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A voltage-gated scheme for controlling the transport of skyrmions in nanoracetracks is proposed using micromag-
netic simulations. The scheme utilizes strain-mediated voltage control of magnetism to effectively modulate local magnetic
parameters, including perpendicular magnetic anisotropy, exchange stiffness, the Dzyaloshinskii—-Moriya interaction, and
saturation magnetization. To understand the effect of voltage-controlled magnetism on skyrmion transport, the dynamic
behavior of skyrmions was investigated by varying local magnetic parameters at different driving current densities, thereby
revealing the underlying physical mechanism. The results demonstrate that skyrmion annihilation, trapping, blocking,
and unblocking can be effectively controlled by coordinating the driving current with the local magnetic parameters. Our
scheme offers a practical, low-power electrical control strategy for designing spintronic devices based on skyrmion dynam-

1Cs.
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Magnetic skyrmions are nontrivial magnetic textures with
topological protection characteristics.!!'™* They exhibit re-
markable stability and resistance to external disturbances in
patterned magnetic nanostructures, and their dynamic behav-
iors can be driven and manipulated with relatively low current

>-14] These features make them promising candi-

densities. !
dates as information carriers in next-generation spintronic de-
vices, such as racetrack memories, logic gates, and neuromor-

(152211 When subjected to external exci-

phic computing units.
tations such as spin-polarized currents, thermal gradients, or
electric fields, skyrmions exhibit rich nonlinear dynamic char-
acteristics, especially in non-uniform potential landscapes,
presenting diverse and complex motion patterns.'?>=>”] These
nonlinear dynamic responses provide novel mechanisms and
strategies for designing low-power, reconfigurable spintronic
devices.

In recent years, strain-mediated voltage-controlled mag-
netism (SVM), based on the strain-mediated magnetoelectric
coupling effect, has emerged as a promising approach for the
development of spintronic devices due to its numerous advan-
tages, including low power consumption, fast response speed,
and excellent material compatibility.[?’3!) Generally, SVM is
more readily achievable in multiferroic multilayer heterostruc-
ture systems composed of different ferroic materials, such as
ferroelectric, ferromagnetic, and ferroelastic layers. As a typ-
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ical example, the heterostructure composed of ferromagnetic
layers and Pb(Mg; /3Nb2 /3)0,7Ti0,303 (PMN-PT) can generate
self-deformation through the electrostrictive effect of PMN-
PT to influence the adjacent magnetic layers.[?>-3* Thus,
it can effectively modulate various magnetic parameters of
the ferromagnetic layers, such as magnetic anisotropy (K),),
exchange stiffness (Aex), Dzyaloshinskii—-Moriya interaction
(DMI), and saturation magnetization (M).[>*3-371 This SVM
method enables efficient control over spin textures such as do-
main walls, magnetic vortices, and skyrmions.[?33-40 Re-
cent studies have demonstrated that the local SVM method
can effectively modulate the size of skyrmions and signifi-
cantly influence their dynamic characteristics, offering con-
siderable potential for applications in logic gates, racetrack
memories, and various reconfigurable nanodevices. [!641-43]
However, multi-magnetic-parameter changes caused by strain-
mediated magnetoelectric coupling inevitably lead to com-
plex couplings among magnetic parameters in a magnetic
system. In skyrmion-based spintronic devices, this complex
coupling behavior significantly affects the topological stabil-
ity and dynamic behaviors of skyrmions, posing numerous
technical challenges for their manipulation. Therefore, es-
tablishing a multi-magnetic-parameter coupling model under
the SVM framework and comprehensively understanding its
influence on the topological structure and dynamic behavior
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of skyrmions is of great theoretical significance and practical
value for designing low-power, reconfigurable skyrmion spin-
tronic devices.

To gain a deeper understanding of the influence of dif-
ferent magnetic parameters and their coupling effects on the
dynamic behavior of skyrmions, this work systematically in-
vestigated the impact of local magnetic parameters on the
topological spin structure and dynamics of spin-current-driven
skyrmions in ferromagnetic nanoracetracks using the SVM
method. The results revealed that the transport behavior of
skyrmions can be manipulated in four ways: annihilation, trap-
ping, blocking, and unblocking, through the regulation of local
magnetic parameters. Moreover, it was found that the trans-
port behavior of skyrmions driven by spin-polarized current
can be more precisely and effectively controlled by jointly ad-
justing multiple magnetic parameters. This provides design
strategies and parameter optimization guidelines for devel-
oping low-power, reconfigurable, and electrically controlled
skyrmion devices.

