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Magnetic skyrmions are promising information carriers for building future high-density and high-
speed spintronic devices. However, to achieve a current-driven high-speed skyrmion motion, the required
driving-current density is usually very large, which could be energy inefficient and even destroy the device
due to Joule heating. The mechanism of voltage-driven skyrmion motion through equidistant identical
electrodes on a uniformly thick nanowire is studied. The high-speed skyrmion motion is realized by uti-
lizing a voltage shift, and the average skyrmion velocity reaches up to 259 m/s under a 0.45-V applied
voltage. In comparison with the widely studied vertical current-driven model, the energy dissipation is
three orders of magnitude lower in our voltage-driven model for the same speed motion of skyrmions. Our
approach uncovers valuable opportunities for building skyrmion racetrack memories and logic devices
with both ultra-low power consumption and ultra-high processing speed, which are appealing features for

future spintronic applications.
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I. INTRODUCTION

Magnetic skyrmions show great potential as information
carriers in spin memory and logic devices, because they
have a number of merits including small size, low-driving-
current density, and topological stability [1—7]. Manipula-
tions of magnetic skyrmions, including creation, motion,
and annihilation, have been intensively studied both theo-
retically [8—15] and experimentally [16-25]. Electric cur-
rent is preferred to manipulate the skyrmion [26-30],
especially for skyrmion motion [31-38]. The threshold
current density to drive skyrmions is around 10° Am~2,
which is over five orders of magnitude lower than that
of conventional domain walls (DWs) [26]. However, a
large-driving-current density is required to achieve high-
speed skyrmion motion for fast information processing,
which would result in a significant amount of Joule heat-
ing [1,36] and induce instability of the devices [3,12]. In
addition, for current-driven skyrmion motion, geometric
patterns [39,40] or additional electric gates [41] are usu-
ally attached to pin the skyrmion for realizing addressable
control, which increases the cost of operating energy and
limits the maximum speed of skyrmion motion. For these
reasons, more efficient and reliable means for controlling
high-speed skyrmion motion are required.
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Instead of a current-driven approach, various approaches,
such as spin wave [9,19], magnetic-field gradient [14],
and many more have been proposed for driving skyrmion
motion. Most of these methods lack practical convenience
in integrated electrical circuit applications and may not be
energy efficient for commercial use.

The electric field or voltage has been proposed to be an
energy-efficient method to manipulate magnetism [42,43]
and has been progressively applied to the development
of skyrmion-based applications [25,44,45]. Very recently,
a voltage-controlled magnetic anisotropy (VCMA) gra-
dient model to drive skyrmions was numerically shown
by Wang et al. [46], in which a wedged insulating layer
was used to generate the magnetic anisotropy gradient,
which can avoid the Joule heating effect. In the last part of
their work, the discrete gate electrodes instead of a single
entire gate electrode was proposed for the long distance of
skyrmion motion. Such a design of the discrete gate elec-
trodes is promising for skyrmionics device applications.
However, in order to develop real devices, a prerequisite is
the study of the size and deformation of the skyrmion, and
the analytical model is highly required to fit the applica-
tion criteria of practical and reliable high-speed skyrmion
motion.

In this work, a series of equidistant identical electrodes
on a nanowire with a uniform thickness structure is stud-
ied for high-speed skyrmion motion. A voltage-induced
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energy barrier and energy well on the sides of the skyrmion
drive its directional motion to the addressable position
along the nanowire. An analytical model is developed to
describe the spin texture in the skyrmion profile pass-
ing through an energy step induced by VCMA. To real-
ize high-speed data delivery, parameters are optimized
with and a solution is proposed for long-range skyrmion
motion, including the effects of the size and deformation of
skyrmions. With that optimization, the maximum velocity
reaches 259 m/s when a 0.45-V voltage is applied. Under
a 0.15-V voltage, only 8.4 aJ is consumed for one shift
of a single skyrmion with an average velocity of 100 m/s.
Our method shows great advantages in the potential appli-
cation of skyrmion-based racetrack memory or spin logic
devices.

