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We report on micromagnetic simulation results of radiation of strong spin waves from the cores of
magnetic vortices driven by their dynamics motion or the annihilation of a vortex-antivortex pair in
a rectangular shaped magnetic thin film. Such strong spin-waves are distinguished from spin wave
modes typically excited in patterned magnetic elements. The spin wave excitation with relatively
low frequencies of 0–22 GHz are associated with the shape of an element, a magnetization
configuration, and an applied magnetic field, while dominating spin waves in the higher frequencies
of 22–96 GHz are driven by either the motion or annihilation of vortex cores present in the confined
element. The latter case yields much higher amplitudes than the former does. It is found that large
torques applied at the local area of the vortex cores, driven by the large exchange fields in the core
region during their dynamic motion and collapse, induce a rapid energy dissipation into the
surrounding areas through the spin-wave excitation and subsequent propagation. In addition, it is
found that the strong spin waves radiated by the dynamic evolution processes of the vortex cores
propagate well into a long stripe-shaped magnetic wire. Such traveling spin waves can be applicable
for a new generation of magnetic logic devices. © 2005 American Institute of Physics.
关DOI: 10.1063/1.2128478兴
Spin-wave excitations in confined magnetic thin films
begin to attract much attention because of its practical applications to magnetic logic devices1 as well as its fundamental
interest.2–4 Both theoretical and experimental studies have
thus been increased in numbers for the exploration of the
spatial and temporal characteristics of spin waves excited in
micrometer-scale magnetic elements.5–17 It is known that the
characteristic properties of spin waves are determined by the
intrinsic material parameters of exchange and dipole interactions and an external magnetic field as well as the size and
shape of a system.5–9 Fundamentally, it has been of great
interest how the frequencies and spatial configurations of
their eigenmodes are governed by these parameters. From a
technological point of view, a logical operation using spin
waves is also of a great interest because they can deliver
information with the controllable phases of spin waves being
propagating in magnetic media, which is applicable for a
new generation of logic devices. For example, Hertel et al.1
demonstrated using micromagnetic simulations that the
phase of a spin wave can be controllable with magnetic domain walls formed in a waveguide medium. For making the
spin waves practical in its applications, it is required that
spin waves should be radiated strongly and then propagate
well inside a spin waveguide. In this letter, we report on
micromagnetic simulation results of strong radiations of spin
waves through the dynamic motion or annihilation of the
cores of magnetic vortices present in a rectangular shaped
magnetic thin film, triggered by an external magnetic field.
In order to carry out the micromagnetic simulations18 of
spin-wave radiations, we utilized a rectangular shaped element of an Fe film which includes 5 vortices and 2 antivortices at an equilibrium state of the spatial distribution of local
magnetization vectors 共M兲 without a magnetic field Ha, as
a兲
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shown in Fig. 1. The characteristic features of the existing
vortices are represented by the M orientation of their cores
and the in-plane M orientation of circular or cross Bloch
lines, as shown in Fig. 1共b兲.19 In the micromagnetic modeling, we used a constant cell size of 5 ⫻ 5 ⫻ 20 nm3, an exchange constant A = 2.1⫻ 10−11 共J / m兲, a saturation magnetization M s = 1.7⫻ 106 共A / m兲, an anisotropy constant K = 0,
and a damping parameter ␣ = 0.01.
A temporal evolution of the equilibrium spatial variation
of the local M shown in Fig. 1 is found to approach toward
a new equilibrium state under a static magnetic field of Ha
= 100 Oe that is applied along the short axis of the rectangular element. As already reported in our earlier work,19,20 not
only vortices but also antivortices play crucial roles in the M

FIG. 1. 共Color online兲 A spatial distribution of local M at equilibrium in a
rectangular shaped model system of an Fe film with a lateral dimension of
3.0⫻ 0.7 m2 and a 20 nm thickness. Colors in 共a兲 represent the in-plane
orientations of the local M, as noted by the colored wheel, while the graycolored scale in 共b兲 indicates the out-of-plane components of the local
M normalized by its saturation magnetization, M z / M s. The streamlines
with small arrows shown in 共b兲 are displayed to show the characteristic
features of individual vortices and antivortices present in the rectangular
shaped element.
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FIG. 3. 共Color online兲 共a兲 Variations of M z / M s with distance along the lines
indicated by “L1” and “L2” in Fig. 2共a兲, and their Fourier-transformed spectra. 共b兲 Temporal evolutions of M z / M s in a range of t = 0 ⬃ 998 ps at the two
different positions indicated by “P1” and “P2” in Fig. 2共a兲, and their Fourier
transformed f spectra.

element as well as the local M configuration.9–12
In Fig. 3共b兲, the M z / M s versus t at two different posi↑
tions indicated by “P1” 共near VR共2兲
core兲 and “P2” 共near
FIG. 2. 共Color online兲 Images of the temporal evolution of the spatial configuration of local M in the area indicated by “A” in Fig. 1共b兲 under a static
magnetic field of Ha = 100 Oe applied along the direction noted by the black
arrow. The colors indicate the magnitudes of local M z / M s. 共b兲 and 共c兲 show
the temporal variations of the positions and the M z / M s values, respectively,
for the cores of the three different vortices.