Using micromagnetic simulations (MuMax3),4! we de-
signed a skyrmion device based on a local voltage gate and ob-
served controllable skyrmion transport behaviors under SVM
modulation in a ferromagnetic nanoracetrack. As shown in
Fig. 1(a), the nanoracetrack dimensions are 400 x 40 x 1 nm?
with a mesh resolution of 2 x 2 x 1 nm?, and the SVM gate
with dimensions of 60 x 40 x 1 nm? was placed at the central
region. An Ir/Co/Pt trilayer was chosen to suppress excessive
spin—orbit torques (SOT) while retaining a finite interfacial
DMI due to the asymmetric sputtered interfaces. In the simu-
lations, only the magnetic properties of the 1 nm Co layer were
considered. ***%! For simplicity, effective Co material param-
eters were used to represent the multilayer system.>%! Specif-
ically, the material constants were set as follows: saturation
magnetization My = 580 kA/m, exchange stiffness coefficient
Aex = 15 pJ/m, Gilbert damping constant @ = 0.3, and inter-
face DMI constant D = 3.5 mJ/m”. The uniaxial perpendicular
magnetic anisotropy (PMA) constant is K, = 0.8 x 10° J/m?.
The local magnetic parameters at the SVM gate are modu-
lated by the applied voltage (Vgate) through the strain-mediated
magnetoelectric coupling effect. We assume that under the
gate voltage, the adjustable range of the local magnetic pa-
rameters in the SVM gate region is K] = (0.4 ~ 1.2)K,,, A}, =
(0.5 ~ 1.5)Aex, MY = (0.5 ~ 1.5)M;, and D" = (0.5 ~ 1.5)D.
Initially, a Néel-type skyrmion was introduced at the left end
of the nanoracetrack. The transport behavior of skyrmions is
driven by the spin transfer torque (STT) effect along the +x
axis, as indicated by the yellow arrow in Fig. 1(a).3!=* The
current density J, was varied from 4 x 10! ~ 12 x 10'! A/m?
with § =0.3.

Firstly, the influence of modulating only the local PMA
(K;)) in the SVM gate region on skyrmion transport under var-
ious driving current densities (J.) was examined. As shown

in Fig. 1(b), applying a positive voltage such that K] > K, re-
sults in the formation of a potential barrier in the gate region
(red curve), which can effectively block skyrmions from en-
tering. Conversely, when a negative voltage is applied, mak-
ing K}, < Ky, a potential well forms (blue curve). This allows
skyrmions to enter the SVM gate region but can hinder their
escape, thereby facilitating their trapping within the gate (yel-
low area).

(a) b‘Q(\«\

Gate region (K3},)

-6 / K% > K, \

I
~

£ *+Vgate
Ly min
-5 T T T T
-6F Ky, <K, i
s — - .
150 200 250 300
x (nm)

Fig. 1. (a) Schematic of the voltage-gated skyrmion nanotrack. The blue
region indicates the gate-controlled area, where the PMA (X)) is tuned
by the applied voltage. A spin-polarized current .J., represented by the
yellow arrow, is injected along the —x direction to drive the skyrmion mo-
tion. The color scale (red to blue) denotes the out-of-plane magnetization

component (1m;). (b) Total energy density (Ejfé‘[';‘;) profiles in the gate re-

gion under different voltage polarities. A positive gate voltage (+Vgate)
increases the anisotropy (K;, > K,,), while a negative gate voltage (—Vgate)
reduces it (K}, < K,,). The corresponding redistribution of local anisotropy
and energy density is illustrated.

