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We report on a study of the dynamics of a magnetic antivortex in a submicrometer, asteroid-shaped, per-
malloy ferromagnet using micromagnetic simulations. As with vortex states in disk and square geometries, a
gyrotropic mode was found in which a shifted antivortex core orbits about the center of the asteroid. Pulsed
magnetic fields were used to generate azimuthal or radial spin wave modes, depending on the field orientation.
The degeneracy of low-frequency azimuthal mode frequencies is lifted by gyrotropic motion of the antivortex
core, and restored by inserting a hole in the center of the particle to suppress this motion. We briefly compare
the dynamics of the vortex state of the asteroid to the antivortex. The size dependence of the antivortex modes
is reported.
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Recently, there have been substantial efforts to understand
the excitation spectrum of magnetic vortex
structures.1–11,24,25 There exist two basic types of magnetic
vortex structures in a quasi-two-dimensional ferromagnet—a
“circular vortex,” which we simply call a vortex in the re-
mainder of this paper, and an “antivortex”—both of which
contain a nanometer-scale core area where the magnetization
is perpendicular to the plane of the sample.12,13 Cartoons of
an antivortex and a vortex in an asteroid-shaped particle are
shown in Fig. 1. The winding number of an antivortex is −1
and +1 for a vortex. In addition to a fundamental interest
in understanding the physics of these simple structures,
the singular spin configurations in magnetic vortices and
their dynamics suggest possible applications in spin logic
operations.4,14,15 Much research has been done on vortices
in a circular disk, both theoretically and exper-
imentally.2,3,5–7,9–11 Two classes of excitations in the circular
disk have been identified. One is associated with the gyro-
tropic motion of the core about its equilibrium position with
a frequency lower than 1 GHz for micrometer-sized disks.2,3

The other type consists of spin wave modes at higher
frequencies.5–7,9–11 The excitations of a vortex state in par-
ticles with a “cross” structure and in rectangular particles
have also been observed; these differ from circular particles
both because of the lower symmetry of the particle and be-
cause of the Landau domain structure around the
vortex.1,3,4,8,24,25

We are not aware of research on the dynamics of an an-
tivortex, but such a study may be useful in understanding the
dynamical properties of a complex multivortex structure
such as in cross tie walls and in long particles.13,16–21 Since
an antivortex has been found experimentally in an asteroid
shaped permalloy particle �see Fig. 1�,13 we focus on that
system in this report.

We found that there is also a metastable vortex state at all
sizes studied, shown in Fig. 1�b�, as well as two metastable
or stable single domain states; the latter will not be discussed
in this Rapid communication. Both the vortex and antivortex
states are sufficiently stable to sustain the weak perturbations
that we applied without evolving into another metastable
state.

Considering the shape complexity of an asteroid, here we
report only on micromagnetic simulations of the antivortex

dynamics in this particle.22 A gyrotropic mode was observed
and two kinds of spin wave modes were excited by applying
pulsed fields at different angles to the sample plane. The size
dependence of the dynamic excitations was also systemati-
cally studied.

Asteroids were simulated with lateral size L ranging from
200 nm to 1 �m and thickness t ranging from 10 to 30 nm.
The circular edges of the particles had a radius of r
= �96 /200�L. Typical permalloy material parameters were
used, with saturation magnetization Ms=8�105 A /m, ex-
change stiffness constant A=1.05 �erg /cm, and gyromag-
netic ratio �=17.6 MHz /Oe. For most simulations, a damp-
ing parameter of �=0.04 was used. Cubic cells with a size of
4 or 5 nm were used in the discretized simulations.