↑
VR共1兲
− V̄↓ pair兲 shown in Fig. 2共a兲 are compared together
with their frequency f spectra obtained from their FTs. From
these spectra, it is clearly found that the excited spin waves
have a wide range of frequencies, where each frequency is
associated with individual characteristic modes excited by
different causes as well as radiated from many other neighboring vortices. From a direct comparison of the frequency
spectra obtained at the two different positions, we find that
there is no distinct difference in the general profile of the f
spectra of the wave modes at the “P1” and “P2” positions,
while the magnitudes of their FT powers are somewhat different. From such complicated frequency spectra, we cannot
classify all the spin wave modes, but their dominating modes
in the two different frequency regions of ⌬f 1 = 0–22 GHz
and ⌬f 2 = 22–96 GHz can be differentiated by making the
inverse FTs of the individual frequency spectra for each cell
in the corresponding frequency ranges. Figure 4 shows the

dynamics through their propagation and annihilation due to
their attractive interactions. Figure 2共a兲 shows snapshot images of the temporal evolution taken at given times t, as
noted. For t = 93 ps, the spin waves radiated around each vortex core driven by their dynamic motions further spread into
their surrounding areas. Much stronger spin waves with large
amplitudes start to be radiated at t = 342 ps, when the vortex
↑
and the antivortex V̄↓ meet, and then collapse. For the
VR共1兲
movie file of the dynamic evolution, see Ref. 21. The posi↑
↑
tions of the individual cores of VR共1兲
, VR共2兲
, and V̄↓ and their
values of M z / M s versus t are also shown in Figs. 2共b兲 and
2共c兲, respectively.
For a better understanding of the existing modes of the
radiated spin waves, the variations of M z / M s with distance l
at t = 147 and 411 ps along the lines denoted as “L1” and
“L2” in Fig. 2共a兲 are plotted together with their Fourier transformed 共FT兲 spectra, as shown in Fig. 3共a兲. As seen in the
M z / M s versus l, the spin waves radiated during the annihilation process of a vortex-antivortex pair have much larger
amplitudes than those driven by the motion of the vortex
cores. From their FT spectra, we can see a large contrast in
the amplitudes of the spin waves radiated by two different
ways of the motion of vortex cores and the annihilation of a
vortex-antivortex pair. Much higher FT power at lower wave
FIG. 4. 共Color online兲 Plane-view images of the spatial configurations of the
numbers k 共near zero k兲 for the “L1” line seems to be assotwo different dominating modes at t = 147 and 411 ps, which are obtained
ciated with spin-wave excitations typically formed by an exfrom the inverse FTs of the frequency spectra of individual cells in the two
ternal magnetic field and an inhomogeneous internal magdifferent
of 0 艋 f ⬍ 22 GHz, and 22艋 f 艋 96 GHz,
as displayed
by 114.70.7.203
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FIG. 5. 共Color online兲 共a兲 shows the perspective-view images of the perpendicular component of torques, z = 共m ⫻ H兲 · êz, exerting on the individual
cells in the same area as that seen in Fig. 2, for t = 65 and 342 ps. Each
column in 共a兲 shows Heff, Hex, and Hdeg contributions to the total torque. 共b兲
shows the temporal variations of the average torques within 3 ⫻ 3 cells
around the cores of the three different vortices shown in Fig. 2. The vertical
lines indicate t = 65 and 342 ps.

Heff, Hex, and Hdeg at the localized areas of the cores of the
three different vortices are plotted versus t in Fig. 5共b兲. It is
also proven that the largest torque at t = 342 ps initiates an
excitation of spin waves and that the major contribution to
the torque is Hex. Since the Zeeman field contribution to the
total torque is negligible compared to the others, the large
torques exerting on the vortex cores result primarily from
changes in the positions of vortex cores and in the magnitudes of their M z / M s values. Such spin wave modes with
large amplitudes can be distinguished from spin wave modes
typically excited from several other ways in micrometerscale elements, such as by tilting and rotating M
orientations,1,8,17 as well as by applying an Ha.
With these findings mentioned above, we also investigated an injection of spin waves strongly radiated from a
well-known vortex state in a disk shaped magnetic element
into a long-stripe magnetic-film waveguide. The injected
spin waves in the waveguide were well propagated with the
characteristic frequencies and wave numbers of their dominating modes that are allowed in the magnetic waveguide.
More details and further studies of the wave propagations,
not shown here, will be reported elsewhere. Strong spin
waves being propagating well in the magnetic nanowires
may be promising for their applications to a logical operation
in a new generation of logic devices.
This work was supported by the KOSEF through the
q-Psi at Hanyang University.
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