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Spin excitations of magnetic vortices in ferromagnetic nanodots
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Spin excitations of the magnetic vortex state in ferromagnetic nanodots are measured using Brillouin light
scattering. Arrays of permalloy dots with 800-nm diameter and 60-nm thickness were fabricated by means of
electron beam lithography and lift-off procedures. Two excitation modes are observed experimentally in the
vortex state. One mode, at;12 GHz, decreases slightly in frequency to 11 GHz as an in-plane magnetic field
is applied. The lower mode, at;8 GHz, is almost independent of applied field strength. Numerical and
analytical calculations of the dynamic magnetization based on the Landau-Lifshitz equation of motion allows
us to identify the higher and lower frequency modes as corresponding to dipole-dominated spin excitations
localized inside the dot and at the dot edges, respectively.
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Although predicted many decades ago the magnetic
tex state has recently received renewed attention since
often found to be the ground state of nanopatterned magn
particles. There is already a substantial number of invest
tions where the stability of the vortex state has been inve
gated with regard to the sample shape and size and als
presence of an external field.1–10 To complement our funda
mental understanding of the vortex state, here we presen
investigation of spin-wave excitations within the vorte
state. This investigation is thus part of the much wider eff
which is currently being directed at understanding hig
frequency magnetization dynamics in small magnetic e
ments. Such investigations are not only a challenge for m
ern magnetism theory, but are also important for develop
high-density magnetic recording media, where nanosec
duration field pulses are applied to induce magnetization
versal.

The ground-state spin distribution at zero field within
ferromagnet with negligibly small magnetocrystalline anis
ropy depends on both the size and shape of the material.1 The
exchange energy is smallest for parallel alignment of nei
boring spins and therefore favors a uniform magnetizat
distribution, the single domain state. However, collinear s
alignments usually lead to large demagnetizing fields t
increase the magnetostatic energy and hence favors flux
sure or multiple domain states to reduce them. The siz
which a particle becomes a single domain depends on
balance between the above energies, and also on its s
and magnetic anisotropy. The characteristic magnetic
change length resulting from the above energy competitio
defined asjex5A2A/Ms , whereA is the exchange stiffnes
constant andMs is the saturation magnetization. The comp
tition between different energies leads to the nonunifo
magnetic state~‘‘magnetization curling’’! that appears as
type of spin instability during the magnetization reversal p
cess. Under some conditions, this is the lowest eigenmod
Brown’s equations for systems with cylindrical symmetry.2,3

The ‘‘curling magnetization distribution,’’ also referred to a
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a magnetic vortex, is also found to be a ground state
ferromagnetic disk-shaped nanodots with thicknessL and ra-
dius R, whenL.jex, andR@jex.4–10 This essentially non-
linear state can be interpreted as a part of a two-dimensi
~2D! magnetic topological soliton11 adapted to the dot shape
Experimental studies of the vortex state in ferromagne
nanodots have been performed using magnetic fo
microscopy,4,5 Lorentz microscopy,5,6 and magneto-optica
techniques.7–9Analytical and numerical micromagnetic mod
eling of magnetization reversal due to magnetic vortex f
mation and its displacement have also been carried out.10

The dynamic properties of such dots have, howev
drawn less attention. There are two distinct issues in mag
tization dynamics. One concerns the dynamics of magnet
tion reversal that describes the time evolving magnetizat
typically a nonequilibrium state induced by the applicati
of a field pulse. Experimental investigations of the magne
zation dynamics under short field pulses include studies
saturated FeNi dots12 and closure domains in Co dots.13 The
second issue concerns the dynamics of the spins in the v
ity of an equilibrium state that determines the excitati
spectrum. The purpose of the present work is to investig
spin excitations within magnetic vortices. This is quite d
tinct from the problem of the dynamics of magnetizati
reversal in which the ‘‘magnetization curling’’ is one of th
nucleation modes and which has been addressed earlier2,3

Spin excitations in the vortex state are expected to
substantially different from those in the uniformly magn
tized state. An example is the appearance of a low-freque
mode associated with the displacement and movement o
vortex as a whole. It was found14 that, when the in-plane
field is varied, the vortex core undergoes a spiral motion. T
frequency of this motion lies in the sub-GHz range for th
submicron dots. This type of mode is, however, in a cro
over region between field-driven magnetization dynam
and magnon dynamics. In a broad sense this mode is rou
equivalent to a domain-wall resonance in a magnetic film15

