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Magnetic skyrmions can be driven by an applied spin-polarized electron current that exerts a spin-
transfer torque on the localized spins constituting the skyrmion. However, the longitudinal dynamics is
plagued by the skyrmion Hall effect, which causes the skyrmions to acquire a transverse velocity
component. We show how to use spin-orbit interaction to control the skyrmion Hall angle and how the
interplay of spin-transfer and spin-orbit torques can lead to a complete suppression of the transverse
motion. Since the spin-orbit torques can be controlled all electronically by a gate voltage, the skyrmion
motion can be steered all electronically on a broad racetrack at high speed and conceptually new writing
and gating operations can be realized.
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Magnetic skyrmions (SKs) are topologically protected
vortexlike spin textures that can be formed in noncentro-
symmetric magnetic compounds. Because of their stability,
their extremely small size, and the possibility to drive them
by low current densities, they are promising candidates
for spintronic devices, such as racetrack memories. In
crystals lacking spatial inversion symmetry, the interplay
of Heisenberg exchange interaction, antisymmetric
Dzyaloshinskii-Moriya interaction, and an external
Zeeman field may lead to the formation of vortexlike
magnetic SKs. They were predicted [1–3] years before they
were experimentally discovered in magnetic layers with a
strong spin-orbit interaction [4–6].
SKs carry a nonzero, integer value topological charge Q,

also called SK number [7]. This number is an invariant that
counts how many times the field configuration wraps
around a unit sphere. It cannot be changed by continuous
transformations. Because of this property, SKs are insus-
ceptible to imperfect fabrication or disorder. On a lattice,
the argument of topological stability has to be replaced by a
finite energy barrier, but despite their small size, which is
typically about 10–100 nm [8], SKs are quite stable.
Because of the underlying emergent electromagnetic field
induced by the Berry phase, SKs experience a Magnus
force [9] that strongly suppresses pinning by deflecting
SKs from pinning centers [10]. Thus, SKs can be driven
at current densities of the order 105 A=m2, about 4 orders
of magnitude lower than required, e.g., for domain walls
[11,12]. This makes SKs very promising candidates for
future spintronic applications, especially for racetrack
memories consisting of thin nanowires.
For the use in technical applications, however, several

hurdles have to be overcome. First, the creation of SKs
needs to be possible. This has been demonstrated by
various mechanisms, e.g., by sweeping external magnetic
fields [13] or by applying circular currents [14]. In addition,

the controlled creation and annihilation of single SKs has
been realized [15] and similar processes have been theo-
retically explained [16,17]. Direct creation or annihilation
of SKs suffers from the requirement of large currents or
fields. Current-driven SKs on a two-lane racetrack memory
device [18,19] have been proposed where SKs are placed
on different “lanes” of a broad racetrack. However, current-
driven SKs experience the SK Hall effect, in which the SKs
develop a motion perpendicular to the direction of the
applied current, just like charged particles in the standard
Hall effect [20,21]. In experiments, the corresponding
skyrmion Hall angle Θ has exceeded 30° [20]. It depends
on the Gilbert damping, nonadiabaticity parameter, and
spin torques, but is independent of the external current
density, at least when it overcomes some small threshold
[21]. These facts have been previously explained based on a
general SK equation of motion for the topological charge
density [16] or the Thiele equation for a specific SK
configuration [11]. A possible dependence on the external
current density [20] is probably due to intrinsic pinning or
SK deformation, but is not yet fully explained.
The presence of the SK Hall effect limits the use of SKs

on racetracks because the transverse velocity component
can lead to annihilation of the SK at the edges of the track.
For this reason, the SK Hall effect is typically seen as a
detrimental effect. Several approaches have been proposed
to keep SKs on the track. Most of them aim at creating a
potential barrier at the track edges, deflecting the SKs [22].
However, this can lead to an inefficient and hard to control
zigzag path and to irregular SK motion.
In this Letter, we show that the Rashba spin-orbit

