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The superparamagnetic limit imposes a restriction on how far the miniaturization of electronic
devices can reach. Recently it was shown that magnetic thin films with nanoscale dimensions can
exhibit a vortex as its ground state. The vortex can lower its energy by developing an out-of-plane
magnetization perpendicular to the plane of the film, the z direction, which can be “up” or “down.”
Because the vortex structure is very stable this twofold degeneracy opens up the possibility of using
a magnetic nanodisk as a bit of memory in electronic devices. The manipulation of the vortex and
a way to control the core magnetization is a subject of paramount importance. Recent results have
suggested that the polarity of a vortex core could be switched by applying a pulsed magnetic field
in the plane of the disk. Another important effect induced by an external magnetic field due to the
component out-of-plane in vortex-core is the gyrotropic mode. The gyrotropic mode is the elliptical
movement around the disk center executed by the vortex-core under the influence of a magnetic
field. In the present work we used numerical simulations to study the ground state as well as the
dynamical behavior of magnetic vortices in thin nanodisks. We have considered a model where the
magnetic moments interact through exchange !−J#S! i ·S! j" and dipolar potentials $D#%S! i ·S! j

−3!S! i · r̂ij"! !S! j · r̂ij"& /rij
3 '. We have investigated the conditions for the formation of the vortex-core

with and without an out-of-plane magnetization as a function of the strength of the dipole interaction
D and of the size and thickness of the magnetic nanodisk. Our results were consistent with the
existence of two vortex phases separated by a crossover line %!Dc−D""&. We have observed that Dc
does not depend on the radius of nanodisk but depends on its thickness. The exponent " was found
to be "(0.55!2". The gyrotropic motion is studied by applying an external magnetic field parallel
to the plane of the magnetic nanodisk. Our results show that there is a minimum value for the
modulus of the out-of-plane vortex-core magnetization, from which we can excite the gyrotropic
mode. This minimum value depends on the thickness of the nanodisk. This result suggest that an
experimental way to improve the stability of the process of switching may be through the thickness
control. We also observed that the gyrotropic mode frequency increases with the aspect ratio, which
is in qualitatively accordance with theoretical and experimental results. Finally, we present
theoretical results for Permalloy nanodisks obtained from our model, which are also in good
agreement with experimental results. © 2011 American Institute of Physics.
%doi:10.1063/1.3526970&

I. INTRODUCTION

In the last few years, significant attention has been dedi-
cated to the search for a substitute for magnetic storage de-
vices used so far.1–11 The reason for that is that miniaturiza-
tion has a natural limit imposed by thermal fluctuations
which determines how long the magnetization of a magnetic
structure survives.12 That is the well known superparamag-
netic limit. Developments in nanostructured magnetic mate-
rials has shown that the development of a vortex in quasi-
two-dimensional !2D" nanomagnets can help to overcome
the superparamagnetic limit. It was observed that the ground

state of a small ferromagnetic pellet may have a vortex like
structure. By a vortex we mean a special configuration of
magnetic moments similar to the stream lines of a circulating
flow in a fluid. The magnetic moments precess by #2$ on a
closed path around the vortex center as shown schematically
in the Fig. 1. The importance of vortices in magnetic systems
is known since the early seventies in connection with the
Berezinskii–Kosterlitz–Thouless phase transition.13,14 In a fi-
nite system the competition between the magnetostatic en-
ergy and the exchange interaction is responsible for the for-
mation of a magnetic vortex in the ground state.15,16 Surface
effects become increasingly important as the particle size
decreases.17 The energy associated with a vortex is propor-
tional to ln R, where R is the vortex size. The logarithmic
behavior of the energy prohibits the existence of an odd
number of vortices !or antivortices" in a system with free or
periodic boundary conditions. For a sufficiently large system
all the configurations are equally likely. In a magnetic nano-
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disk a magnetic dipole-dipole energy term has to be consid-
ered beside exchange and anisotropic terms. The dipole en-
ergy competes with the exchange term so that for large
enough dipole interaction the continuity of the magnetic field
in the boundary of the system imposes the magnetic mo-
ments to be tangent to the border of the nanodisk. This kind
of boundary condition favors the appearing of an isolated
vortex at the center of the system. Although, the vortices and
antivortices shown in Fig. 1 have the same bulk energy com-
petition with the border energy clearly favors the appearing
of the type I vortex.