II. SIMULATION RESULTS AND DISCUSSION
A. Model

The device structure is shown in Fig. 1(a). Skyrmions
move in a magnetic nanowire of 100-nm width on
which contacts with uniform width and equidistance
are deposited as voltage gates. Numerical calculations
are performed using the Object Oriented Micromagnetic
Framework (OOMMEF), which allows magnetization
dynamics simulation by solving the Landau-Lifshitz-
Gilbert equation, written as
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where m is the reduced magnetization, y, is the gyro-
magnetic ratio, and heg is the effective field. Magnetic
parameters based on typical Co-Fe-B/MgO perpendicular
magnetic anisotropy (PMA) systems are used to model
the magnetic nanowire [47,48]: the PMA constant is
K = 310-360 kJ/m?, the Dzyaloshinskii-Moriya interac-
tion (DMI) constant is D = 0.9—1.2 mJ/m?, the saturation
magnetization is My = 6 x 10> A/m, the exchange coeffi-
cient is Aex = 1.12 x 107! J/m, and the Gilbert damping
constant is ¢ =0.3, 0.1, or 0.02. Due to the skyrmion
Hall effect, the skyrmion speed can reach 30 m/s before
its annihilation at the edge in the nanowire with uniform
anisotropy. Thus, the higher anisotropic constant Kcgge
at the edge is considered to avoid the annihilation of
skyrmions. Doubling the anisotropy at the edge can suf-
ficiently suppress the skyrmion annihilation [49]. Different
thicknesses or high-K materials at the edge have been
proposed to obtain a high anisotropic edge [50,51]. Con-
sidering the experimental feasibility, light ion irradiation
can also be used to locally achieve higher anisotropy at
the edge, which has been reported to enhance the magnetic
anisotropy after film deposition [52]. On the other hand,
modification of magnetic properties in a nanowire can also
be realized by using thermal diffusion of elements [53]. In
the following, the higher anisotropy is set at the edge as
Kedge = 3 MJ/m? to simplify the simulation.

Due to the VCMA effect, voltages applied on contacts
will induce local anisotropy changes [54—56]. In our sim-
ulation, we set the VCMA coefficient & as 100 fJ/Vm,
which has been experimentally demonstrated in an
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(a) Sketch of the proposed device structure. Uniform width contacts on a 100-nm-wide nanowire serve as voltage gates with

equidistant spacing. The insulating layer acts as a dielectric layer for the VCMA effect and the magnetic layer is for the generation of
skyrmions. The nanowire is along the x axis. (b) Different skyrmion locations and the corresponding total energy of the system. The
energy profile is continuously evaluated when skyrmions are located at different positions along the x axis. (c) The variation of the
total energy when a skyrmion is centered at different locations along a nanowire under voltages +V, ground (G), —V, and ground (G)
applied to contacts 1 to 4, successively. The potential barrier and well are formed at contacts 1 and 3, the skyrmion located at contact
2 falls into the energy well at contact 3. The potential well is 0.98 eV when a 0.3-V voltage is applied.
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Ir/Co-Fe-B/MgO system [57] and a Ta/Co-Fe-B/MgO
system [58]. Note that the energy variation is linearly
proportional to the VCMA coefficient &, thus a larger
& will lower the applied voltage to achieve the same
energy profile. Recently, VCMA coefficients & up to 290
and 370 fJ/Vm have been reported in experiments on a
Cr/Fe/MgO system [59,60]. The typical thickness of the
MgO layer is 1 nm and the applied voltage is assumed
to be 0.3 V. Under these conditions, an electric field of
0.3 V/nm in the MgO layer induces a change of 30 kJ/m?
in the magnetic anisotropy constant K, which is about a
9.5% anisotropy change [61] (the typical dielectric break-
down field strength of MgO is about 2.4 V/nm [62,63]). In
order to drive a skyrmion, positive and negative voltages
are applied to contacts 1 and 3, respectively, while contacts
2 and 4 are connected to the ground. An analytical model is
developed to describe the energy evolution when different
spin textures cross a step-like anisotropy profile, includ-
ing a square-shaped domain, circular-shaped domain, and
skyrmions, based on £ = —m - H (see Appendix A). The
calculation results indicate that a spin texture with finite
size will generate an energy gradient when it passes
through a step-like anisotropy field induced by VCMA.
Benefitting from the finite size of the skyrmion spin tex-
ture, the total energy continually evolves with a skyrmion
located at different positions along the nanowire with volt-
age applied, as shown in Figs. 1(b) and 1(c). Moreover, the
energy gradient width is closely linked with the skyrmion
size (see Appendix B). In case the skyrmion radius, R
(radius of the m, = 0 contour) is negligible compared
with the contact width and a step-like energy platform is
expected [46]. In the case where the skyrmion diameter is
equivalent to the contact width, a continuous energy gradi-
ent is formed, as shown by the black curve in Fig. 1(c).
The potential barrier and well of 0.98 eV on the left
and right sides of a skyrmion centered at contact 2 are
achieved. Then the skyrmion shifts to contact 3, the poten-
tial well, realizing a voltage-driven shift of the magnetic
skyrmion.