Because of the out-of-plane magnetization of the antivor-
tex core, one may expect that a gyrotropic mode will appear
once the core is shifted away from its equilibrium position
and released.2 In our simulations, the antivortex core was
shifted by applying a constant in-plane magnetic field. After
the core stabilized at an off-center position, the applied field
was removed. The remaining gyrotropic force on the antivor-
tex core caused it to orbit about its equilibrium position,
spiraling back to the center due to the damping. Figure 2
shows the time evolution of the two in-plane components of
the average magnetization and the trace of the antivortex
core for a 200�200�20 nm3 asteroid particle. The core was
initially shifted by a constant field of Hx=100 Oe. The

FIG. 1. Asteroid particles with a magnetic antivortex �a� and
vortex �b�. The solid arrows represent the direction of equilibrium
magnetization inside the asteroid sample. The core region is indi-
cated by the small circle about the center, and the dot at the center
signifies a core pointing upward out of the plane.
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damped periodic behavior of the magnetization shows a gy-
rotropic mode with frequency 0.5 GHz. For an antivortex
structure, the gyrotropic vector is proportional to the polarity
of its core.2 Therefore, changing the polarity of an antivortex
core causes the gyrotropic orbit of the core to be in the op-
posite direction, as shown in Fig. 2�b�, where P= +1 corre-
sponds to the magnetization of the core pointing up and P
=−1 signifies pointing down. The frequency of this mode is
close to the gyrotropic frequency for a vortex in a disk of
approximately the same area.

Spin wave modes with higher frequencies may be excited
by applying magnetic tipping pulse fields. We used
Gaussian-shaped pulses with a width of 30 ps and an ampli-
tude of 5 Oe. To couple to a variety of spin waves, pulsed
fields both in the plane of the particle and perpendicular to its
plane were used. The in-plane pulses were spatially uniform,
while the out-of-plane pulses, generated by a current loop,
were of a single sign. As one would expect from the addi-
tional torque exerted on the magnetic moments, in-plane
pulses primarily activate spin wave modes with in-plane
wave vectors curling around the center, i.e., azimuthal-like
modes, while a perpendicular pulse couples most strongly to
spin wave modes with the in-plane wave vectors along the
radial direction, i.e., radial-like modes. Following the Fourier
transform techniques of Ref. 9, we obtained a two-
dimensional complex spectrum, with information about both
the spectral amplitude and the spectral phase. The resonances
in the power spectrum indicate eigenmode frequencies.

The power spectrum resulting from an in-plane pulsed
field applied to a 500�500�20 nm3 sample along x̂ direc-
tion is shown in Fig. 3�a� for several cases. The low-
frequency resonance peak in the power spectra of P= ±1
cases corresponds to the core gyrotropic mode, while the
resonances in the higher-frequency region are spin wave
modes that couple to the spatially uniform pulse. The spec-
tral details for each of the spin wave modes are shown in Fig.
3�b� for the P= +1 case. The two lowest azimuthal spin wave
modes are mainly localized in an X-shape region along the
diagonal directions of the asteroid, where a spin wave well
structure is formed due to the relative smallness of the inter-

nal field. The spectral phase of both modes continuously
wraps through 2� around the azimuthal direction in the vi-
cinity of the center of the asteroid but with opposite chirali-
ties, indicating that these two modes are traveling waves
with an angular mode number �m � =1. The other excited spin
wave modes with higher frequencies have weight distributed
through the entire asteroid and their spectral phases show
that they have a mixture of both azimuthal and radial char-
acteristics. All these azimuthal modes have the lowest angu-
lar mode number �m � =1 due to the coupling to the uniform
pulse.

One would expect the two lowest azimuthal modes to be
degenerate if the antivortex core stays at the center, which is
also suggested by the similarity of their spectral images.
However, this degeneracy is lifted by the coupling between
the azimuthal spin wave modes and the gyrotropic motion of
the core, as was found in the vortex case.10,11 To further
explore the relationship between this splitting and the core’s
gyrotropic motion, we chose two 500�500�20 nm3 aster-
oids with different core polarities, the results of which were

FIG. 2. �a� Time evolution of the x and y magnetization com-
ponents in gyrotropic motion of an initially displaced core moving
in remanence. �b� Trajectories of the antivortex core around its
equilibrium position. The solid, clockwise helix is for core polarity
P= +1, while the dashed, counterclockwise path is for core P=−1.
L=200 nm and t=20 nm. The location of the core is determined by
interpolation between the two cells with the largest perpendicular
magnetization.

