates only allow a specific logic op-
eration in one device [12-15], programmable designs with
multiple logic functions [16,22,23] could not only provide a
much higher flexibility in applications but also open opportu-
nities to reduce the size and cost of integrated circuits.

In practice, various skyrmion-based logic operations, in-
cluding AND, OR, NOT, NAND, NOR, XOR, and XNOR, were
theoretically demonstrated to be achievable in a single struc-
ture by selectively activating the inputs/outputs [16,22] or
electrically manipulating material parameters, such as the
magnetic anisotropy and Dzyaloshinskii-Moriya interaction
(DMI), along the skyrmion nanotrack [16,23]. The exper-
imental realization of such devices, however, requires the
fabrication of a set of control gates or circuits within a
nanoscale working structure [16,18,21,23], which might cause
additional technical challenges and manufacturing cost. The
effectiveness and the efficiency of the modification in the
material parameters by nanoscale gates spatially close with
each other are also questionable. An easily accessible design
for reconfigurable skyrmion-based multifunction devices is
therefore desirable.

“kashen@bnu.edu.cn

2469-9950/2023/107(5)/054437(9)

054437-1

In the present work, we demonstrated through micromag-
netic simulation that a single nanotrack containing a potential
barrier in the skyrmion pathway, as schematically illustrated
in Fig. 1(a), is sufficient to perform various logic operations
by current-induced motion of the skyrmion locally created on
one side of the nanotrack. As the barrier defines spatially two
local minima of the skyrmion potential energy, under a driving
current pulse above a critical value, the initialized skyrmion
could pass through the barrier and resides on the other side
unless the driving current is too large to destroy the skyrmion
at the boundary. The existence of the two critical currents for
skyrmion climbing over the barrier and annihilating at the
boundary, as we will explicitly show below, allows multiple
logic functions, such as, namely AND, OR, XOR, NAND, NOR,
XNOR, and NOT, to be performed based on proper control of
the driving current via input signals. In contrast to previous
proposals, no manipulation on the geometry or material pa-
rameters of the magnetic working layer is needed during the
switching among the logic functions in our device.

II. DEVICE STRUCTURE AND SKYRMION DYNAMICS

As explicitly depicted in Fig. 1(a), our skyrmion nanotrack
is based on a heterostructure consisting of a ferromagnetic
working layer and a nonmagnetic heavy metal. The latter,
labeled as HM1, is employed to introduce, on one hand, an
interfacial DMI (parameterized by D) to the ferromagnetic
layer to stabilize the skyrmion therein and, on the other
hand, a spin-orbit torque for current-induced skyrmion mo-
tion [31]. As the potential barrier may be established by
different approaches, we here consider a local change in
the DMI parameter, which is achievable experimentally by,
for instance, locally modifying the properties of the heavy
metal [38,39], utilizing local ion irradiation on the mag-
netic layer [40], applying an electric field normal to the
interface [41], or modulating the interface between the mag-
netic layer and heavy metal [42]. Specifically, a heavy metal
strip (labeled as HM2) grown on top of the ferromagnetic

©2023 American Physical Society


https://orcid.org/0000-0003-2604-8339
https://orcid.org/0000-0002-0842-5711
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.054437&domain=pdf&date_stamp=2023-02-27
https://doi.org/10.1103/PhysRevB.107.054437

LAICHUAN SHEN, YAN ZHOU, AND KA SHEN

PHYSICAL REVIEW B 107, 054437 (2023)

Fixed layer 10 '(C) D, (mJ/m?) w, (nm)
[ Detection layer (c\‘,_’ L —— 0 8
Output Spacer o I /* \ —— -05 8
l N HM2 Z5r " \Q\—H 05 16
E I Ferromagnet o [ .
- HMA1 E i QQ‘
0 ! 2:99-0-0-03
0 100 X, (nm) 200
(d) . .
1'ODODOOO| |OODOD
L | ‘ . |
_____________ © | |
T 0F |
! B
; 1k : {Annihilation

—~
O
~

Relaxation

Driving

Creation
Relaxation

QQOIOJJIO)"Q):

© |

1
|
|
Detection layer |
|
|
|

Detection layer

| Detection layer

012 12 17

5
% mYYS vV . IEXY
3 Ferromagnet j Ferromagnet j | Ferromagnet
anooooo: cl Cz:ooaao
R 1 1 1 ] ! 1
22 t(ns) 0 5 ) 10 152 20 25
jdrive (MA/CITI )