We systematically investigated the effect of varying the
local PMA K} within the range of 0.8K, to 1.2K,, under dif-
ferent driving current densities J.. Interestingly, it was ob-
served that modulation of K}, in the SVM gate region enables
distinct modes of control over skyrmion motion, as shown in
Fig. 2(a). These include annihilation (Case 1), trapping (Case
2), unblocking (Case 3), and blocking (Case 4), as illustrated
in Figs. 2(b)-2(e). For example, under a driving current den-
sity of J. = 7 x 10" A/m?, skyrmions are annihilated within
the SVM gate region when K} /K, < 0.86; trapped when
0.86 < K /K, < 0.94; unblocked when 0.94 < K} /K,, < 1.05;
and blocked when K} /K, > 1.05.

The voltage-induced reconstruction of the local
anisotropy energy landscape within the gate region pro-
vides a consistent explanation for these phenomena. When
K /K, < 0.86, the perpendicular magnetic anisotropy inside
the gate is significantly reduced compared with that of the
nanotrack, leading to a substantial decrease in anisotropy
energy and the formation of a deep local energy minimum.
Under these conditions, skyrmions become energetically un-
favorable once they enter the gate region. Their spin con-
figurations become unstable, and the topologically protected
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structures collapse into locally distorted multidomain states,
leading to the annihilation regime. In the intermediate range
0.86 < K/ /K, < 0.94, although the anisotropy reduction is in-
sufficient to destroy the skyrmion topology, it still produces a
finite potential well. Consequently, once a skyrmion enters the
gated region, it becomes energetically confined and stabilizes
near the gate center, corresponding to the trapping regime.
When 0.94 < K /K,, < 1.05, the anisotropy contrast between
the gate and the surrounding track further decreases, and the
potential well evolves into a shallow barrier. The trapping
effect disappears, allowing the skyrmion to traverse the gate
under current drive and exhibit continuous transport, corre-
sponding to the unblocking regime. For K} /K, > 1.05, the
anisotropy inside the gate exceeds that of the track and forms
a pronounced energy barrier. As the skyrmion approaches the
left boundary of the gate, its forward motion is strongly inhib-
ited, and it eventually becomes immobilized at the boundary
if the driving torque is insufficient to overcome the barrier,
leading to the blocking regime.

More notably, as J. increases, the regulatory ranges for
annihilation (Case 1) and unblocking (Case 3) gradually ex-
pand, whereas those for trapping (Case 2) and blocking (Case
4) shrink. In particular, the trapping region (Case 2) nearly
vanishes at J. = 12 x 10" A/m?. This trend suggests that,
under the competition between current-driven energy and the
energy associated with the potential barrier or well, annihila-
tion and unblocking become the dominant skyrmion transport
behaviors at higher current densities within the limited SVM
control framework.

To further elucidate the underlying dynamics of skyrmion
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transport, the trajectories of skyrmions, their diameter evo-
lution, and their energy responses to SVM gate modulation
were analyzed. Figures 3(a) and 3(b) present two represen-
tative cases corresponding to the application and removal of
the gate voltage. When K, /K, = 0.9, the locally reduced
anisotropy within the gate drives the skyrmion into the gated
region, where it relaxes into a metastable confined state. In
this case, both the skyrmion diameter and trajectory exhibit
pronounced oscillations. By contrast, when K /K, = 1.1, the
enhanced anisotropy acts as a robust potential barrier, prevent-
ing the skyrmion from penetrating the gate. Consequently, the
skyrmion remains pinned near the left boundary, showing only
minor changes in position and diameter. This highly stable
configuration highlights its potential for non-volatile informa-
tion storage.

Figures 3(c) and 3(d) compare the competition between
anisotropy energy (Equns) and interfacial energy (Einer =
Ecxch + Edemag). The results reveal that trapping and block-
ing originate from distinct energy balances. In the trapping
regime, the oscillatory fluctuations arise from dynamic com-
pensation between increased Egyis and reduced Ejne, induced
by local anisotropy modulation. By contrast, in the blocking
regime, the anisotropy barrier dominates the interfacial contri-
bution, resulting in nearly stable energy profiles and prevent-
ing skyrmion penetration. Trapping enables easier detection
but increases the risk of annihilation under high current densi-
ties, whereas blocking ensures robust stability at the expense
of reduced observability. Thus, tailoring the balance between
anisotropy and interfacial energies provides an effective route
toward voltage-controlled skyrmion manipulation.