FIG. 3. �Color online� �a� Power spectra for 500�500
�20 nm3 asteroids in the antivortex state. The top pair are for
asteroids with opposite antivortex core polarities, labeled by P. The
bottom spectrum is for an asteroid with a 20 nm hole at the center
�coreless�. �b� Spectral amplitude �top� and spectral phase �bottom�
at resonance for the first four azimuthal spin wave modes in the
P= +1 case with frequencies f1=3.8 GHz, f2=4.7 GHz, f3

=6.3 GHz, and f4=6.7 GHz. �c� Spectral amplitude and phase im-
ages of the lowest two azimuthal modes for the P=−1 case. �d�
Spectral amplitude and phase of the lowest azimuthal mode at
4.0 GHz for the coreless asteroid. In �b� and �c�, the phase chirali-
ties of the two lowest azimuthal modes are shown by the superim-
posed broad arrows.
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shown in Fig. 3. Two lowest azimuthal modes for both core
polarity cases appear at the same frequencies as in Fig. 3�a�.
However, the spectral phase images in Figs. 3�b� and 3�c�
reveal a change of the frequency order of these two azi-
muthal modes. For the P= +1 case in Fig. 3�b�, the 3.8 GHz
mode has a clockwise phase chirality while it is counter-
clockwise for the P=−1 case. For comparison, we also simu-
lated an asteroid of the same size but with a central hole of
20 nm diameter in order to remove the antivortex core.10

Only one resonance peak appears in the range of 3–5 GHz,
as shown in the coreless spectrum in Fig. 3�a�, at a frequency
of 4.0 GHz. The spectral phase of this mode has one nodal
line along the pulse field direction as shown in Fig. 3�d�,
indicating that the mode oscillates as a standing wave result-
ing from two degenerate azimuthal traveling wave modes
with opposite phase chiralities.

An out-of-plane pulse field was applied to a 500�500
�20 nm3 sample to excite radial spin wave modes, results of
which are shown in Fig. 4. Following the experimental setup
in Ref. 8, the pulse simulated was that of an electric current
loop around the asteroid sample. This pulse will not shift the
antivortex core away from the center. Consequently, the reso-
nances in the power spectrum in Fig. 4�a� are predominantly
radial modes and involve no coupling to the core’s gyrotro-
pic motion. The spectral amplitude and phase of each spin
wave mode exhibit a symmetry about the origin as shown in
the Fig. 4�b�. The lowest radial mode is mainly distributed in
the X-shape region as in the azimuthal mode case. The spec-
tral phase of the lowest mode exhibits nodes along the four
long arms of the asteroid with variation of the image color
and brightness, while no nodes are along the four diagonal
directions. The amplitudes of higher-frequency radial modes
are distributed over the entire asteroid and their phases show
more nodes along both the diagonal and the arm directions of
the asteroid.

The difference between the spectrum of the long arm di-
rection and the diagonal direction of the asteroid can be as-
cribed to the different angles between the wave vector and
the static equilibrium internal magnetic field. For radial
modes, the wave vector is perpendicular to the internal field
in the diagonal direction, thus having the characteristics of a
Damon-Eshbach mode �DEM�.23 However, along the long
arm directions, the wave vector of radial modes is �anti�par-
allel to the internal field, which has magnetostatic backward
volume mode �BVM� character.23 Thus, as a result of the
unique spin configuration of a magnetic antivortex, both the
azimuthal and the radial spin wave modes in the asteroid
sample are hybrids of the DEM and BVM modes.

