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A magnetic vortex domain wall, confined in a Permalloy nanowire with periodically varying width, is
brought to resonance and long-range motion by means of a spin-polarized alternating current in micromag-
netical simulations. The long-range direction of motion is found to be dependent on the vortex chirality but
independent of the vortex polarity. Compared to the case where a direct current is used to move the vortex
domain wall, the threshold current density for long-range motion is significantly reduced.
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A magnetic domain wall �DW� can serve as a fundamen-
tal bit of information in spintronic devices and substantial
effort has been focused on manipulating its magnetization in
magnetic nanowires using an externally applied field1–5 or
injected spin-polarized current.6–21 Prospective applications
utilizing this concept include memory cells22 and gates of
magnetic logic.23 Vortex walls �VWs� are of considerable
interest because their low stray fields lead to high magnetic
stability and low dipolar coupling between neighboring
VWs—two factors that open the possibility of high-density
integration in storage applications. A current has the advan-
tage of affecting the magnetic structure locally in the absence
of externally applied fields. Its driving force is the transfer of
spin-angular momentum, from the conduction electrons to
the local magnetic structure, by the exchange interaction.24,25

However, the direct current �dc� required for DW motion is
in the order of 1011–1012 A /m2.10,11,26 From an application
point of view it is desirable to find ways of reducing this
high threshold value.

VW motion induced by alternating current �ac� is an al-
ternative approach that has been predicted to entail a reduced
threshold value.27 Vortex dynamics has been studied in
detail.28–31 The gyroscopic motion of a vortex follows the
dynamical equation of Thiele,31 where the sense of gyration
G=−2�pqez along the out-of-plane unit vector ez depends
on the vortex polarity p and vorticity q. This motion is cyclic
about an equilibrium position defined by a pinning site. In
order to utilize the properties of a VW, a method for con-
trolled displacement between pinning sites is needed.

Here, we demonstrate a method for displacing a magnetic
vortex, trapped in a notched nanowire, in a net direction that
is independent of the polarity and instead uniquely deter-
mined by the vortex chirality. The motion is based on the
resonant behavior of the magnetic microstructure under the
influence of a spin-polarized alternating current. Notches
along the nanowire serve as pinning sites and restrict the
number of equilibrium positions of the vortex.

The current-induced dynamics of the VW is micromag-
netically modeled using a computational framework devel-
oped by one of the authors.4 The simulations employ the
Landau-Lifshitz-Gilbert equation of motion including
adiabatic32 and nonadiabatic17,33 spin-transfer effects,
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for 4�4�h nm3 cells on a two dimensional grid. The unit
vector m points along the local magnetization, � is the gy-
romagnetic ratio, and � is the Gilbert damping parameter.
The adiabatic spin torque u has the dimension of velocity
and is proportional to the current density J according to u
=−g�BJP / �2eMs�, where g is the electron-spin g factor, �B
the Bohr magneton, P the spin polarization of the current, e
the charge of an electron, and Ms the saturation magnetiza-
tion. The dimensionless parameter �=0.04 describes the
nonadiabaticity of the spin-transfer effect.17 The effective
field H contains contributions from demagnetization and ex-
change coupling. The conductive medium is Permalloy for
which standard material parameters are used: Ms=8
�105 A /m, �=0.02, and the exchange coupling constant
A=10−11 J /m. The applied oscillating current J
=J0 sin�2�ft� is flowing along the nanowire with a fre-
quency f and an amplitude J0. The nanowire is defined with
a thickness h in the range of 20–30 nm, width w=240 nm,
notch wavelength L of 480 nm, and notch depth d between
20 and 80 nm. The geometry is chosen to favor the stability
of a VW over other types of DWs.34

The long-range propagation direction along the wire de-
pends on the vortex chirality. In Figs. 1�a� and 1�b� the
clockwise �CW� and counterclockwise �CCW� chirality are
presented, respectively. The VW spans the wire from S1 to
S2. These two regions along the edges are characterized by
spins aligned transverse to the direction of the current flow.
Due to the notch geometry, the vortex finds an energetically
more favorable position off centered in the x �−x� direction
for a CW �CCW� chirality. The vortex core �VC� in Fig. 1�a�
is 60 nm off centered in the x direction at equilibrium. In Fig.
1�b� an equal offset in the −x direction can be found for the
opposite chirality. Asymmetry is also present in the energy
barrier for VW propagation, which is lower in the offset
direction. In the case of a perfect wire, i.e., a wire with no
notches, the VW follows the alternating electron flow and the
net vortex displacement remains zero. The situation is the
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same for a wire with symmetrical notches on both sides.
The in-plane and out-of-plane angular spin distributions

of the initial state can be seen in Figs. 2�a� and 2�b�, respec-
tively. As no current is applied, the magnetic structure re-
mains in a state of equilibrium. If a current is applied, the dynamics can be visualized by separating the motion of the

VC from the motion of the VW. The spin torque of an ac
pushes the VW in the direction of the electron flow, i.e., back
and forth along to the wire. The interplay between �1� the
current, �2� the magnetostatic force that tries to restore the
equilibrium position, and �3� the gyrotropic nature of the
vortex then results in a precessional motion of the VC inside
the notch. If the frequency of the ac is tuned to the eigenfre-
quency of the system, the VW motion is resonantly ampli-
fied. For a high enough current density, referred to as the
threshold current density Jc, the cyclic motion extends be-
yond the pinning site and the vortex is absorbed by the
neighboring notch. In Fig. 2�c� the time evolution of the VC
motion for a continuously applied ac signal with f
=200 MHz and u=80 m /s is shown. The starting point is
chosen to illustrate an event where the VW propagates along
the nanowire during four current periods. A change in sign of
the vortex polarity will reverse the gyrational motion direc-
tion of the VC and produce a new trajectory. However, the
direction of the net vortex displacement remains the same for
both negative and positive polarities.