interaction can be used to steer the SK Hall angle due to
the interplay of current-induced spin-transfer torques and
Rashba spin-orbit torques. This can even be used to
completely suppress the skyrmion Hall angle. Moreover,
with an externally applied gate voltage, it is possible to
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modify the magnitude of the spin-orbit torques, allowing us
to steer the skyrmion Hall angle all electronically. With this
mechanism it is possible to move skyrmions on a broad
racetrack at high speed, to efficiently steer their trajectories,
e.g., to change lanes, and to realize conceptually new
writing and gating operations with a tunable gate voltage.
Model.—From a theoretical point of view, SKs are two-

dimensional quasiparticles that obey the Landau-Lifshitz-
Gilbert equation [23–26], a partial differential equation
describing the precessional motion of magnetic moments in
a ferromagnetic material. To describe current-driven SKs,
it is extended by adiabatic and nonadiabatic spin torques
Tad and Tnonad, which are induced by spin-polarized
currents [27–29], and reads

∂tn ¼ −n × Beff þ αn × ∂tnþ Tad þ Tnonad; ð1Þ

with the normalized magnetization vector field n ¼
nðx; y; tÞ [8] and the Gilbert damping constant α > 0.
The effective field Beff ¼ −∂H=∂n contains all interactions
of the system Hamiltonian H. Here, the gyromagnetic ratio
γ is absorbed in Beff , Tad, and Tnonad and we set ℏ ¼ 1.
Current-induced spin torques.—We have calculated

the current-induced spin torques up to second order in
the Rashba spin-orbit coupling parameter αR based on a
semiclassical Boltzmann approach (see Supplemental
Material [30]). To zeroth order in αR, the adiabatic spin-
transfer torque (STT)

Tad
STT ¼ vs∂xn ð2Þ

is recovered. The prefactor vs ¼ Pa3je=ð2eÞ with spin
polarization P, lattice constant a, and elementary charge e
has the dimension of a velocity and is called effective spin
velocity. The effective spin velocity is proportional to
the external current density je and can therefore easily
be tuned. In addition to the spin-transfer torque, we find the
adiabatic first-order spin-orbit torque (SOT)

Tad
SOT ¼ 2mαR

ℏ2
|fflffl{zfflffl}

≡λ−1

vsðn × ŷÞ; ð3Þ

with the effective electron mass m and the inverse spin-
orbit length λ−1. Up to first order, all relevant torques
reported in the literature [29,33–37] are recovered.
For the sake of simplicity, we neglect second-order spin-

orbit torques in the following discussion, thus Tad≈
Tad
STT þ Tad

SOT. As demonstrated in the Supplemental
Material [30], second-order torques can enhance the effects
discussed in this Letter and should be considered under
certain circumstances.
Damping of the spin dynamics of the localized electrons

is described by the Gilbert damping term. Because of
effects like impurity scattering or spin-orbit coupling, the

itinerant electrons experience damping as well. The cor-
responding nonadiabatic spin torques are obtained as
Tnonad ¼ −βn × Tad [34], with the nonadiabaticity param-
eter β. Since spin-orbit coupling is one of the main damping
sources, the nonadiabatic spin-orbit torques can play a
major role for the skyrmion dynamics. This property is
ultimately responsible for the possibility to steer SKs.
Controlling the skyrmion Hall angle.—The topological

charge of a SK leads to a theoretically predicted SK Hall
effect, in which the SKs acquire a velocity component
perpendicular to the applied electronic current. The SK
dynamics is governed by Eq. (1) and is illustrated for the
SK Hamiltonian

H ¼ −J
X

r

nr · ½nrþax̂ þ nrþaŷ� − B
X

r

nr

−D
X

r

½ŷ · ðnr × nrþax̂Þ þ x̂ · ðnr × nrþaŷÞ� ð4Þ

defined on a square lattice with lattice sites r ¼ ðx; yÞ and
a fixed lattice constant a ¼ 0.5 nm. J ¼ 1 meV is the
exchange interaction, B ¼ −0.03 eV ẑ (corresponding to
∼ − 0.5 T) is an external Zeeman field, andD ¼ 0.36 meV
is the Dzyaloshinskii-Moriya interaction strength.
The choice of an interfacial Dzyaloshinskii-Moriya inter-
action stabilizes Néel SKs with a radius of approximately
5 nm, which is approximately the observed size in
SrIrO3=SrRuO3 layers. Typical experimental values of
the Gilbert damping parameter α and nonadiabaticity
parameter β cover a wide range. For α, values ranging
from α < 0.01 to α ≈ 1 [38,39] and for β, values ranging
from β ≈ 0.02 up to β > 4 [40,41] have been reported for
various materials.
As shown in the following, the SK Hall angle Θ can be