FIG. 1. (a) Schematic of the skyrmion nanotrack. The heavy metal (HM1) and ferromagnet constitute a nanotrack with a locally modulated
DMI due to the heavy metal strip (HM2). The spacer and perpendicularly magnetized fixed layer on the left side of the nanotrack are used
to create the skyrmion via the current-induced spin transfer torque. The detection layer (a reference magnetic layer), spacer, and ferromagnet
together form a spin valve structure that can characterize the orientation of the ferromagnetic magnetization by means of the magnetoresistance
effect. The skyrmion dynamics is triggered by an in-plane driving current in HM1. (b) The entire operation sequence in our micromagnetic
simulation. (c) The DMI-induced potential energy as a function of the skyrmion position x,, with different DMI strengths (D,) and the widths
(wy) of the HM2 strip. (d) Recorded magnetization m. 4 of the working layer in the 40x40 nm? detection area and (e) the logic output as
functions of the driving current jqy.. In the simulation for (d) and (e), we use « = 0.5 [37] and T = 300 K. w, and D, are adopted to be 8 nm
and —0.5 mJ/m?, respectively. Error bars in panel (d) represent the standard derivation, and the insets show the snapshots of representative
magnetization configurations. The insets in panel (e) are the magnetization configurations of the ferromagnet and detection layer. j.; and j.
are the critical current densities for the transitions between different spin configurations.

working layer is adopted to partially compensate the DMI
induced by HM1 [38]. The resulting energy barrier can be
clearly recognized from Fig. 1(c), where the skyrmion po-
tential energy with typical material parameters is plotted as
a function of the skyrmion location. The technical details
for this calculation are presented in Appendixes A and B.
The shaped magnetic fixed layer in Fig. 1(a) is used to
create the skyrmion via the current-induced spin transfer
torque [43]. The detection layer uniformly magnetized along
z direction reads out the final magnetization in the detec-
tion area of the working layer through the magnetoresistance
effect [44].

The dynamics of the skyrmion in the working layer,
including its creation and current-induced motion, with real-
istic material parameters are carried out from micromagnetic
simulation (see Appendix A for the details). Figure 1(b) illus-
trates the operation sequence. Starting from a ferromagnetic
ground state of the working layer, a skyrmion is created on
the left side of the nanotrack by injecting a current pulse
(Jereate) through the fixed layer [36]. After a waiting time
(~1 ns) for relaxing the skyrmion texture, an in-plane current
(Jarive) With a duration of 10ns is applied in HM1 to drive
the skyrmion motion. The output is extracted after another
waiting time (5 ns).

The readout signal, i.e., the average out-of-plane magneti-
zation in the detection region (m; get), is plotted in Fig. 1(d)

as a function of the driving current jgv.. Below the critical
value j.; ~ 6.3 MA/cmz, the driving current is too small to
overcome the potential barrier so that the skyrmion remains
on the left side (see the left inset). Above j.i, the skyrmion
passes through the barrier to the right side of the nanotrack.
If the driving current is too large, however, the skyrmion
will be annihilated at the nanotrack boundary, which defines
the upper critical value jo ~ 20.2 MA/cm? and hence a
finite window j.; < jarive < je2 for the final configuration
with the skyrmion locating on the right side (see the middle
inset). Within this window, the skyrmion finally resides in
the detection area, leading to its magnetization being nearly
antiparallel to that of the detector (assumed to be along
the z direction), which we define as the logic output “1”
[see Fig. 1(e)]. For a driving current outside the above win-
dow, i.e., jarive < Jc1 O jarive = Jjc2, there is no skyrmion in the
detection area and thus m;, g4¢r > 1, meaning that the magneti-
zation remains parallel to that of the detection layer, giving an
output “0”. Such a step-shaped dependence of the output sup-
plies a good platform for designing logic gates. For example,
by reversing the magnetization direction of the detection layer
to the —z direction and choosing a driving current within the
window, the final skyrmion location after the input “1” (“0”),
naturally defined as the condition with (without) an input
current, gives an output “0” (““1”), realizing the one-input
NOT gate.
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TABLE I. Truth table of the basic logic gates XOR, AND, OR,
XNOR, NAND, and NOR. /; and /, represent the two logic inputs.