Excitations of the vortex state have been discussed for
©2002 The American Physical Society07-1
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nite films16 taking into account only the exchange intera
tion. This is, however, an unsuitable approximation for ma
netization dynamics of submicron magnetic particles, wh
the exchange contribution to the low-lying eigenfrequenc
is smaller than the magnetostatic contribution (R@jex). The
magnetization dynamics in this case is governed by the lo
range dipolar forces arising from oscillations of surface a
volume magnetic charges. We are not aware of any theo
ical or experimental investigation of dipole dominated sp
excitations in a magnetic vortex state. By analogy with s
dynamics in thin films, the frequency range of such exc
tions is expected to be comparable to that probed by fe
magnetic resonance~FMR!, and therefore it can be studie
using the Brillouin light-scattering technique.

The array of dots with nominal diameter 2R5800 nm and
thicknessL560 nm, arranged on a square lattice with a p
riod of 1.6 mm, was prepared using electron-beam lithog
phy and lift-off techniques. The hysteresis loop for this arr
shown in Fig. 1, is typical for dots that undergo magneti
tion reversal via formation of a vortex state. Details of t
sample fabrication, and magneto-optical Kerr effect~MOKE!
characterization of its vortex ground state have been give
Refs. 9 and 17.

Brillouin spectra were recorded on a five-pass Fab
Perot interferometer.18 The incident and scattered beam
were at 45° and 0° from the substrate normal, respectiv
Although, due to the very weak signals, the quality of t
spectra was not optimal, it was possible to track the p
positions as a function of applied field. In Fig. 2 we sho
two Brillouin spectra. After saturating at high fields, the fie
was reduced to 50 mT~upper plot!, i.e., in the saturated stat
above the nucleation field, and at 20 mT~lower plot! with the
sample in the vortex state. Two modes are always obse
in the vortex state. Three modes are observed in the satu
state at 50 mT but they coalesce and become unresolve
higher fields. The measured frequencies are plotted as a f
tion of field in Fig. 3. Full symbols correspond to the vort
state, and open symbols to the saturated state. We con
trate below on the modes observed in the vortex state.
high-field measurements and quantitative description of
spin excitations for in-plane saturated dots were reporte

FIG. 1. Measured in-plane hysteresis curve for the array of p
malloy disks investigated (L560 nm, R5400 nm).
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Refs. 19 and 20. For the vortex state considered here
excitations should reflect the circular symmetry of the sta
distribution of magnetization and dipolar field, as opposed
the uniaxial symmetry of excitations in the saturated stat21

In order to interpret the experimental data on spin dyna
ics in a magnetic vortex trapped in a circular ferromagne
dot, we have performed micromagnetic calculations based
a Landau-Lifshitz-Gilbert~LLG! equations approach.22 The
material parameters are: the saturation magnetizationMs
58.03105 A/m, and the exchange stiffness constantA
51.3310211 J/m. The dot diameter and thickness are 8
and 60 nm, respectively. In our 2D calculation, the particle
composed of 636 nm interacting cells. The dynamics o
each element obeys the LLG equations, which describe
response of a ‘‘spin’’ to an effective magnetic field consisti

r-

FIG. 2. Brillouin spectra obtained after saturating the sample
high fields and then reducing it to 0.5 kOe~upper plot!, i.e., in the
saturated state above the nucleation field, and at 0.2 kOe~lower
plot! with the sample in the vortex state.

FIG. 3. The symbols are the frequencies obtained from Brillo
spectra like those in Fig. 2. The solid and dashed lines are mi
magnetic simulations, the dotted line is the calculation using K
tel’s equation for the saturated sample, as explained in the text.
symbols with different shapes correspond to different experim
tal points obtained from Stokes- and anti-Stokes parts of the B
spectra.
7-2
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of the exchange coupling from its neighboring cells, mag
tostatic fields resulting from the divergence of magnetizat
M , and an applied external fieldH.

