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The dynamic spin modes observed in magnetic vortex structures are shown to depend strongly on the nature
of the initial excitation by a transient pulse field. In submicrometer-sized Permalloy disks, when a uniform
perpendicular transient field is used to perturb the magnetization, radial standing-wave modes are excited;
whereas if an in-plane transient field is used, angular or azimuthal modes are formed. The existence of the
vortex core is responsible for a frequency splitting of the azimuthal modes, as demonstrated through compari-
son to micromagnetic simulations of a ring geometry.
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The magnetic vortex is often found to be the ground state
in micrometer and submicrometer-scale soft magnetic
disks.1–4 The spin dynamics of the vortex state has drawn
increasing attention due to fundamental interest and to its
close relation to questions of high-speed magnetization
dynamics.5–13 In this state, the static magnetization pattern is
circular about the disk center, while in the core, the magne-
tization is perpendicular to the disk. The theoretical predic-
tion of the magnetic normal modes of the vortex state is still
a challenge owing to the difficulty of analytic calculation,
despite the well-defined symmetry of the state.10,13 Simpli-
fied models predict that spin dynamics in the vortex can be
described by discrete spin-wave spectrum with modes with
integral numbers,m and n, which represent the azimuthal
and radial modes.6,13 If standing wave patterns are formed,m
andn represent the number of nodes in the angular and radial
direction. These modes could also be coupled with one
another.13

The purpose of the present paper is to investigate the
identification and selection of detectable precessional modes.
Both Brillouin light scattering13 sBLSd and pulsed ferromag-
netic resonance5 sFMRd previously have been used to study
the spin dynamics in vortex state.7,11,12 In the pulse FMR
technique, an ultrafast magnetic field tips the sample’s mag-
netization away from its equilibrium configuration, and the
resulting magnetization response is monitored
stroboscopically.5,7 Different excitation modes have been ob-
served for various sized disks. The gyrotropic mode,11,14 to-
gether with up to two modes at higher resonance frequency
have been reported by the Minnesota group.11 In the Regens-
burg group, several precessional modes were observed in
micrometer-sized structures.12 It is still not clear, however,
how the transient field selects the spin modes. In this paper,
we study the spin dynamics of nominally identical submi-
crometer diameter disks exposed to different transient field

directions. The results of pulsed FMR measurements are
compared to micromagnetic modeling.

An array of 30-nm-thick, 700-nm-diam Permalloy disks at
2-mm center-to-center spacing was prepared on a 100-nm-
thick SiN membrane using electron beam lithography. For
comparative studies, different sized disks having diameters
from 200 nm to 1mm were prepared on a silicon substrate.
At remanence, these disks are in the vortex state, as has been
examined by magnetic force microscopysMFMd.4 Figure
1sad shows a MFM image of a 500-nm-sized disk. The po-
larity of the vortex core is also identified, as it issin this
cased repulsive to the stray field from the MFM tip, shown
by the black dot at the image center.

Figure 1sbd shows a schematic of the setup for broadband
FMR. The transient field that drives the magnetization away
from equilibrium is produced using the photoconductive
switch technique.15 The resulting dynamic process is probed
via the magneto-optical Kerr effect at a variable time delay.
The disk array is placed on top of a coplanar transmission
line with the sample surface facing the lithographic stripline.
The width of the wires is 20mm, with a 20-mm spacing. The
current pulse applies simultaneously a perpendicular tran-
sient field to disks located between the wires, and an in-plane
transient field to those on top of a wireswith a small perpen-
dicular component produced by the neighboring wired. By
varying the probe beam position, the effects of transient field
direction could be investigated. The focus spot size of the
probe beam through 100-nm SiN membrane is about 500
nm, small enough to study individual disks.

