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The dynamic susceptibility spectra of Permalloy nanodots, supporting a vortex-type magnetic configuration,
are studied within the frequency range 0.2–20 GHz as a function of dot thicknesss10 nmøLzø80 nmd by
means of three-dimensional dynamic micromagnetic simulations. In addition to the low-frequency vortex
translation mode(gyrotropic motion of the vortex core), a second vortex core mode is revealed at a higher
frequency for thicker nanodots(in-plane pumping field). This mode whose resonance frequency decreases
rapidly with increasing dot thickness originates from the nonuniform vortex structure along the dot normal
axis. Higher frequency modes are also observed for both in-plane and perpendicular pumping field orientations
and correspond mostly to spin excitations localized outside the vortex core. The possible detection of the two
vortex core modes within an individual nanodot using resonance experiments is discussed on the basis of the
dispersion relation frequency versus perpendicular static magnetic field.
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The magnetic properties of nanoscale objects such as cir-
cular nanodots are today under great consideration mainly
due to their potential applications in high-density magnetic
storage and spin electronic devices.1 It has been clearly
stated that the equilibrium magnetic configuration within a
soft ferromagnetic circular nanodot, depends on the nature of
the magnetic material(mainly through the saturation magne-
tizationMs and the exchange constantA) and on geometrical
properties, the dot radiusR and the dot thicknessLz. A rich
variety of nonuniform micromagnetic states(vortex, onion,
in-plane buckling, etc.) was reported and their respective sta-
bility area was delimited within a phase diagram in the plane
(thickness, radius).2,3 Among these nonuniform configura-
tions, the vortexlike structure appears in dots satisfying
Lz.L and R@L, whereL=Î2A/ sm0Ms

2d is the exchange
length.4,5 Such a vortex structure can be viewed as a curling
in-plane magnetic configuration with a central region, the
vortex core, in which the magnetization is tilted out of the
dot plane[Fig. 1(a)]. The vortexlike magnetic configuration
and several details of the vortex core region were evidenced
by various experimental methods.5–9

In addition to these studies focused on the static magnetic
configuration, the small-amplitude vortex state magnetic ex-
citations are the subject of an increasing scientific interest
during the past few years. Great efforts have been devoted to
the development of analytical models10–12in order to analyze
the magnetic excitation spectrum. A low-frequency vortex
translation mode10–12 and higher frequency spin wave
modes12 have been predicted assuming the invariance of the
vortex magnetic configuration along the dot normal(limit of
flat nanodotsLz!L). On the other hand, several preliminary
numerical simulations of vortex state resonance modes have
recently been reported.13,14

The purpose of this paper is to investigate the high-
frequency linear magnetic excitations existing in a vortex
magnetic configuration using dynamic micromagnetic simu-

lations. The emphasis is placed on the effect of dot thickness
on the dynamic susceptibility spectra. In addition, the role
played by a polarizing magnetic field applied along the dot
normal on the magnetic excitation spectra is also investi-
gated.

The dynamic susceptibility spectra were determined using
two three-dimensional (3D) codes developed by the
authors.15,16The first one calculates a stable configuration of
the magnetization vector by solving the Landau-Lifshitz
equation in the time domain. The second one computes the
full dynamic susceptibility tensorx̄ (dm= x̄dh, wheredm is
the dynamic magnetization response to a weak rf magnetic
field dh) from the linearization of the Landau-Lifshitz equa-
tion around the equilibrium configuration. The used material
parameters are typical for isotropic Permalloy, namely,
Ms=8.105 A/m, A=1.3 10−11 J/m, and the gyromagnetic ra-
tio g=1.76 1011 s−1 T−1. The damping parameter corresponds
to a=0.025. The dot radius value is fixed atR=80 nm to
keep reasonable computation time. The mesh sizes are
Dx=Dy=Dz=2.5 nm.