I, ) XOR  AND  OR XNOR  NAND NOR
0, 0) 0 0 0 1 1 1
O, H/(1,0) 1 0 1 1 0
1, 1) 0 1 1 1 0 0

III. TWO-INPUT LOGIC OPERATIONS

In this section we show how the device works as two-inputs
logic gates following the truth table in Table I. As the logic
inputs “1” and “0” are defined as the presence and absence of
a certain driving current from one specific lead, the main task
is actually to find out a proper magnitude of the two input
currents (ji, j») as the driving source of skyrmion motion
for each logic function. For the AND gate, the input currents
(1, j2) = (0,0)/(0, jin)/(jin, 0) yield the logic output “0”,
which requires ji, < jc; according to Fig. 1(e). On the other
hand, the logic output should be “1” for the input (ji, jo) =
(Jins Jin), meaning that the total current (j; + j» = 2ji,) must
fall into the window between the two critical values, i.e.,
Jet € 2jin < jeo. From these two conditions, we obtain the
range of the proper ji, for the AND gate, described as 0.5 <
JAND < min{j, 0.5/c2}. For the OR gate, the output is “0”
for (ji, j2) = (0,0) and “1” for (0, jin)/(jin, 0)/(ins jin), TE-
quiring jei1 < jin < Jje2 and jer < 2jin < je2, from which we
find j,; < ng < 0.5jc». This expression implies that the two
critical currents should satisfy the condition j.; < 0.5jc, for
the implementation of the OR gate. For the XOR gate, the range
of the proper ji, is max{jci, 0.5/} < jXOR < jo derived
from j.; < jin < jeo and 2ji, > jeo. The current ranges for
these three operations are summarized in Fig. 2(a).

To establish the relationship between the logic inputs (“0”
and “1”) and the magnitude of driving currents, we replace
the resistor part for current control [the red box in Fig. 1(a)]
by a parallel subcircuit with a pair of identical resistors and
two switches [see Figs. 2(b)-2(d)]. The “on” and “off” of each
switch stand for logic inputs “1”” and “0”, respectively. In such

(a) AND XOR 0.5, < jou | (0) AND
Input (0, 0) (0, 1)/(1, 0) (1,1)
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FIG. 2. (a) The ranges of the proper j;, for constructing differ-
ent logic gates with two situations 0.5j., < jo; and 0.5/, > joi.
Demonstration of the logic operations (b) AND, (c) OR, and (d) XOR
at 300 K with w, = 8 nm and D, = —0.5 mJ/m?. Each resistor in
(b)—(d) is taken to be R, SR/8, and SR/ 12, respectively, with R being
the value given a driving current ji, = 5 MA /cm?.

a parallel circuit, obviously, the current increases with the
number of on-state switches. Since different driving current
strengths are required for the three logic gates, we consider
three pairs of resistors with different resistances connected
together in a single parallel circuit to regulate the current.
In the case of Fig. 1(e), 0.5/, (~ 10.1 MA/cm?) is greater
than j.; (~6.3 MA/cm?), so that the AND, OR, and XOR gates
can be realized when jj, is in the range [3.15, 6.3), [6.3,
10.1), and [10.1, 20.2) MA/cm?, respectively, according to
Fig. 2(a). We take ji, =5, 8, and 12 MA/cm2 as examples in
our micromagnetic simulation to demonstrate the realization
of the AND [Fig. 2(b)], OR [Fig. 2(c)], and XOR [Fig. 2(d)]
gates, respectively.

As indicated in Table I, the AND, OR, and XOR gates will be
transformed to the NAND, NOR, and XNOR gates, respectively,
if the corresponding logic outputs are reversed. This can be
achieved directly by switching the magnetization of the detec-
tion layer [16,23] or by flipping uniformly the ferromagnetic
magnetization in the initialization process. If one chooses to
flip the magnetization of the detector, then all the logic func-
tions can be performed from the same initial magnetization
configuration of the working layer. The one-input NOT gate
thus is feasible by taking one of the switches in the circuit of
the XNOR or NOR gate as the input control, which provides a
proper ji, between j.; and j.;. The operations of a specific
logic function include (i) injecting a current into the fixed
layer to prepare the initial skyrmion state, (ii) manipulating
the magnetization of the detector and operating the switches
in the parallel circuit to regulate the driving currents matching
the requested logic function, and (iii) reading out the magne-
toresistance signal from the detector.