steered by the use of the spin-orbit torque, which is
generated by the spin-orbit interaction in the itinerant
electrons. This clearly depends on the magnitude of the
spin-orbit torque, which is proportional to the Rashba
coupling constant αR and thus λ−1. Since λ−1 can be tuned
relatively easily by gate voltages, we obtain the possibility
to eventually steer Θ all electronically. For many materials
with either bulk or interfacial inversion symmetry breaking,
a wide range of values for the phenomenological Rashba
parameter αR has been reported. Furthermore, it has
been demonstrated experimentally that, by applying an
external gate voltage, the structure inversion symmetry
of a crystalline lattice can be lifted, leading to variations of
αR in the range of 10−12 to 10−11 eVm [42,43], which
equates to λ−1 ≈ ð0.01;…; 0.15Þ=a (a lattice constant)
when we use the free electron mass in Eq. (3). Notably,
this also works for metal interfaces as recent reports
show [44,45]. The most promising class of materials should
be, however, quasi-2D systems, including LaAlO3=SrTiO3

(LAO=STO), SrIrO3=SrRuO3 (SIO=SRO) or SrRuO3=
SrTiO3 (SRO=STO). In LAO=STO αR can be efficiently
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tuned by a gate voltage [46–49]. In SRO/STO, there is a
rather large spin-orbit coupling, as well as a damping of
α ≈ 0.7;…; 0.9 [50,51]. In SIO=SRO, nanoscale SKs have
been detected with a radius of about 6 nm [52]. In addition,
the presence of SKs appears to be gate controlled [53], also
hinting that the spin-orbit coupling is gate controlled as
well [53,54]. Thus, suitable materials containing SKs and a
gate controllable, sufficient Rashba coupling seem within
reach. As the interest in these materials regarding SKs is
quite new, not all parameters are determined by experi-
ments and we cannot exclude an influence of the gate
voltage on additional interactions as the Dzyaloshinskii-
Moriya interaction (DMI) [54]. However, we expect the
parameters to stay in the range of the literature given above,
which we adopt for our numerical simulations.
To illustrate the idea of a Rashba-controlled SK Hall

angle by explicit results, we show the effect of λ−1 ¼
2mαR=ℏ2 and β on Θ for three parameter choices of α=β
in Fig. 1. As for a vanishing Rashba interaction λ−1 ¼ 0
the SK Hall angle Θ ∝ ðα − βÞ [16], we find Θðλ−1 ¼ 0Þ <
0 if α < β, Θðλ−1 ¼ 0Þ > 0 if α > β, and Θðλ−1 ¼ 0Þ ¼ 0
if α ¼ β. When we add a finite Rashba interaction to the
system, we basically introduce a spin torque, which acts as
an in-plane magnetic field and breaks the symmetry. The
SK Hall angle will thus be changed depending on the
geometry of the skyrmion and the explicit direction of
the Rashba-induced SOT. For the system treated in this
Letter, i.e., Néel SK, Rashba field in ŷ direction, and current
flow in x direction, an increase of λ−1 will decrease the SK
Hall angle. Thus, for the simplest case α ¼ β positive
values of λ−1 will yield a negative Θ and vice versa.
Remarkably, due to the symmetry breaking created by the
choice of a certain direction of the current flow and the
direction of the SOT, the values of the SK Hall angle are not
symmetric with respect to λ−1 ¼ 0.
Concept of a skyrmion racetrack gate.—The possibility