First, we calculate the spin distribution in the presence
an in-plane magnetic fieldHx in the range from 0 to 250 mT
and a small magnetic fieldHz55 mT applied perpendicula
to the dot plane. During this portion of the calculation t
damping coefficienta is set to 0.1 in order to quickly relax
the magnetization to its equilibrium state. The resulting s
configuration is then used as an initial state for the follow
calculation of spin dynamics. Retaining the value ofHx , and
settingHz50 to zero anda to 131024 ~in order to have
underdamped precession!, the time dependencies ofMx ,
M y , and Mz were recorded. Typical outputs are shown f
Mz in the inset to Fig. 4. When the in-plane fieldHx exceeds
the value of the annihilation field and the vortex is swept
of the dot, and we obtain information on the magnon f
quencies in the saturated, single-domain state.

The Fourier transform~FT! of the magnetization oscilla
tions, shown in Fig. 4, yield the corresponding eigenfrequ
cies of the spin excitations. Note that with conventional m
cromagnetic codes, such as the one used here,21 it is only
possible to observe spin excitations for which the spa
average of the time-dependent magnetization is nonzero.
most intense peaks in the FT ofMz andM y are shown in Fig.
3. Full lines correspond to the vortex state and the das
lines are for the saturated state. We can also calculate
FMR frequency using the Kittel’s equationvFMR

2 5g2H$H
14pMs@123F(b)#%, whereF(b) is average in-plane de
magnetizing factor of a saturated circular dot with an asp
ratio b5L/R. For b50.15!1, F(b)'2b@ ln(8/b)2 1

2 #
50.083.10 Agreement between the micromagnetic and cal
lated FMR frequency~dotted line! in Fig. 3 is a clear indi-
cation that the use of micromagnetics to extract dyna
properties is valid. The experimentally observed frequenc
in the saturated state~open symbols! have been identified a
standing-wave excitations.19 This explains why they lie
above the FMR frequency. The micromagnetic calculatio
also reproduce the general trends of the experimental da

FIG. 4. The peaks in the Fourier transform~FT! correspond to
the frequencies of the normal modes of the system. The ti
dependent oscillation of magnetization is shown in the inset.
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the vortex state. Calculations performed for dots with diff
ent thickness and radii show that the frequencies of the
modes in vortex state are strongly dependent on the dot
pect ratiob5L/R, consistent with expected magnetosta
nature of the observed spin excitations.

To consider the effect of the exchange interaction on
frequencies of these excitation modes we performed a
tional micromagnetic calculations where we treat the
change stiffness constantA as a variable. Although the ex
change constant has a clear effect on the structure of
vortex core, the frequency of higher excitation mode~12
GHz! appears to be essentially independent ofA, whereas the
frequency of lower mode increases only slightly with d
creasingA. This supports the validity of our assumptio
about the magnetostatic nature of the observed excitati
especially the quasiuniform mode.

Spin deviations from their equilibrium position result
restoring torques due to exchange, Zeeman, and demagn
ing fields. The magnitude of the torque determines the e
tation frequencies. Note that real microfabricated dots~that
are not ellipsoids of revolution! have an inhomogeneous de
magnetizing field. It may lead to magnetostatic spin exc
tions that have spatially varying amplitudes near the vor
core, in the central area of the dot, and at the edges. This
confirmed by plotting the time evolution of the profile of th
out-of-plane magnetization component~not show here!. In-
deed, one can clearly see that the spins located far from
edge and from the vortex core behave collectively, and h
in-phase precession, reminiscent of a uniform excitat
mode. The period of this oscillation corresponds to o
higher-frequency~12 GHz! mode. On other hand, the spin
located at the dot edges show a different behavior. TheirMz
component, as obtained with micromagnetic solver, ha
maximum amplitude at the dot edge~wherer5R, R is the
dot radius! and decreases toward the dot center. The
quency of this edge-localized mode is lower than that
quasiuniform mode and is at;6.5 GHz ~vs 7.8 GHz in the
experiment!. A theoretical solution to the general problem
magnetic excitations in a vortex state has not yet been
ported. However, by making approximations suitable for
low-lying excitations investigated here, the problem can
addressed analytically as described below.