(C) case2: Trapping

© [
[&] t=0ns

t=0ns

N
((o]
=
(2]

Unblocking

©

t=0ns

Fig. 2. (a) Phase diagram of skyrmion dynamical behaviors as a function of the driving current density J. and the anisotropy ratio in the gate
region K} /K,, indicating four typical skyrmion dynamic behavior regimes. (b)—(e) Representative snapshots of skyrmion evolution in each
regime: (b) Case 1: Annihilation, (c) Case 2: Trapping, (d) Case 3: Unblocking, and (e) Case 4: Blocking.
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Fig. 3. Skyrmion dynamics and energy evolution under gate voltage modulation for low (K;,/K, = 0.9, red) and high (K, /K, = 1.1, green)
anisotropy. Blue and yellow regions indicate gate voltage on (+ = 0-5 ns) and off (+ = 5-8 ns), respectively. The hatched region corresponds
to the dynamical processes of the skyrmion within the gate region. (a) Skyrmion position along the x direction; the grey region indicates the
corresponding gate position. (b) Time evolution of the skyrmion diameter. (c) Anisotropy energy Eq,is With spatial distributions for trapping
(top) and blocking (bottom). (d) Total interfacial energy Ejner = Eexch + Edemag-

K /K,=0.9 K, /K,=1.0 K, /K, =1.1

4 5 6 7 8 910114 5 6 7 8 9 10114 5 6 7 8 9 1011
J, (10" Alm?) J, (10" Aim?) J, (10" A/m?)

Fig. 4. Phase diagrams showing the influence of local magnetic parame-
ters on skyrmion transport behavior for anisotropy ratios K}, /K, = 0.9,
1.0, and 1.1 in the gate region. (a) Relative exchange stiffness ratio
Al /Aex, (b) DMI strength ratio D'/D, and (c) saturation magnetization
ratio MY /Ms. The different colors correspond to four typical skyrmion
behaviors: Case 1 (gray area, annihilation), Case 2 (red area, trapping),
Case 3 (yellow area, unblocking), and Case 4 (blue area, blocking).

As is well known, voltage application modulates not only
the PMA K], in the gate region, but also alters the local en-
ergy distribution and structural stability of the system. More-
over, voltage induces synchronous modulations in the local

exchange stiffness Acx, DMI strength D, and saturation mag-
netization M, mediated by mechanisms such as interfacial
charge reconstruction, ion migration, or strain effects. To elu-
cidate the coupling between these magnetic parameters and
PMA, three representative PMA ratios (K} /K, = 0.9, 1.0,
and 1.1) were selected. Under a current density of J, = 4—
11 x 10'"" A/m?, the system was scanned over a parameter
space including AY, /Aex, DV/D, and MY /M to map the cor-
responding skyrmion dynamical behaviors (Case 1-4). For a
more precise comparison of the influence of these variables
on skyrmion modulation, K], was jointly varied with A}, D",
and M to analyze skyrmion dynamics under two-parameter
variations.

Figure 4(a) presents the skyrmion phase diagram on the
Al /Aex—J. plane under three gate PMA conditions (K}, /K, =
0.9, 1.0, and 1.1). As both A}, /Aex and K}, /K, increase, the
annihilation region (Case 1) shrinks, while the trapping (Case
2) and blocking (Case 4) regions expand. Increasing the ra-
tio AY, /Aex drives the total energy density in the gate region
toward more negative values. The potential well inside the
gate becomes shallower (the potential barrier becomes deeper)
compared to the unmodulated case, as shown in Fig. 5(a). This
strengthens the topological stability of skyrmions once they
enter the gate, diminishes the annihilation region, and expands
the trapping areas. As a result, skyrmions are more readily
halted at the gate boundary (Case 4). In parallel, the coopera-
tive effect of strengthened PMA and reduced exchange stabi-
lizes the skyrmion within the gate, thereby enlarging the trap-
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ping regime (Case 2) and promoting robust confinement.
Figure 4(b) shows the skyrmion phase diagram on
the D"/D-J; plane under three levels of PMA conditions
(K}/K,=0.9,1.0, and 1.1). In contrast to the exchange modu-
lation in Fig. 4(a), an opposite trend is observed: as D"/D de-
creases and K} /K, increases, the skyrmion behavior evolves
from annihilation (Case 1) to blocking (Case 4), with a con-
current expansion of the trapping region (Case 2). This high-
lights the distinct role of interfacial DMI in governing chiral
exchange interactions. Specifically, tuning D"/D modifies the
energy density profile at the gate—track interface. As shown in
Fig. 5(b), a characteristic redistribution of the potential land-
scape occurs. For example, when DV /D increases, the outer