Typical time-domain FMR curves for orthogonal direc-
tions of the transient field excitation are shown in Figs. 1scd
and 1sdd. Periodic oscillations with gradually decreasing am-
plitude are observed for the transient excitation perpendicu-
lar to the disk, with an early response that also reflects the
pulse profile. High frequency modes superimposed upon a
very low frequency oscillation are observed for the pulse
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field mainly parallel to the disk, as shown in Fig. 1sdd. This
curve is very similar to the results obtained from a purely
in-plane pulse excitation.11

The effect of the transient field direction is rendered in the
frequency domain through Fourier transformation of the tem-
poral traces, as shown in Fig. 2. For the perpendicular tran-
sient field excitation, a 9.3-GHz resonance dominates all oth-
ers with its high spectrum amplitude. Besides this frequency,
there are two additional resonances, at 2.4 GHz and at 13
GHz, each with a small amplitude. In contrast, the frequency
spectrum from the in-plane field pulse shows multiple peaks
of comparable amplitude at frequencies 0.4, 6, 7.25, and 9.5
GHz, with weaker signatures at 10.7 and 11.6 GHz, and a
broader feature at 12.8 GHz.

Since the dimensions of a disks700 nmd are very small in
comparison with those of the striplines20 mmd, the pulse
field generated at the disk is very homogeneous. When a
perpendicular pulse is applied, all of the magnetization out-
side the core experiences the same magnitude of initial
torque. The magnetization precesses uniformlyswith the ex-
ception of the vortex cored. The 9.3 GHz resonance fre-
quency of the vortex state in response to a perpendicular
pulse excitation may be obtained as a solution to the Larmor
precession equation, which yields

f th =
1

2p
gMs

ÎNrNz, s1d

whereNr andNz are the demagnetizing factors in the radial
and perpendicular directions.7 The demagnetizing factor in
the angular direction is zero in this case due to the circulation
of magnetization. As this mode has no nodes in the radial
direction between the center and the edge, and none in the
angular direction, it is assigned the mode numbers0,0d. The
higher frequency resonance at 13 GHz represents a mode
with a radial node.12,13From the simulation results presented
below, we find that this oscillation corresponds to the radial
mode withn=2. The mode at 2.4 GHz is possibly an edge
localized mode.16 However, further studies with better spatial
resolution are required to clarify this.

For in-plane pulsed excitation, the torque on the core in
combination with the now nonuniform torque on the circu-
lating magnetization causes an initial push of the vortex core
away from the center, followed by a gyrotropic motion about
the center of the off-centered vortex. The gyrotropic fre-
quency for the investigated disk is found to be 0.44 GHz,
shown in Fig. 2. This value is consistent with theoretical
expectation,8,17 and agrees with the results obtained in other
groups.11,14 This mode is not observed with perpendicular

FIG. 1. The sample geometry, and broadband ferromagnetic resonance oscillations of Permalloy disks in the vortex state.sad MFM image
of a 500-nm-diam Permalloy disk.sbd Schematic drawing of the experimental setupsnot to scaled. The pump beam from a femtosecond
Ti:Sapphire oscillator launches picosecond current pulses. The resulting ultrafast magnetic field drives small amplitude precessional motion
of the magnetization. The magnetization change is measured in the time domain using the polar Kerr effect with a controlled delay between
the pump and probe beam pulses.scd andsdd Time-domain FMR curves of individual 700-nm-sized Permalloy disks for ultrafast magnetic
field applied perpendicular to the diskfbetween the wires, at the position of the center of the black dot,scdg and parallel to the diskfon top
of a wire, at the position of the center of the gray dotsddg. The widths of, and the space between, the stripe lines are all 20mm. The dark
gray area: photoswitch lithographically patterned on the GaAs substrate. The black and gray dots roughly demarcate the regions of
perpendicular and parallel excitation, respectively.
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pulse excitation as the vortex core position is not affected by
the perpendicular transient field.