B. Voltage-driven skyrmion dynamics

For the analysis of skyrmion dynamics, the Thiele
equation is generally used with an assumption of rigid
skyrmions. However, in our case, the skyrmion deforma-
tion is non-negligible, thus the Thiele equation can just
serve for qualitative analysis. In consideration of the driv-
ing force from the energy gradient F, and repulsive force
from the edge F., the equation is written as [28,64,65]

Gxv—aDxv+F,+F, =0, (2)

where v is the instantaneous velocity of the skyrmion. G is
the total gyromagnetic coupling vector, which only has a
z component G, = [qdr*m - (3,m x d,m) = 4w Ny (N
is the skyrmion number, and sk stands for the skyrmion

region). D is the dissipative tensor, whose elements are
givenby Dy = Dy, = D,,, = [¢dr’d,md,m. F, is only the
function of x, which can be expressed as F (x) = 0, Eqani(x)
(See Appendix A). F, is perpendicular to the nanowire
edge, thus it is along the y axis. The analytical solution
for the instantaneous velocity can be expressed as

Uy _ 1 FgO{Do — Fer (3)
vy, G2 + a2D? FoG. + FeaDy )’

where v, and v, are the longitudinal and transverse com-
ponents of instantaneous velocity, respectively.

As shown in Fig. 2(a), a skyrmion is driven toward
the right contact (energy well) when the voltage pulses
are applied. The skyrmion is not moving in a straight
line along the nanowire as its trajectory (black dashed
line) exhibits a noticeable transverse drift in voltage-driven
motion. The corresponding longitudinal and transverse
components v, and v, are plotted in Fig. 2(b), respectively,
where v, is much larger than v, . The voltage driving force
and the edge repulsive force contribute to both v, and
vy, which are inversely proportional to the damping con-
stant «. The transverse velocity v, causes the skyrmion
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FIG. 2. (a) Top view of the nanowire and typical trajec-
tory of the skyrmion shift. +/ and —V are applied to the left
and the right contacts, respectively, to create a positive and
a negative anisotropy constant change AK, respectively. The
regions with red color (blue color) represent m, = +1 (m, =
—1) of the magnetic layer. The skyrmion size increases at
different locations during one shift. Note that the skyrmion
size is compressed in order to clearly show the evolution of
its size and trajectory. (b) Evolution of instantaneous veloc-
ity during the shift. v, and v, are the longitudinal and trans-
verse components of velocity obtained with anisotropic constant
K =360 kJ/m? and Dzyaloshinskii-Moriya interaction constant
D = 1.2 ml/m?.
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Hall effect, resulting in a transverse drift in the voltage-
driven motion of a skyrmion. To avoid the annihilation of
skyrmions, the anisotropic constant K is set higher at the
edge [51].

Furthermore, an obvious skyrmion size change can be
observed during its shift, which is consistent with the
theoretical expression of skyrmion radius [8]

A

Rac 7 V2(L=D/Dy)’

“4)

where A = \/4/K and D. = 4v/AK /7. In our model, as
the energy well is centered at the zone with decreased K,
the skyrmion radius should increase when it moves toward
the energy well.

One important feature of the voltage-driven motion is
that the skyrmion will always overshoot the center of an
energy well and process for a while. The procession is
very sensitive to the damping constant «, and becomes
extremely time-consuming at lower «. It occupies only
0.05nsin a 1.5-ns shift under o = 0.3, but occupies 14 ns in
a 15-ns shift with o = 0.02. This leads to a large reduction
in the average velocity for a single shift.