Figure 1(b) represents thex component of the zero-field
static magnetizationMx in the sx,yd plane for nanodots with
Lz=20 and 80 nm and for differentz positions. The spiral
spin arrangement is observed in whichMx varies continu-
ously from negative values(blue color) to positive ones(red
color) as we turn around the dot center. For the thinnest
nanodot, the maps ofMx are nearly identical between the
lower and upper dot surfaces. As the dot thickness increases,
a twist appears between the two opposite surfaces. Such a
deformation was previously reported3 for the case of the on-
ion state structure and arises from the search for the best flux
closure between the end surface magnetic charges. It is worth
noting that the vortex core radius depends significantly of the
z coordinate with the smallest values at the dot surfaces
(bottle-neck effect3). Furthermore, a sizeable radial compo-
nent of the magnetization exists at the dot surfaces for the
thickest nanodots.
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Figure 2 shows the imaginary part of the computed zero-
field susceptibility spectra, in-plane elementxxx9 ,25 within the
frequency range 0.2-20 GHz. For the nanodot with thickness
Lz=20 nm [Fig. 2(a)], three magnetic excitations, labeled
(1), (2), and(3), respectively, are observed. The spatial dis-
tribution of resonance modes(color insets) indicates that the
low-frequency resonance peak(resonance frequency
f r =0.94 GHz) arises from the spins localized within the vor-
tex core. The resonance line(2) sf r =10.15 GHzd results from
spin regions with high values ofMy or Mz (excluding the
peripheral zone of nanodots) whereas the resonance line(3)
sf r =12.18 GHzd is due to the excitation of spin areas with
high values ofMy outside the vortex core.

For a thicker nanodotsLz=80 nmd, a new magnetic exci-
tation, labeleds18d, appearssf r =3.55 GHzd. The spatial dis-
tribution of the resonance modes shows that the resonance
lines (1) ands18d correspond to vortex core spin excitations.
For both modes, a twisted dynamic structure develops be-
tween the upper and lower dot surfaces. These modes appear
nonuniform along thez axis, the resonance modes18d being
strongly confined near the dot surfaces. The thickness depen-
dence of resonance frequencies for the four resonance lines
is displayed in Fig. 2(c). For the resonance line(1), the reso-
nance frequency increases with dot thickness forLz,50 nm,
and then passes through a maximum before decreasing. This
evolution is compared with the one deduced from the ana-
lytical model of Guslienko.11 This model computes the reso-
nance frequency of the low-frequency vortex translation
mode corresponding to the precession movement of the vor-
tex core around the dot center in the limit of flat nanodots.

The demagnetizing contribution includes only the volume
magnetic charges and not the side magnetic charges usually
considered in the rigid vortex model(translation of the rigid
core without deformation).10 This model reproduces
the thickness evolution of the resonance frequency computed
by the dynamic micromagnetic simulations very well for
Lzø50 nm. The resonance lines18d depends strongly on dot
thickness. This behavior is similar to the one of flexural do-
main wall modes existing in perpendicular magnetic thin
films17,18 and is related in both cases to thez dependence of
magnetic static structure. The resonance frequencies of
modes(2) and (3) vary weakly with dot thickness.

The zero-field spectra ofxzz9 (perpendicular element of the

FIG. 1. (Color) 3D static micromagnetic simulations of nan-
odots with radiusR=80 nm supporting a vortex magnetic structure
at the remanent state.(a) Representation of the vortexlike structure
and coordinate system.(b) Mx maps for the two thicknessesLz

=20 nm andLz=80 nm. The color maps correspond to views in the
planesx,yd at differentz positions(high level in red and low level
in blue).

FIG. 2. (Color) 3D dynamic micromagnetic simulations of the
nanodots defined in Fig. 1. Zero-field susceptibility spectra(imagi-
nary part xxx9 ) for two dot thicknessesLz=20 nm (a) and Lz

=80 nm (b). The spatial distribution of resonant modes within the
nanodots is displayed in the color insets(high level in red and low
level in blue). (c) Thickness dependence of resonance frequencies
for the four main modes. The dashed line corresponds to the Gus-
lienko’s model(Ref. 11).
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dynamic susceptibility tensor) for the nanodots with
Lz=20 nm andLz=80 nm are displayed in Figs. 3(a) and
3(b), respectively. By comparison to the spectrum ofxxx9 , no
magnetic excitations are observed below 8 GHz whatever
the dot thickness is. The maps of modes confirm that no
vortex core excitations are detected for this pumping field
orientation due to the large values ofMz within the vortex
core. ForLz=20 nm [Fig. 3(a)], the predominant resonance
line (4) sf r =13.27 GHzd is ascribed to the peripheral spin
zone of the nanodot. The subsidiary resonance line(5) at a
higher frequencysf r =15.7 GHzd corresponds to a mode lo-
calized within a transition zone surrounding the vortex core.
For Lz=80 nm [Fig. 3(b)], two additional magnetic excita-
tions appear in the high-frequency side of the spectrum
[resonance line(6) f r =15.65 GHz and resonance line(7)