Note that the skyrmion is annihilated by the boundary at
the right end after applying the inputs (1, 1) in the XOR gate.
As shown in Appendix C, by introducing a second potential
barrier to trap the skyrmion leaving the detection area, a
conservative design (with skyrmion number conserved in the
whole device) can be achieved.

IV. PARAMETER CONTROL

According to Fig. 2(a) and the discussion above, we al-
ready see that the values of the two critical current densities
Jje1 and jop are crucial for realizing a compete set of logic oper-
ations. Therefore, in this section we analyze their dependences
on material parameters.

The influences of the damping constant « are summarized
in Fig. 3(a) with three scenarios (with/without material inho-
mogeneity at different temperatures). As one can see, j.; and
Jeo in each case both decrease with the decrease of o, because
of the enhanced driving efficiency at a smaller damping con-
stant [15]. For the homogeneous case at zero temperature, as
shown by the yellow bullets, j.; is close to j¢,, resulting in a
rather small current range for AND and XOR gates, according
to Fig. 2(a). More seriously, the OR gate cannot be achieved
because 0.5j.» < jei. These problems can be solved by in-
creasing the temperature up to room temperature, in which
Je1 is dramatically suppressed while j., does not change too
much, making 0.5jc; > jci. The critical currents with @ = 0.5
have already shown in Fig. 1(d), and the logic operations in
Fig. 2 include the OR function. The decrease of j.; at higher
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FIG. 3. (a) The critical current densities j.; and je, as func-
tions of the damping constant «, in three situations (homogeneous
ferromagnet at zero temperature and homogeneous/inhomogeneous
ferromagnet at 300 K) with w, = 8 nm and D, = —0.5 mJ/m?. The
material inhomogeneity is considered via local modification of the
anisotropy constant, as explained in the text. (b) The proper current
ranges for AND, OR, and XOR gates with different values of the damp-
ing constant in an inhomogeneous working layer at 300 K. The error
bars for 300 K represent the standard derivation of the results from
five individual calculations with different random number sequences.

temperature reflects the suppression of the effective potential
barrier by thermal effects via the modification skyrmion size
and thermal fluctuation, of which a detailed analysis can be
found in Appendix D. In contrast, j, is mainly associated
with the condition of the nanotrack boundary and therefore
is only weakly affected by the thermal fluctuation. More-
over, from the calculation with the randomly modified local
anisotropy constant within 15% [45] [see the solid and open
squares in Fig. 3(a)], both j.; and j, at 300 K are found to be
robust against the material inhomogeneity.

With the knowledge of j.; and j.,, we sketch out the proper
working condition for different damping constants in Fig. 3(b)
at 300 K. Note also that, besides the reduction of j., the finite
temperature also causes thermal fluctuation in both critical
currents, as shown by the error bars in Fig. 3(a). To ensure the
good performance of the logic operations, such thermally in-
duced uncertainty has been taken into account in determining
the ranges of the working currents, as indicated by the colored
bars in Fig. 3(b), which suggests that the ferromagnet with a
large damping is favorable.

For a further manipulation of the working condition at
a given temperature, one may consider tuning the potential
barrier by directly modifying the parameters in the barrier
region. The estimation in Appendix B gives an approximate
expression for the height of the potential barrier as

Vomr ~ —2nt,Dyws, (D

which suggests that the potential barrier and hence the critical
current (j.) to overcome this barrier will decrease with de-
creasing the width of the HM?2 strip (w;) or the magnitude of
its resulting DMI (D;). The current ranges for logic operations
with different values of w, and D, are summarized in Fig. 4.
For a given DMI parameter D, = —0.5 mJ/m? in Fig. 4(a),
a smaller w, indeed broadens the current window for the OR
gate thanks to the reduction of j.; (j.» mainly determined by
the edge properties is insensitive to w,). However, when the
strip width reduces to below 4 nm, j.; becomes too small
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FIG. 4. The proper current ranges for logic operations with
different values of strip width w, and modifications of the DMI
strengths D, at 300 K. The meanings of the symbols are the same as
those in Fig. 3(b). In the calculation, we consider an inhomogeneous
ferromagnet with o« = 0.5.

to perform the AND operation. For a larger w,, j.; goes up
quickly, closing the current window for the OR operation. As
aresult, only a strip around w, = 8 nm is suitable for realizing
AND, OR, and XOR gates in one device. Fortunately, as shown
in Fig. 4(b), j.; with a smaller DMI strength becomes less
sensitive to the strip width, providing more choices of strip
width for complete logic operations.