C. Long-range skyrmion motion

In skyrmion-based memory and logic devices, long-
range skyrmion motion is demanded. To enhance the
efficiency in long-range skyrmion motion, the relaxation
process owing to the overshoot can be suppressed or
avoided. One solution is to switch the voltages once
skyrmions cross the centers of the contacts, so that the
procession is skipped and skyrmions continue to move
directly to the designated contact (see Fig. 3).

As a demonstration, one motion containing four sin-
gle shifts in Fig. 3 exhibits the behavior of long-range
skyrmion motion driven by voltage. A long-range motion
can be divided into three steps. That is, the first shift from
1o to t1, the second from ¢ to #5, and the last shift from #; to
t4. The average velocities of each shift follow the relation-
ship v; &~ v, > vy > v; (shifts in the middle steps exhibit a
similar velocity). For example, with the parameters given
in this method, the simulation results are vy = 46.9 m/s,
vy = v; = 50.0 m/s, and v; =24.1 m/s, in Fig. 3 and
20.0 m/s for one single shift in Fig. 2. Benefitting from
this strategy, the average velocity in long-range motion
is increased to 42.75 m/s, which is two times larger than
that of a single shift. In a shift device, the average veloc-
ity of long-range skyrmion motion is improved due to this
improvement. In the following text, vy stands for the aver-
age velocity of the first shift in a long-range motion, and
the maximum limit of long-range motion average velocity
is defined as v;. vy is equal to v;(v,) when the number of
shifts increases.

Shift 3 Shift 2 Shift 1

Shift 4

Energy

FIG. 3. Long-range motion trajectory and corresponding
energy profiles for each shift. Energy wells move from left to
right as the applied voltages switch from shift 1 to shift 4. To
avoid the time-consuming procession, voltages are switched at
the moments once the skyrmions pass the centers of the contacts.
These moments are marked as #; to #4. v, vy, V2, and vz are the
average velocities of each shift, respectively. For the last shift,
the voltage is on until the skyrmion is stabilized.

D. Velocity optimization

The magnetic parameters of K and D are tuned to
optimize the performance of the voltage-driven skyrmion
motion. In our simulation, the transverse drifts are strongly
suppressed with the increase in D and a decrease in K.
According to Eq. (4), the radii of skyrmions increase with
the increase in D and decrease in K. Thus, the trajectory of
a skyrmion’s motion strongly depends on its radius.

The voltage-driven skyrmion motion benefits from the
formation of an energy gradient when the nonuniform
spin texture of a skyrmion crosses the boundaries of the
contacts. To realize the energy gradient, the ratio of the
skyrmion radius and the contact width, which is defined as
[, should be optimized, as shown in Fig. 4(c). In the case
of 2Ry < [, the skyrmion locates on an energy platform
at its initial position and its motion is disabled. Because
the spin texture is subject to the effective anisotropy field
change based on £ = —m - H, the energy gradient in the
range of 2Ry can be formed only when the skyrmion
enters or exits the contact boundaries. When the full tex-
ture of the skyrmion is located completely on the contact,
the energy will not change with positions within the range
of [ — 2Ry, (see the red curve in Appendix B Fig. 9). As
the skyrmion size expands, the energy platform shrinks
and the skyrmion starts to move since the energy gradient
expands. When the skyrmion size fits 2Ry = /, the energy
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platform completely disappears and the energy changes
continually along the nanowire, which will promote high-
efficiency skyrmion motion. With further expansion, the
skyrmion size becomes larger than the contact width and
hence, the energy platform shows up again. Considering
an extreme case Ry >> [, the amount of spins located on
the left and right contacts are approximately the same, thus
the induced anisotropy energies in those two contacts with
the positive and negative applied voltages cancel out each
other and an energy platform forms. For the purpose of
velocity optimization, we vary the skyrmion radius until it
is half of the contact width, then the continually changing
total energy along the nanowire is formed, and the ratio
2Rg /I = 1 is induced. By manipulating the device param-
eters D, K_and /, the initial average velocity v, increases
until 2Ry /! reaches 1, as shown in Fig. 4(d). As long as
the damping constant « and the ratio 2Ry /I are fixed, v
is roughly constant regardless of the values of D, K and
[, and the maximum v is obtained when 2Ry /I = 1. This
conclusion is verified by a developed analytical model to
find the optimal contact width, where the contribution from
the edge is ignored (see Appendix C). For a skyrmion with
a 31-nm radius, the optimal contact width is found to be

x (nm)
(c) I 2R,
] e
2R, <1 —f\@\/-

FIG. 4.