energy peak rises while the inner peak decreases, correspond-
ing respectively to barrier suppression and barrier enhance-
ment, as the skyrmion enters the gate. The energetic cost
of maintaining the spin rotation increases, making skyrmions
more prone to morphological distortion and even topological
annihilation. Under these conditions, the annihilation region
in the phase diagram is significantly enlarged. Conversely,
moderate or reduced D'/D suppresses internal chirality and
stabilizes the skyrmion structure. At the same time, pro-
nounced spin distortions and a localized increase in exchange
concentration near the gate boundary elevate the outer poten-
tial barrier, thereby enhancing the blocking effect and prevent-

ing skyrmion penetration.
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Fig. 5. Evolution of the total energy density distribution in the gate region under different PMA ratios K;, /K, = 0.9, 1.0, and 1.1. (a) Relative
exchange stiffness ratio A, /Aex, (b) DMI strength ratio DV /D, and (c) saturation magnetization ratio MY /M.

Figure 4(c) presents the skyrmion dynamical phase di-
agram in the M{/M—J. plane under three PMA conditions
(K)/K,=0.9, 1.0, and 1.1). A clear transition occurs with

increasing MY /M, where the dominant behavior shifts from

blocking (Case 4) to annihilation (Case 1). This evolution
highlights the critical influence of MY-induced modifications
on the local energy landscape. As shown in Fig. 5(c), increas-

ing the ratio MY /M raises the total energy density in the gate
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region and effectively deepens the potential well while reduc-
ing the barrier height. Under these conditions, skyrmion mo-
tion is strongly modulated: the deeper potential well lowers
the energetic barrier, making skyrmions more susceptible to
topological instability and enlarging the annihilation region.
Conversely, reducing My /M effectively increases the energy
barrier within the gate, which suppresses local spin texture
distortions and favors the preservation of skyrmion topology,
while simultaneously reinforcing blocking at the gate bound-
ary (Case 4). Furthermore, at a fixed M, /M, stronger PMA
(K} /K, > 1) increases the effective energy barrier, suppresses
the trapping regime (Case 2), and enlarges the blocking region
(Case 4). This indicates that PMA reinforcement counteracts
the destabilizing influence of M/, thereby maintaining higher
energy barriers that constrain skyrmion deformation and pre-
vent collapse.

We find that the synergistic variation of multiple mag-
netic parameters not only significantly modifies the phase
boundaries of the four skyrmion behavior modes (Cases 1—
4), but also reveals the intricate energy competition between
potential-well formation and topological protection. These re-
sults highlight the importance of considering multi-physical
coupling effects induced by voltage regulation in practical de-
vice design and optimization, particularly the non-local re-
sponses arising from strain reconstruction and the electric-
field-induced covariation of magnetic parameters. These find-
ings provide theoretical support for achieving stable, low-
energy skyrmion memory and logic devices and further sug-
gest that, when selecting materials for skyrmion applications,
attention should be paid to the collective regulation of mag-
netic properties in heterogeneous material systems.

In summary, this work systematically investigates the
SVM modulation of skyrmion transport in nanoracetracks by
locally tuning key magnetic parameters, including anisotropy,
exchange stiffness, DMI, and saturation magnetization. Four
distinct transport behaviors were identified: annihilation, trap-
ping, unblocking, and blocking. Dual-parameter phase dia-
grams demonstrate that each regime originates from a sub-
tle balance between PMA and interfacial energy contributions
(exchange, DMI, and demagnetization). Under voltage gating,
the coupling among magnetic parameters induces energy gra-
dients and spin-texture deformations, which critically deter-
mine the stability and dynamics of skyrmions. These findings
underscore the importance of considering voltage-controlled
magnetism interactions and parameter covariation in device
design, providing theoretical support for low-power, reconfig-
urable, and electrically tunable skyrmion-based memory and
logic applications in next-generation spintronic devices.
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