f r =18.06 GHz]. These modes are confined within a volume
delimited by two concentric cylinders of thez axis. They are
mainly distinguished by the radius of the cylinders which are
greater for the mode(7) than for the mode(6). The thickness
evolution of the resonance frequency for each resonance line
is reported in Fig. 3(c). Within the investigated frequency
and thickness ranges, the resonance frequencies of lines(5)
and (6) decrease with increasing dot thickness whereas the
one of the line(4) is an increasing function ofLz for small
thicknessessLz,40 nmd. The thickness dependence of the
resonance frequency for the line(4) can be compared quali-
tatively with the one deduced from the analytical model re-
ported in Ref. 19. This model allows the computation of
eigenfrequencies of magnetostatic-type modes(dynamic ex-
change contribution is neglected) existing in a flat nanodot.
In the limit of an edge-localized mode, this model leads to
the lowest-order resonance frequencyf r =8.6 GHz for
Lz/R=0.15, which is consistent with our numerical results
sf r =11.3 GHzd. A better agreement would need the introduc-
tion of a more realistic mode profile[see Fig. 3(a)] in the
analytical model.

Let us consider the effect of a polarizing magnetic field
applied along thez axis (decreasing magnetic field values
from m0Hz=0.5 T down tom0Hz=−0.3 T) for a nanodot with
Lz=80 nm. Figure 4(a) shows theMz component in a vertical
plane crossing the dot center for different magnetic field val-
ues. Form0Hz,m0Hz,c1=0.19 T, a vortex configuration is
stabilized. A diminution of the magnetic field value leads to a
progressive decrease of the vortex core radius down to the
vortex core switching, occuring atm0Hz,s=−0.37 T.

FIG. 3. (Color) 3D dynamic micromagnetic simulations of the
nanodots defined in Fig. 1. Zero-field susceptibility spectra(imagi-
nary part xzz9 ) for two dot thicknessesLz=20 nm (a) and Lz

=80 nm(b). (c) Thickness dependence of resonance frequencies for
the three main modes. The conventions are the same as in Fig. 2.

FIG. 4. (Color) Computed static and dynamic properties of the
vortex core in the presence of a static magnetic field applied along
the dot normal(z axis). The dot radius isR=80 nm and the dot
thickness isLz=80 nm. (a) Cross-sectional view(vertical plane
through the dot center) of Mz. (b) Magnetic field evolution of the
resonance frequencies for the two vortex core modes(symbols).
The dashed line correspond to Kittel’s law for an uniformly perpen-
dicular magnetized dot.
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The magnetic field evolution of the resonance frequencies
for the two-lowest resonance lines is plotted in Fig. 4(b).
Two regimes are clearly observed. ForHz,s,Hz,Hz,c1, the
resonance frequencies of modes(1) and s18d increase
slowly with increasing magnetic field. The frequency gap
between the two resonance frequencies is nearly constant.
For HzùHz,c1, the slopes of the curves, resonance frequency
versus magnetic field, are markedly steeper. Lastly, for
m0Hz.0.5 T (saturated regime), only the modes18d subsists.
Its frequency-field dispersion curve approaches the one for
the uniform gyromagnetic mode predicted by Kittel’s law
v /g=m0fHz−s1−3NtdMsg, where Nt.0.2627 is the trans-
verse demagnetizing factor.20

In summary, the vortex state excitations existing in mag-
netic nanodots, have been investigated using 3D dynamic
micromagnetic simulations. For an in-plane pumping field,
three(thin dot) or four (thick dot) magnetic resonance lines
are observed within the frequency range 0.2–20 GHz. For
the thick nanodots, the two-lowest resonance lines are attrib-
uted to vortex core modes. The second one at a higher fre-
quency originates from the twisted static vortex structure and

behaves similar to a flexural translation mode in perpendicu-
lar magnetization thin films. These results can provide a
guide for experimentally evidencing such modes. A first ob-
servation of the lowest-frequency vortex core mode on an
individual micron-scale dot was recently reported21 using the
time-resolved Kerr microscopy. It would be of great interest
to extend this work and to try to detect, in particular, the
second vortex core mode. Due to the wide frequency and
magnetic field ranges where the vortex core modes exist,
high-frequency resonance methods such as magnetic-
resonance force microscopy(MRFM),22 microwave mi-
croantenna technique,23 or the use of a dc superconducting
quantum interference device24 could provide alternative
methods to detect such excitations.
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