58 nm, which is consistent with the OOMMEF simulation
results above.

By decreasing the damping constant, the velocity
increases, which is consistent with Eq. (3). For a 1-nm
Co-Fe-B layer, the typical damping constant varies in a
wide range between 0.004 and 0.15 with different growth
conditions and annealing treatments [66,67]. In our simu-
lation, vy can reach 98.5 m/s under 0.3 V with o =0.02.
Hence, higher velocity can be expected with a further
decrease in «. Note that the nanowire with a 100-nm width
limits the increase of the trajectory angle caused by the
decrease in «.

In our designed structure for the voltage-driven
skyrmion motion, the optimal velocity vy can be achieved
when the skyrmion diameter (2Ry) is equivalent to the
contact width (/). Unlike vy, the initial stage for vy is
dynamic with an irregular skyrmion shape. Thus, v, does
not share the simple correlation with 2Ry /! compared to
that of vy.

Under the optimization of 2Ry /I =1, the average
velocity in the initial stage and long-range skyrmion
motion are all simulated with different applied voltages and
damping constants, as shown in Figs. 5(a) and 5(b).

1
40

X (nm)
(d) T T T H T

—o—=0.02 () 98.5 m/s \i

100 - a=0.1(]) 1
—o—a=03() E

80 a=0.3 (D) > 4
@ —o—g=0.3(K) ;
E 6ol i
N ;

0.4 0.6 0.8
2R /1

(a) Skyrmion trajectories with different anisotropic constant K. K; = 310 kI/m?, K, = 335 kJ/m>, and K3 = 360 kJ/m>.

DMI constant D = 1.2 mJ/m?. (b) Skyrmion shift trajectories with different DMI constants D. D; = 0.9 mJ/m?, D, = 1.05 mJ/m?,
and D3 = 1.2 mJ/m?. Anisotropic constant K = 360 kJ/m?>. The shape and size of skyrmions at different moments during the shifts
are simulated and presented by the insets in panels (a) and (b). The applied voltages for the left and right parts are ground and —V,
respectively. (c) Side view and different energy profiles when skyrmion radius (Rg) changes with a fixed contact width /. Energy
platforms appear when Ry is much less than //2, and it disappears when Ry = //2. (d) The initial average velocity vy vs Rg /I with
different /. To realize the Ry // modulation, we change /, D, or K [49].
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(a) The initial average velocity vy. (b) The maximum limit of long-range motion average velocity v, vs applied voltage V

under different Gilbert damping constants «. Inserted images are simulated results of skyrmions indicating their size and shape at the
moments when the center of the skyrmions passes the center of the contacts. For open symbols, the skyrmion diameter is calculated to
be larger than contact with, i.e., 2Ry /! > 1, which is inapplicable to our device.

The average velocity increases with the increase in
applied voltages and the decrease in damping constants.
Nevertheless, a large applied voltage induces the skyrmion
deformation, especially with a low damping constant as
indicated in the insets of Figs. 5(a) and 5(b). The sim-
ulation data are marked as open dots when the large
skyrmion deformation exceeds the contact size, which is
not in consideration for effective data delivery. Therefore,
for @ =0.02, the maximum vy is limited to 98.5 m/s with
0.3 V and the maximum vy, is 259.3 m/s with 0.45 V (see
Appendix D). For the long-range motion under 0.45 V, one
shift costs only 0.27 ns, leading to a switching frequency
of 3.7 GHz.

The energy cost is estimated in our designed structure,
which is simply expressed as £ = 0.5CV? for a single con-
tact in one operation, where C is the device capacitance.
When the contact width is fixed at 60 nm, C is set to be
0.37 fF, and the energy consumption is 8.4 aJ per opera-
tion at a 100-m/s velocity. To drive skyrmion motion under
the same velocity, the voltage-driven method consumes
three orders lower energy than that of the current-driven
method [37,49,68].