In addition, the dependence of j., on the edge properties
implies the possibility to further manipulate the working win-
dows by modifying the boundary of the nanotrack. This can be
done by, for example, introducing a notch [46,47] and chang-
ing the magnetic anisotropy constant [48] or the thickness of
the ferromagnetic layer around the material edge [49]. For the
conservative design presented in Appendix C, the parameter
control of the second metallic bar, the same as we shown in
Fig. 4 for the first bar, may also work.

V. DISCUSSION ON PERFORMANCE EVALUATION

According to Ref. [24], the energy consumption during
logic operation can be estimated from Eyp = (jariveS Y2 Riot Tds
with S being the y-z cross-sectional area of the HMI1, Ry
the resistance, and 74 the current duration. Ry, mainly con-
sists of two parts, namely, the external resistor and that of
HM1. In order to effectively regulate the current, the former
(about 1 k€2) is considered to be much larger than the latter
(Rym1 = pL/S =~ 84.8 Q by substituting the typical resistivity
o = 1.06x1077 Qm [17], the area S = 128 x2.5 nm?, and the
length L = 256 nm of the HM1). Taking jurive ~ 10 MA/cm?
and g = 10 ns, we have E,, ~ 10 f]. The energy expense for
the initialization (skyrmion creation) and detection is mainly
determined by Joule heating, estimated to be several femto-
joules, according to Ref. [17]. With these considerations, we
suppose that the energy consumption of our proposal is com-
parable to that of other skyrmion-based logic devices [21,24].
The operation time, 22 ns, illustrated in Fig. 1(b), is also at the
same level as other skyrmion-based logic proposals [18,21,24]
and spin-wave-based logic devices [10].

Our results are carried out with the thermal effects included
in micromagnetic simulations, indicating the robustness of
our logic operation at finite temperature. Moreover, as shown
in Fig. 5, the skyrmion after the operation can retain at its

054437-4



PROGRAMMABLE SKYRMION-BASED LOGIC GATES IN A ...

PHYSICAL REVIEW B 107, 054437 (2023)

100
= 5000
E| 1 |
>

0 ! | 1 1 L t(nS)
100 -
S
£t 0
>

0 L | 1 1 2

0 100 200

X (nm)

FIG. 5. The trajectories of the skyrmion under thermal effects
at 300 K in the absence of driving current. The top and bottom
panels show the situations with an initial skyrmion at the left and
right sides of the nanotrack, respectively. In this calculation, we use
D, = —0.5 mJ/m? and w, = 8 nm.

correct location even after 5000 ns (our longest simulation
time), reflecting its nonvolatility.

VI. CONCLUSION

In conclusion, we investigate the current-induced skyrmion
dynamics in a nanotrack with an energy barrier induced
by a local modification in Dzyaloshinskii-Moriya interaction
strength. Based on the steplike response of the skyrmion lo-
cations on the strength of driving currents, we demonstrate
various logic functions, including AND, OR, XOR, NAND, NOR,
XNOR, and NOT, and provide the working conditions for each
logic operation in a single nanotrack. As the local modifica-
tion in Dzyaloshinskii-Moriya interaction is considered in this
work, our proposal also works for the potential barrier gener-
ated by other sources of material inhomogeneities [49-51].
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APPENDIX A: DETAILS FOR MICROMAGNETIC
SIMULATIONS

In this work, the open-source software MUMAX3 [52] is
adopted to perform micromagnetic simulation, in which the
dampinglike spin torque and the thermal fluctuation are in-

cluded into the Landau-Lifshitz-Gilbert (LLG) equation of
reduced magnetization (m) as [31,53,54]

m = —ym x (Het + Hpp) +om x m + yH;(m x p) x m,
(A1)