The inhomogeneous antisymmetric initial torque on the
vortex state magnetization produced by the in-plane pulse
excites the magnetic normal modes with rotational symme-
try, seen here at the frequencies of 6.0 and 7.25 GHz. The
higher frequency modes at 9.5 and 12.8 GHz, are the same
modes as found with perpendicular excitation. Measuring in-
dividual disks, the disk-to-disk frequency variation is found
to be about 0.2 GHzsboth for in-plane and out-of-plane ex-
citationd.

In order to understand the observed spin dynamic behav-
ior, and to identify these modes, micromagnetic modeling
was conducted using a commercial code.18

The total magneto-optical signal from a given mode is
determined by the spatial average of the magnetization
change under the probe spot. This is very small when nearly
equal local regions precess with the opposite phase. In Fig. 3,
we plot the magnetization change of a half disk as a function
of time. This approximates the experimental conditions of
Figs. 1scd and 1sdd for perpendicular and in-plane excita-
tions, but is not an exact match to the experimental condi-
tions. The resonance frequencies are obtained through Fou-
rier transformation. Figs. 3scd–3sed plot the amplitude spectra
of the simulation resultssaveraged through the half diskd as a
function of frequency for the transient field pulse applied
perpendicular to the diskscd, parallel to the disk planesdd,
and in plane for the wide ringsed. For perpendicular pulse
field excitation, a dominant resonance frequency at 9.7 GHz
appears, with weak satellite peaks at 12 and 13 GHz. For the
in-plane pulse excitation, the simulations yield resonance

peaks at 0.44, 6.0, 7.5, 9.7, 11, 12, 12.5, and 13 GHz. These
results reproduce the experimental observations reasonably
well.

From the simulation results, we find that the precessional
motion at 9.7 GHz is nearly uniform across the disk, outside
the vortex core. At 13 GHz, there are two nodes in the radial
direction,12 and a phase plot from the Fourier transform
shows a 180-degree phase change across each node. For the
12-GHz mode, there is one node in the radial direction. The
uniform field excitation and spatially averaged detection both
make these modes appear much weaker than the uniform
mode.

For the in-plane pulse field excitation, we see the gyrotro-
pic mode, as well as a 9.7-GHz peak indicating that the uni-
form modes0,0d is also excited. The higher frequency modes
sabove 9.7 GHzd are also manifest. Of greatest interest here,
however, are the new modes at resonance frequencies below
the uniform mode, with relatively large amplitude. The spa-
tial profiles of the amplitudes for 6.0 and 7.5 GHz are nearly
rotationally symmetric. Radially, the amplitude is largest
close to the center, and gradually decreases toward the disk
boundary. The phase changes continuously in the angular
direction, indicating that instead of having standing nodes
these modes are traveling waves in the angular direction, like
the circularly polarized modes observed by the Regensburg
group.12

Schematic illustrations of the instantaneous phase con-
figuration of the left- and right-circularly polarized modes
are shown in the left-hand column of Fig. 4. To further elu-
cidate these modes, we reconstruct time-domain configura-
tions based on the amplitudes and phases of the oscillations
at these frequencies. Panels 4sad–4sdd show a few frames of
the 6.0-GHz mode. This mode is an angular mode withumu
=1, as the phase change is 2p around a complete rotation.
The spatially antisymmetric torque from the in-plane excita-

FIG. 2. Fourier transforms of the experimental time-domain fer-
romagnetic resonance curves. The dashed linesopen circlesd shows
the spectrum for perpendicular pulse field excitation; the solid line
sfilled circlesd is from the in-plane pulse field excitation.