1. CONCLUSION

In this work, we proposed a voltage-driven skyrmion
motion method and numerically demonstrated its feasi-
bility. Parameters are optimized with a model describing
the skyrmion profile. In our system, the ratio of skyrmion
diameter and voltage contact width is found to have a great
impact on skyrmion velocity, which reaches its maximum
value when the ratio equals 1. To overcome the prob-
lem of overshooting and relaxation in long-range skyrmion
motion, we came up with the solution of raising the long-
range velocity to 259 m/s with 0.45 V. Our concept can

be applied directly to the racetrack memory, with excel-
lent characteristics such as low-power consumption, high
storage density, and high switching frequency. In contrast
to the current-driven method, the energy efficiency and
addressable motion of the voltage-driven method show
great advantages in the application of skyrmion-based
spintronic applications.
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APPENDIX A: ANALYTICAL MODEL OF
ENERGY EVOLUTION

To calculate the evolution of the total energy dur-
ing skyrmion motion, we develop an analytical model to
describe the energy change when different spin textures
cross a step-like anisotropy profile, based on £ = —m - H.
The anisotropic energy when the center of a domain
structure arrives at x can be expressed as

Eai(x) = / —m(x) - Hd<2, (A1)
Q

014004-6



VOLTAGE-DRIVEN HIGH-SPEED ...

PHYS. REV. APPLIED 11, 014004 (2019)

where Q stands for the integration interval (the whole
nanowire) and H is the effective field considering the
VCMA effect, which only has a z component. The mag-
netic moment distribution in the nanowire is described by
m(x), which changes with the spin texture motion. Once
we know the analytical expression of the spin texture m(x),
Eani(x) can be calculated numerically.

The energy evolutions during the motion for three differ-
ent spin textures (uniform square domain, uniform circular
domain, and skyrmion) are calculated, respectively. The
domain structure moves along the x axis of a nanowire
with finite width and infinite length. The boundary of the
low-K region is set as x = 0, and the normalized analytical
expression of H is

-1, ifx>0,

H, = .
) 0, ifx <0,

(A2)

where —1 stands for the normalized effective field induced
by the VCMA effect.

First, we start the calculation from a uniform square
domain with side lengths of a (blue and red arrows indi-
cate spin-down and spin-up, respectively) as shown is
Fig. 6. We let this domain structure move into the low-
K region (dark gray region stands for the VCMA effect).
The position of this square domain is described by its cen-
ter (Xrec, Vrec)- The analytical expression of m(xy) just has
a m, component, written as

-1, if —% <x—Xpec <2
. e — ’ 2 Tec 2 A3
sz (Xrec) 1, if else. (A3)

In this case, the energy decreases linearly when the square
spin-down structure crosses the boundary of the low-K
region. The energy gradient linearly decreases in the region
of a, which is the length of the spin-down domain structure,
as shown in Fig. 6.

Second, we simulate the energy evolution when a uni-
form circular-shaped spin-down structure moves into the
low-K region. The position of this circular shape domain
is described by its center (xrec, Vrec) and its radius is set as
R. Similarly, the analytical expression of m(x..) only has
the m, component, written as

_ _ls if (X - xrec)2 + (V _yrec)2 < RZ’
Mz (Xrec) = { 1, if else.
(A4)

In this case, the energy is continually evaluated, but the
energy gradient behavior is slightly different from that
of the square spin-down structure, as shown in Fig. 7.
The slope value of the energy gradient increases gradu-
ally when the spin-down domain starts to enter the low-
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FIG. 6. The normalized energy profile along the wire when a
uniform square spin texture moves into a low-K region (dark
gray). Red and blue arrows stand for spin-up and spin-down
moments, respectively.

K region, followed by an almost constant slope value,
and then decreases gradually when the spin-down domain
nearly enters the low-K region completely. The slight dif-
ference with the square shape domain above is from the
amount of spin with a down direction due to the curved
shape of the circle.