where y and o are the gyromagnetic ratio and the
damping constant, respectively. The effective field Heg
contains contributions from the external magnetic field,
demagnetization field, exchange interaction, DMI, as
well as the magnetic anisotropy. The thermal fluctu-
ation field for a given temperature 7 is expressed as
Hy, = n,2aksgT/(uoMsy AV At) [55], with kg being the
Boltzmann constant, po the vacuum permeability constant,
and M; the saturation magnetization. n,, is a unit vector
with its orientation, to describe the fluctuation, adopted
randomly in both time and space domains. AV stands for
the volume of each unit cell in space, and Ar is the time
interval. The strength of dampinglike spin torque can be
expressed in general by H; = jhfsy/(2uoMset;), where j
and Osy represent the density of the driving current and spin
polarization efficiency (corresponding to the spin Hall angle
of HM1 for an in-plane driving current), respectively. & and
e correspond to the reduced Planck constant and elementary
charge, respectively. ¢, is the thickness of the ferromagnetic
working layer. The polarization vector p relies on the
direction of driving current. For an out-of-plane injection
current for skyrmion creation, p is set to be antiparallel to the
magnetization in the working layer. For an in-plane current
for skyrmion motion, we set p = —3¥.

Taking CoFeB as our ferromagnetic working layer, we
use the exchange coefficient A = 16 pJ/m, the perpendicu-
lar magnetocrystalline anisotropy constant K = 1.2 MJ/m?,
and saturation magnetization Mg = 1200kA/m [56]. Un-
less specified otherwise, the Dzyaloshinskii-Moriya exchange
coefficients are adopted as D; =2.2 mJ/m? (induced by
HM1) [57] and D, = —0.5 mJ/m? (HM2) [58], which are
experimentally achievable. The size of the ferromagnetic film
is 256x 128 x 1.5 nm? discretized by 4 x4 x 1.5 nm? unit cells,
whose three lengths are all shorter than the exchange length
lex = +/2A/(uoM?) = 4.2 nm and the DMI-associated char-
acteristic length Ipyp = 2A/Dy = 14.5 nm [59], as required
for the numerical convergence. With these parameters, the
diameter of the skyrmion in the absence of driving current
is around 32 nm at zero temperature. For the initialization
process, we apply a current intensity 600 MA /cm? with dura-
tion of 1 ns into the round-shape region under the fixed layer,
whose diameter is 48 nm. By taking 65y = 0.4, the skyrmion
is formed after about 0.3 ns.

APPENDIX B: EVALUATION OF DMI-INDUCED
ENERGY BARRIER

In order to evaluate the energy barrier introduced by the
local modification of DMI, we apply a strong local magnetic
field (10 T) at a single unit cell to pin the skyrmion at different
positions in the nanotrack and calculate the enhancement of
the skyrmion potential energy due to local DMI from

VDM1=/ Do[m(V -m) — (m - V)m,]dV. (Bl)
Under HM2
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FIG. 6. (a) A sketch of the conservative logic device with two
strips of heavy metals indicated by the yellow areas. The gray square
represents the detection area. (b) Recorded magnetization m; ¢ Of
the ferromagnet at the detection area and (c) logic output as functions
of the driving current jgv.. The insets in panel (b) show the snapshots
of representative magnetization states. Here we take 7 = 300 K and
Dy = —0.5mJ/m?.

With the DMI-induced potential barrier and thermal fluc-
tuation, the skyrmion center may slightly differ from the
pinning site and can be described by the guiding center,
xs = [ xpudV/ [ puadV [60], averaging the topological den-
sity over the transient magnetic texture, i.e., pg = 1/(47)m -
(0ymxdym) [61-63]. The results at zero temperature with
different values of DMI modification and strip widths are
plotted in Fig. 1(c).

According to Ref. [64], the DMI energy of the skyrmion
fully outside the barrier area is given by Vpymy = —2n2tZD1RS,
where R; is the skyrmion radius determined by the real space
contour with m, = 0. As a rough estimation, we assume that
this DMI energy is uniformly distributed within the skyrmion
region of radius 2R;. The average DMI energy density in
the skyrmion region then can be expressed as —mt,D;/(2R;).
When part of the skyrmion enters into the barrier region, in
which the DMI density is enhanced by 7z,|D,|/(2R;), it leads
to an enhancement of the DMI energy. The maximal value
is achieved when the skyrmion center arrives at the middle
of the strip, where the overlap area between the strip and the
skyrmion is around 4R,w, (assuming w, < 2R;). The poten-
tial barrier thus can be expressed as Eq. (1), if one neglects
the small distortion of the skyrmion texture introduced by the
potential barrier. Taking D, = —0.5 mJ/m? and w, = 8 nm,
we get Vowmr ~ 3.8x 10720 J, which shows a good agreement
with the simulation result presented in Fig. 1(c).