We also studied the size dependence of the frequencies of
the various modes. The frequency of the gyrotropic mode
was found to increase with the thickness of the asteroid but
decrease with its area. A similar size dependence of the gy-
rotropic mode for a vortex in a circular disk has been found
analytically.2 Here, if we treat the asteroid sample topologi-
cally as a deformed circular disk, qualitatively we can under-
stand the size dependence of the gyrotropic mode in an an-
tivortex structure. The frequency of both azimuthal and
radial spin wave modes decreases when either the thickness
or the in-plane size of the asteroid increases. The drop of the
frequency of spin wave modes can be explained by different
mechanisms. On the one hand, an increase of just the thick-
ness results in a lower static internal field while the in-plane
wave vector remains the same. This lower static magnetic
field will shift the dispersion curve to a lower frequency.23

Thus, for the same in-plane wave vector, i.e., the same mode,
the frequency will decrease. On the other hand, an increase
of just the in-plane size will effectively reduce the in-plane
wave vector. For azimuthal modes, the BVM zone �diagonal
direction� has lower internal field than the DEM zone �long
arm direction�. This causes the wave vector in the BVM zone
to fall in a region of the BVM dispersion curve with positive
group velocity.23 The DEM dispersion curve always has
positive group velocity. For the lowest radial mode, it is
mostly distributed in the DEM zone �diagonal direction�. For
higher-frequency radial modes, the wave vector in the BVM
zone �long arm direction� corresponds to a positive group
velocity. Therefore, a larger in-plane size results in a lower
frequency for both azimuthal and radial spin wave modes.

Finally, we compare some of the antivortex results to the
vortex states in the asteroid. We found that the gyrotropic
frequency for the vortex state is approximately twice that of
the antivortex state for the 200 nm asteroid, and four times
as large for the 1 �m case. An important qualitative differ-
ence is that the chirality of the path of the antivortex core in
gyrotropic motion is opposite to that of a vortex with the
same core polarity. This will be significant for the low-
frequency dynamics of vortex or antivortex arrays. This fea-
ture is simply understood in terms of the Thiele equation for
the gyrotropic motion of the vortex core, in which the gyro-
tropic vector is determined by a product of the core’s polarity
and its winding number.2

A comparison of the spin waves in these different systems
is problematic. Here we note several features underlying this.
First, the symmetry group of the antivortex state of an aster-
oid is C2v, while it is C4 in the vortex asteroid, as it is in the

FIG. 4. �Color online� �a� Power spectrum for a 500�500
�20 nm3 asteroid after excitation by an out-of-plane pulse field
from a surrounding current, shown in inset. �b� Spectral amplitude
�top� and spectral phase �bottom� at resonance for first four radial
spin wave modes. Their frequencies are f1=2.8 GHz, f2=6.1 GHz,
f3=6.8 GHz, and f4=7.9 GHz.
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vortex on a square.24 Thus the underlying symmetry classi-
fication of the spin wave states is significantly different. Sec-
ond, the trade-off between exchange energy and dipolar en-
ergy is much more favorable to the formation of Landau
domains in both the asteroid and square particle vortex states
than in antivortex states.24,25,27 We find that the vortex state
in the larger-area asteroids contains well-defined triangular
Landau domains with domain walls along the long axes of
the asteroid, just as in the vortex state in square
particles.8,24,25 Thus there should be well-defined intrado-
main spin wave modes and localized domain wall modes in
the large-asteroid vortex state as found in the square vortex
state. However, we did not find a tendency toward domains
and domain walls in the antivortex state at any size. Conse-
quently, one expects to find the spin wave modes of the
antivortex in asteroids more difficult to categorize than in
these other cases.

In summary, we have studied dynamic excitations of a
magnetic antivortex structure in asteroid samples and identi-
fied several eigenmodes of the system using micromagnetic
simulations. The modes were generated by magnetic pulses
similar to those likely to be used experimentally. The gen-
eration of lower-symmetry modes would require field pulses
of different spatial symmetry,24–27 which are not included
here. The size dependence of the modes and the interaction
between two different kind of modes have also been dis-
cussed. A brief comparison of these results to the dynamics
of a vortex in asteroid and square particles is presented.
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