Finally, we simulate the energy evolution when a
skyrmion moves into the low-K region. The position of
the skyrmion is described by its center (xg,Vsk) and its
radius is set as Ry (radius of the m, = 0 contour). An
analytical model is deduced to describe the skyrmion tex-
ture. In a spherical coordinate system, magnetization at
is described by polar and azimuthal angles ®(r,¢) and
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FIG. 7. The normalized energy profile along the wire when a

uniform circular shape spin down moves into a low-K region
(dark gray).
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®(r, ¢). For a skyrmion centered at » = 0, the polar angle
can be expressed as [21,69]

®(r) =2 arctan (AS)

where w is the domain wall width. To apply this model in
the rectangular coordinate system, the polar angle in the
spherical coordinate ® () is transformed to ® (x,y) with
the skyrmion centered at (0,0). The magnetic anisotropy
energy when the skyrmion arrives at (xg,ys) can be
expressed as

Eani(xs) = f —m(xy) - HIQ

= f —cos[O(x — xe,y — ysk)] - [H(x, p)|dxdy.
(A6)

In this case, the energy evolves continually and the energy
gradient is different from that of the circular shape spin-
down domain, as shown in Fig. 8. The energy almost
does not change at the beginning and the energy gradient
appears when the m, = 0 contour crosses the low-K
boundary. Due to the character of the skyrmion spin tex-
ture, the m, is positive outside its radius (m, = 0) and neg-
ative inside its radius in the skyrmion, while the amount
of spin outside the radius is less than that inside the
radius. Thus, the energy gradient can be negligible in
the range outside of its radius (—2Rgy ~ —Rg and Ry ~
2Rg), while the energy gradient obviously appears in the
region from —Rg to Rg.
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FIG. 8. The normalized energy profile along the wire when a

skyrmion moves into a low-K region (Dark gray).
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FIG. 9. The energy profile changes with different skyrmion
radii. The contact width is fixed at 60 nm.

APPENDIX B: ENERGY PROFILE CHANGE WITH
DIFFERENT SKYRMION RADIUS

In this part, we study the energy profile with varying
the skyrmion radius Rg.The voltage is applied as shown in
Fig. 1 in the main text and the contact width / is fixed at
60 nm. As shown in Fig. 9, an energy platform appears
in the energy profile when 2Ry < I (red curve), and it
disappears when 2Ry ~ [ (yellow curve), then reappears
when 2Ry > [ (green curve). This change is consistent
with the result in Appendix A that the energy gradient
width depends on the relative skyrmion radius compared
to the contact width.

APPENDIX C: OPTIMIZATION OF AVERAGE
SHIFT VELOCITY

According to Egs. (2) and (3) in the main text, the con-
tinuous change of Ej,; generates the driving force F, for
the skyrmion motion, Fy(x) = 0yEai(x). Assuming that
the nanowire width is much larger than the skyrmion
width, we ignore the force from the edge and the expres-
sion (3) for the x component can be simplified as

Fgrad (x)OlD()

Gt oD (CI)

Ve (x) =

We name the beginning and the destination of one
skyrmion shift as xy and x;, respectively. From x to x +
dx in [xg,x;], the time consumed can be estimated as
dt(x) = dx/{[vi(x) + vy (x + dx)]/2}. Therefore, the total
time consumed in this shift is the integration of dr(x)
for x in [xg,x;] and the average velocity of this shift
can be expressed as v = [(x] — xo)/fj(‘) dt(x)] . Based on
the energy profile calculated in Appendix A, the average
velocity can be calculated with different widths of con-
tact. Ignoring the spacing between the contacts and the
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FIG. 10. The normalized average velocity changes with differ-
ent contact widths /.

skyrmion size change during the shift, the average veloc-
ity is calculated when varying the width of the contact
with a fixed skyrmion radius of 31 nm (K = 310 kJ/m?,
D = 1.2 mJ/m?). The numerical result in Fig. 10 reveals
that the maximum of the average velocity is obtained when
the contact width / is 58 nm, which is about twice that
of the skyrmion radius Rg. This conclusion is coherent
with the result in Appendix B, as the energy platform will
decrease the motion velocity.

APPENDIX D: VIDEOS OF SKYRMION MOTION

Two voltage-driven motion videos are attached. Both of
them contain three shifts. Videos 1 and 2 are the skyrmion
motion driven by voltages under 0.3 V with ¢ =0.1 and
0.45 V with o =0.02, where the average velocities are
about 100 and 249 m/s, respectively.

VIDEO 1. The skyrmion motion under 0.3 V with damping of
0.1 and the velocity reaches 100 m/s.

VIDEO 2. The skyrmion motion under 0.45 V with damping
0f 0.02 and the velocity reaches 249 m/s.
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