By analogy with excitations in thin films we expect th
dynamic exchange contributions to the long-wavelen
mode frequencies will be small. Furthermore, due to
small radius of the vortex core (jex!R) we can assume tha
the contributions of the vortex core region to the dynam
magnetization will also be small. Within this approximatio
the static magnetization~in cylindrical coordinates! can be
written asm05(0,mw

0,0) and the dynamic partm of the mag-
netization ~associated with the spin precession about
equilibrium direction! as m5(mr , 0,mz). Restricting the
discussion to the zero applied field case, and conside
only modes that have radial symmetry and are uniform alo
the cylinder, the total ‘‘dynamic’’ energy~W! can be written
as

W52pLE drrHm~r!•M ~r!, M5mMs . ~1!

e-
7-3
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The magnetostatic field,Hm5(Hr , 0,Hz), can be ex-
pressed via a tensorial magnetostatic Green’s func
Gab(r ,r 8) with (a,b5r,w,z).23 Due to the radial symme
try of m(r), only the rr and zz components of the
Gab(r ,r 8) are nonzero. The equation of motion for the ma
netization components 2(Ms /g)]m/]t5m3(]w/]m),
wherew is the energy density corresponding to the mag
tostatic energy in Eq.~1!, can be linearized by substitutio
with m(r,t)5m0(r)1m(r,t).

For small amplitudes of them components, we get a sys
tem of two coupled linear integral equations of Fredho
type24 with kernels expressed via thegrr and gzz compo-
nents of the averagedGab(r ,r 8) tensor. The solution of this
problem for a thin disk yields a discrete set of magnetost
eigenfunctionsmn(r) and corresponding eigenfrequenci
vn as follows:

S vn

vM
D 2

52
1

4p E
0

R

rE
0

R

r8grr~r,r8!mn~r!mn~r8!drdr8

~2!

with grr(r,r8)524p*0
`k f(kL)J1(kr)J1(kr8)dk, vM

5g4pMs , and f (x)512(12e2x)/x.
From Eq.~2! we obtainvn

25vM
2 I (L/R), where the func-

tion I (x) depends only on the dot aspect ratio and on
magnetization distribution of the normalized to unitn eigen-
modemn(r). The eigenfunctionsmn(r) are orthogonal with
real eigenvalues because the kernelgrr(r,r8)5grr(r8,r) is
symmetric and real.24 The functionI (x) to a good approxi-
mation is linear inL/R and therefore we get the simple r
lation vn}(L/R)1/2. These frequencies are well above t
translational mode eigenfrequencyv5(5/9p)vM(L/R) cal-
culated in Ref. 14. Accounting for the azimuthal depende
f
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of the dynamic magnetization will result in additional co
tributions from the magnetostatic and exchange interactio
which will lead to higher eigenfrequencies than conside
herein. The functiongrr(r,r8) has a sharp maximum nea
the pointr5r8. The eigenfunctions in Eq.~2! are approxi-
mately proportional to ther component of the dynamic di
polar field. If we assume thatmn(r) is localized at the dot
edge r5R, then we can get, in a self-consistent w
mn(r);grr(r,R) and find the corresponding eigenfre
quency. For permalloy dots withMs5800 G, L560 nm, R
5400 nm, g/2p52.95 GHz/kOe, andvM/2p529.7 GHz
the expression~2! yields an approximate eigenfrequency
8.6 GHz for this mode. We get an approximate eigenf
quency of 14.4 GHz for an almost uniform amplitude profi
m(r)>&/R. More exact mode profiles should be foun
from the solution of the integral equation with the kern
grr(r,r8).

Both the calculated modes are magnetostatic in nature
are concentrated in the area outside of the vortex core.
details of the analytical model procedure will be report
elsewhere.

In summary, we experimentally show that in the vort
state, in addition to translational mode, there are other e
tation modes, whose frequencies are determined princip
by dynamic demagnetizing fields. By comparing our expe
mental results and micromagnetic calculations we are abl
conclude that these modes correspond to the excita
mainly at the dot edge and another that is fairly uniform ov
the disk diameter.

Work at Argonne was supported by U.S. Departme
of Energy, BES Materials Sciences, under Contract N
W-31-109-ENG-38.
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