The graphs in Fig. 3 illustrate the VC displacement of a
100 ns ac signal as a function of frequency for various values
of u. At a value below uc, the VC is removed from equilib-
rium and enters a steady state of precessional motion at the
pinning site. A threshold value of uc=60 m /s, corresponding
to Jc=1.3�1012 A /m with P=0.7,35 is required to transfer
the VW to the neighboring notch. Sensitivity of frequency
decreases with increasing current density. In other words, the
bandwidth for long-range propagation increases by one order
of magnitude as u is increased from uc to 100 m/s. In the
resonance spectrum, all the graphs show multiple peaks for
u�uc. For the deeper notches �d�60 nm�, the long-range
displacement is always in the positive x direction for a CW
chirality. For wires with smaller notch depths �d	40 nm�,
the long-range displacement direction is not uniquely deter-
mined by the chirality but depends also on the frequency.
Using a 100 ns long ac pulse, the CW chirality case with d

FIG. 1. �Color online� A segment of the wire showing a VW
with �a� CW and �b� CCW chirality. The color and arrows indicate
the direction of the spins. The wall is spanned from S1 to S2, as
illustrated by the white region defined by spins aligned transverse to
the direction of the current flow.

FIG. 2. �Color online� �a� A segment of the nanowire showing
the in-plane spin configuration of the initial state. The color-coded
circle represents the spin direction in such a way that the configu-
ration is head to head, i.e., spins in the wire are pointing toward the
vortex. �b� The corresponding out-of-plane component of the spins
reveals the position of the VC. �c� A temporal trajectory of the VC
displacement for a 220 MHz signal with u=80 m /s where the time
interval between two consecutive points is 0.200 ns. The inset
shows a closeup of a part of the trajectory. The edges of the nano-
wire �d=60 nm and h=20 nm� are represented by the dashed lines.

FIG. 3. The frequency dependent VC displacement for a 100 ns
ac signal. The critical current density is Jc=1.3�1012 A /m2, cor-
responding to uc=60 m /s. The nanowire thickness is 20 nm, the
notch depth 80 nm, and the notch wavelength 480 nm.
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=40 nm and u=80 m /s results in 2.6 �m displacement in
the positive x direction for a 170 MHz signal and 3.6 �m in
the negative x direction for a 180 MHz signal. This can be
understood if we note that the chirality-dependent pinning,
and thus the off-centered spatial preference, is less pro-
nounced for these wires.

The time evolution of the VC displacement for different
frequencies is shown in Fig. 4. A signal of 0.17 or 0.19 GHz
transfers the VW to the neighboring notch, where it enters a
steady state of gyrational motion. Signals with frequencies of
0.18 or 0.20 GHz transfer the VW multiple notches. How-
ever, the graphs of these signals are characterized by turbu-
lence and passivation of long-range propagation, where a
vortex occasionally gets trapped in a notch for multiple cur-
rent cycles. The same situation is observed for frequencies of
0.21, 0.22, 0.23, and 0.24 GHz �not shown here�. The turbu-
lence is attributed to the annihilation of antivortices along the
notched edge. An antivortex, nucleated at the wall end S1, is
attracted toward the VC. At a critical point it annihilates with
the emission of spin waves. These interact with the VC and
slow down its propagation, which can be seen as the wiggle
in the inset of Fig. 2�c�. One way of suppressing the nucle-
ation of antivortices along the nanowire edges in the field-
driven case is to introduce edge roughness.4

In order to compare the ac case with the dc case, VW

propagation in wires with the same geometry and the same
magnetic initial conditions is studied. Equation �1� is used,
except that the injected current is now J=J0. The dc elec-
trons are injected in the positive x direction, which, for a CW
VW, has a lower energy barrier than the opposite direction. A
sufficiently small value of u does not produce any motion of
the VW. For a higher value of u, but still smaller than a
critical value, the VW is pushed in the direction of the elec-
trons where it enters a state of damped oscillations about a
shifted equilibrium position. A value above the critical value
will transfer the VW to the next notch. Here, as in the case
with alternating current, the critical current density tends to
increase with wire thickness. The threshold spin-transfer val-
ues for different geometries are seen in Table I. For wires
with 60 nm deep notches, uc is reduced by two-thirds com-
pared to the corresponding dc case.

In conclusion, resonant chirality-dependent long-range
displacement of a vortex wall in a notched nanowire can be
induced by spin-polarized ac in a frequency interval, which
depends on the amplitude of the current. The ac displacement
can be triggered at a current density one-third of the value
needed for the corresponding dc displacement. This concept
opens up the possibility to control nanoscale information
based on magnetic domains in nanostructures at reduced cur-
rents.
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