FIG. 3. Time-domain ferromagnetic resonance curves from mi-
cromagnetic simulation. FMR curve for pulsed magnetic field ap-
plied sad perpendicular to the disk, andsbd parallel to the disk.
scd–sed The spectrum amplitude as a function of frequency for the
transient field appliedscd perpendicular to the disk,sdd parallel to
the disk.sed The simulation for the transient field in the plane of a
wide ring ssame outer diameter as the disk, with a 5-nm-diam cen-
tral holed.
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tion pulse couples to this mode directly. The slow gyrotropic
motion of the vortex ensures the traveling nature of this
mode: in a quasistatic limit of the gyrotropic motion, the
high frequency modes would adiabatically follow the inho-
mogeneous magnetization profile of the moving vortex core.
Panels 4sed–4shd show snapshots at the same times as Figs.
4sad–4sdd, but for the frequency of 7.5 GHz. This mode cir-
culates with the opposite helicity of the 6.0-GHz mode, and
also has an angular mode number ofumu=1. The frequency
splitting of these modes has been discussed theoretically.6,10

The perpendicular magnetization of the vortex core breaks
the otherwise perfect symmetry for left- and right-handed
rotations. The frequency splitting arises from the fact that the
magnon scattering by the vortex core is different for the
clockwise and anticlockwise modes.10 The frequency differ-
ence between theumu=1 modes can be larger than twice the

gyrotropic frequency of the vortex core.6 Given that the fre-
quency of the gyrotropic mode is 0.44 GHz in the present
case, the frequency splitting of around 1.5 GHz forumu=1 is
reasonable, although detailed analytic calculation is still a
challenge.

For comparison, we also simulate a wide ring structure
corresponding to a disk of the same size with a central hole
of 5-nm diam to eliminate the vortex core. Only one reso-
nance frequency is found in the range of 6–8 GHz, as shown
in Fig. 3scd, at a frequency of 6.6±0.1 GHz. Without the
vortex core, the clockwise and anticlockwise angular modes
are degenerate. As a result, the mode oscillates as a standing
wave polarized along the transient field direction. The recon-
structed time-domain magnetization change of this mode is
shown in panels Figs. 4sid–4sld, with a corresponding sche-
matic of the instantaneous local precession cones to the left
of the row.

The magnitude of the splitting and of the vortex core gy-
rotropic frequency depend on the disk radiussRd and film
thicknessstd according tot /Ra with a=1 or 2.6,8,10 For di-
ameters of several micrometers or larger, at thicknesses on
the order of 30 nm, the frequency splitting is usually less
than 0.1 GHz. This is near the typical frequency resolution of
the optical pump-probe measurement, as the resolution is
limited by the maximum optical delay time and by the damp-
ing constant of the magnetic material. This could explain
why the angular standing wave mode formed in large disks
s6 mmd in Ref. 12.

In summary, a subset of the predicted magnetic normal
modes of submicrometer disks in the magnetic vortex state
have been observed experimentally. In pump-probe measure-
ments, the detectable modes are dictated by how the excita-
tion pulse couples to the magnetic modes. For perpendicular
pulsed field, the uniform modes0,0d is strongly excited, and
some higher frequency modes with radial nodes are weakly
visible. For in-plane pulsed excitation, theumu=1 modes are
well matched to the antisymmetric torque profile of the tran-
sient field. These modes have a substantial frequency split-
ting and are circularly polarized, due to the presence and
motion of the vortex core.
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cell size is 2.532.535 nm. The pulse fields for simulation have
a 10-ps rise time, 200-ps decay time, with the peak value of
1.6 kA/m.

FIG. 4. On the left side of each row, a schematic of the instan-
taneous positions of local magnetization is shown, indicating the
relative amplitude and phase of the precession. The gray scale por-
traits show the reconstructed out-of-plane magnetization component
change at select times after the onset of the excitation pulse, for the
different resonance frequenciessblack and white represent positive
and negative change with respect to the initial state, where the
magnetization is entirely in plane away from the cored. The panels
sad–shd are for a 700-nm diam Permalloy disk;sid–sld are for a wide
ring with the same outer diameter as the disk and a 5-nm-diam hole.
Panels sad–sdd show the 6-GHz mode of the disk;sed–shd the
7.5-GHz mode; andsid–sld the 6.7-GHz mode of the ring. The times
are: 10 pssad,sed,sid; 40 pssbd,sed,sjd; 70 psscd,sgd,skd; and 100 ps
sdd,shd,sld.
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