APPENDIX C: CONSERVATIVE LOGIC DEVICE

As shown in Fig. 1(d), the output “0” contains a situation
where the skyrmion is annihilated at the right edge. This
asks for an initialization process to create another skyrmion
for further logic operations. Alternatively, one may consider
extending our model to a conservative device as sketched
in Fig. 6(a), where a second wider strip defines the critical

current j., for skyrmion escaping from the detection region.
The magnetization m_ 4er and logic readout of the working
layer at the detection area are recorded as functions of the
driving current in Figs. 6(b) and 6(c), with representative
magnetization states displayed as insets. Accordingly, in the
current range from 18 to 21 MA /cm?, the skyrmion surviving
in the nanotrack also gives the “0” output.

APPENDIX D: SKYRMION POTENTIAL ENERGY
AT CRITICAL CURRENT J¢4

In the presence of a driving current, the driving force
provides an additional contribution to the skyrmion potential
energy with respect to the center of the strip (xp) as

Vj(xs):/ (Feirx (x))dx, (D1)

where the longitudinal component of the effective driving
force derived from Eq. (A1) consists of the current-induced
force and the dissipative one as [65]

(Fagr x(0)) ~ 72 poH Mt (R(x)) — %qusrzax)(v(x».

(D2)

Here, (.) stands for the average values from different cal-
culations, eliminating the influence of thermal fluctuations
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FIG. 7. Skyrmion potential energies due to local DMI (Vpy) and
driving current (V;) with critical current jgive = 15.9 MA/cm? at
zero temperature and jgie = 6.3 MA/cm? at 300 K. The average
radius and skyrmion velocity extracted from micromagnetic simu-
lation are 12.8 nm and 7.5 m/s for (a), and 24 nm and 9.8 m/s
for (b), respectively. (Vpyi) in (b) corresponds to the effective
DMlI-induced potential energy calculated from an artificial zero-
temperature skyrmion, whose radius is taken to be 24 nm, mimicking
the simulated skyrmion at 300 K. The red dashed arrow indicates the
path for skyrmion passing through the barrier associated by thermal
fluctuation.
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on the skyrmion radius (R;) and its velocity (v). The
dimensionless parameter & is approximately expressed

as &(x) ~ 277\/ (Rs(x»z/léw +1+ 27[/\/ (Rs(x)>2/l]%w +1,
with Ipw = /A/(K — toM?/2) being the width of an ef-

fective static domain wall with the same material parame-
ters [65]. The spatial dependence in (R;) and (v) results from
the interplay between the driving force and the barrier. For
the sake of simplicity, at the critical current j.; we further
take their spatial averages, (R,) and (v), along the skyrmion
trajectory from its original location to xy. Equation (D1) thus

reduces to

Vj(xs) = (xo — x5)(Fett )

At zero temperature, the thermal fluctuation is fully
frozen out and the lower critical current with o = 0.5 in
Fig. 3(a) reads j.; = 15.9 MA/cm?, resulting in an aver-
age skyrmion radius (R;) ~ 12.8 nm and a skyrmion velocity
(v) ~7.5m/s. The current-induced potential is plotted in
Fig. 7(a), which nicely reflects the physics of the critical
current, namely, with the driving force overcoming the DMI-

(D3)

induced barrier and allowing the skyrmion passing through the
barrier (see the total potential energy plotted as blue triangles).
With the critical current j,; = 6.3 MA/cm? at 300 K, we
obtain (Rs) ~ 24 nm and (v) ~ 9.8 m/s and plot the current-
induced potential as the olive curve in Fig. 7(b). Note that
the average radius of the skyrmion at room temperature is
about twice of that at zero temperature. To mimic its influence
on the DMI-induced potential, we introduce a static zero-
temperature skyrmion with its radius enlarged by a magnetic
field of 8 mT in —z direction and compute an effective value
of (Vpmr). The total effective potential energy (Vpmr) + V; is
plotted as the cyan curve in Fig. 7(b), where a finite barrier
remains. Alternatively, we calculate directly the DMI energy
Vbomr at 300 K based on the pinning techniques explained in
Appendix B and plot the numerical results of total potential
energy Vpmr + V; collected from different simulations as blue
symbols, which shows a strong fluctuation due to thermal
effects. As one can see, although the average of the numerical
Vomr + V; seems to follow well with (Vpmr) + V;, the thermal
fluctuation activates a path through the barrier as indicated by
the red arrow.
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