of an all-electronic steering of the SK Hall angle opens a
doorway to the conceptual design of a gate in a SK two-
lane racetrack, as it is sketched in Fig. 2(a). A SK can either
be located in the left or right lane of the racetrack, the
former corresponding to a one and the latter to a zero. The
racetrack could work as follows. A spin-polarized current is
applied to a broad quantum wire. By choosing suitable
materials and possibly applying a gate voltage, the magni-
tude of the Rashba parameter is adapted such that, for a
running SK,Θ ¼ 0° and the SK can move along one lane of
the wire on straight trajectories [blue areas in Fig. 2(a)].
Only within the writing area are the two lanes connected. In
this writing area, αR gets altered by a different gate voltage,
leading to a tunable SK Hall angle. Thus, the SK can
change between the two lanes. After leaving the writing
area, the initial configuration is restored and the SK moves
again in the direction of the current along the track. With
this mechanism, SK movement on the track at high speed is
possible, as well as a logical switching of SKs without the

need to annihilate or create them. Reading operations can
be realized using the well-known effect of the giant
magnetoresistance. As a proof of concept, we also show
the results of micromagnetic simulations in Fig. 2. We
adapt the basic idea of Fig. 2(a) by setting different values
of λ−1 in the lanes and the switching area. Because of the
different cross sections of the conductor in the respective
areas, the current flow has to be calculated by a solution of
the Laplace equation Δϕ ¼ 0, where Δ is the Laplace
operator and ϕ is the electrical potential. We apply
Neumann boundary conditions to ensure a current flow
of vs at the left and right edges of the sample, while the
remaining edges are insulating. Choosing α ¼ 2β ¼ 0.4,
we adopt the situation of Fig. 1(c), which allows for a

FIG. 1. Skyrmion Hall angle Θ as a function of the inverse
Rashba spin-orbit length λ−1 (in units of the lattice constant) and
β, while keeping the ratio β=α constant at (a) α ¼ β=2, (b) α ¼ β,
and (c) α ¼ 2β. Blue and red colors represent positive and
negative values, respectively. We included dashed contours every
10° as a guide for the eyes, while the solid line marks the
vanishing of the SK Hall angle atΘ ¼ 0°. We set je ¼ 109 A=m2.
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switching of the sign of the SK Hall angle around values of
λ−1 ≈ 0.2=a. Figures 2(b) and 2(c), in fact, show a switch-
ing of the lanes when we apply λ−1 ¼ 0.1=a or
λ−1 ¼ 0.4=a, respectively. The choice of λ−1 ¼ 0.2=a
within the lanes lets the SKs move straight and thus most
effectively. As we have seen from Fig. 1(c) the dependence
of Θ on λ−1 is nonlinear and typically harder to switch in a
certain direction. For the given parameters, this would be
downward, as in Fig. 2(c). The necessary Rashba coupling

can, however, be reduced by an advanced geometry, as
shown in Fig. 2(d). Here, a constriction already pushes the
SK downward and thus reduces the necessary Rashba
coupling to λ−1 ¼ 0.31=a. As modern manufacturing
methods allow for a controlled creation of far more
complex geometries, this opens the concept of spin-
orbit-induced switching of SKs to a wider class of materials
where the range of the gate-controlled Rashba coupling αR
would be too small for simple geometries.
Conclusions.—In this Letter, we have proposed a mecha-

nism to steer the dynamics of current-driven SKs by all-
electronically controlling the SK Hall angle by an external
gate voltage. As a basis for this, we have derived the
expressions for spin-transfer and spin-orbit torques based
on the semiclassical Boltzmann equation in two spatial
dimensions. We have shown that the SK Hall angle is then
controlled by the interplay of the spin-transfer torque and the
nonadiabatic spin-orbit torque, where the magnitude of the
spin-orbit torque is proportional to the Rashba spin-orbit
coupling parameter. As this parameter can be easily tuned by
external gate voltages, it is possible to manipulate the ratio of
spin-transfer and spin-orbit torques by applying a suitable
gate voltage. This provides a simple and controlled way to
steer the SK dynamics. Based on this finding, we have
sketched the design of a broad SK two-lane racetrack on
which SKs can be moved at high speed in the desired
direction. In addition, by tuning the Rashba spin-orbit
coupling in a spatially restricted region, we have proposed
the design of a SK gate for the two-lane racetrack. Because
of the incapability of previous approaches to control the SK
Hall effect, various technological applications based on SKs
have been hard to realize and SK-based racetracks have not
yet been experimentally realized. We have verified our
theoretical predictions by numerical simulations of SKs
stabilized by the Dzyaloshinskii-Moriya interaction in the
bulk on a square lattice.
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