Due to the singularity at the vortex center the system can
lower its energy by developing an out-of-plane magnetiza-
tion, perpendicular to the plane of the disk, the z direction
which can be “up” or “down” !#z, respectively".18–22 Due to
the out-of-plane component, the simplest effect induced by
an external field is the gyrotropic mode, which is a sub gi-
gahertz characteristic excitation of the vortex structure. If the
external fields are weak enough, the vortex core behaves like
a particle during its motion and its dynamics can be de-
scribed using a Thiele approach.23–25 The vortex core polar-
ization !up or down" determines the sense of gyration in
trajectory !clockwise or counterclockwise".26–31 Theoreti-
cally we can write a model Hamiltonian for a magnetic nano-
disk in a pseudo-spin language as32

H = − J#
)i,j*

S! i · S! j + D#
i#j
+S! i · S! j

rij
3 −

3!S! i · r!ij" ! !S! j · r!ij"
rij

5 , ,

!1"

where J is the exchange coupling constant, S! i and S! j are
spins located in the sites i and j satisfying the condition
-S! i-=1, ri,j is the distance between these sites, and D is the
dipole strength. The sum in the first term is over first neigh-
bors. In the second term the sum runs over the entire lattice.
Because the Hamiltonian is invariant under a global opera-
tion Sz→−Sz the out-of-plane structure developed at the cen-
ter of the vortex is degenerated and does not depend on the
vortex orientation !clockwise or counterclockwise". These
properties opens up the possibility of using a magnetic nano-

disk as a bit element in digital memory devices. The main
problem to be surpassed is the effective control of the z
component. The knowledge of the mechanisms behind the
appearing of the out-of-plane component of the vortex and
how to manipulate it is of paramount importance. Some the-
oretical modeling suggested that the reversal mechanism is
mediated by the creation and annihilation of a vortex anti-
vortex pair. A recent experiment using high-resolution time-
resolved magnetic x-ray microscopy seems to give support to
that mechanism.33

In an earlier paper34 the authors investigated the condi-
tions for the formation of vortices in nanodisks modeled by
magnetic moments with dipole–dipole and exchange interac-
tions as in Eq. !1". The effect of varying the lattice size and
the strength of the dipole interaction were considered. The
results showed that there is a threshold line separating the
vortex state from a capacitorlike state !single-domain mag-
netization". Inside the “vortex phase” it was possible to iden-
tify two characteristic regions depending on the dipole–
dipole interaction strength D: an in-plane vortex !in-plane
region" and a vortex with an out-of-plane magnetization in
its core, Score

z !out-of-plane region". The results are summa-
rized in Fig. 2.

In the present paper we focus our attention in three main
subjects: !1" the conditions for the appearing of a vortex in
the ground state as a function of the thickness of the nano-
disk; !2" the conditions for the formation of an out-of-plane
magnetization at the vortex core as a function of the strength
of the dipole interaction; and !3" the behavior of a vortex in
the presence of an external magnetic field. The study is car-
ried out by using numerical simulations which will be de-
scribed in more details in the following. The simulations
were performed by considering the dipolar term with and
without a cut-off. The results show clearly that the cut-off in
the dipolar interaction has to be taken very carefully. We
observed that the region where the out-of-plane vortex com-
ponent appears not depends on the diameter of the nanodisk
but the thickness. The increased thickness works as an effec-
tive anisotropy inducing larger out-of-plane components, as

FIG. 1. !Color online" Schematic view of vortices of type I and II !top" and
antivortices !bottom" configurations. In an infinite system all four configu-
rations have the same energy.

FIG. 2. !Color online" The figure shows the diagram for the vortex forma-
tion in three different types of lattices. Squares and diamonds are for the
square and the hexagonal lattices, respectively. The inset shows the results
for the triangular lattice. Region I and III have a capacitor and a vortex in
the ground state, respectively. The shadowed area !region II" represents a
region where the most stable configuration has an out-of-plane component at
the center of the vortex. The lines separating the capacitor and the vortex
states regions are adjusts using the equation Dc=D0+1 /A!1+BL2" with the
appropriate values of the constants D0, A, and B, for each type of lattice.
Results from Ref. 34.

014301-2 Toscano et al. J. Appl. Phys. 109, 014301 "2011!
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suggested in Ref. 34. This finding is in agreement with ex-
perimental results.11 In Fig. 3 we show the behavior of the
out-of-plane component at the center of the vortex !Score

z " as
a function of D /J for several diameters of the nanodisk. We
observed a crossover between out-of-plane to in-plane con-
figuration. A function of the type Score

z (!Dc−D"" with "
(0.55, describes very well the crossover line for each thick-
ness considered. We also considered the application of an
magnetic external field parallel to the plane of the disk to
study the gyrotropic mode as a function of the out-of-plane

vortex-core magnetization. The results clearly show that
there is a minimum value for the modulus of the Score

z from
which it is possible to excite the gyrotropic mode. This mini-
mum value depends on the thickness of the nanodisk. In the
next sections we show in detail the way our calculations
were done. The paper is organized as follows: in Sec. II we
describe the model and the numerical methods we used. In
Sec. III we present and discuss our results. We also present in
this section, theoretical results for Permalloy nanodisks ob-
tained from our model. Section IV is dedicated to our con-
clusions.

II. MODEL AND METHODOLOGY

The dipole interaction %the second term in Eq. !1"& is in
general very difficult to treat in any analytical or computa-
tional approach due to its long range character. Much of the
work done so far uses a variation of that Hamiltonian by
considering an anisotropic interaction #!S! ·n!"2 instead of the
dipole term.35 Here, n! represents a unit vector perpendicular
to the surface and to the borderline of the system. This term
contributes positively to the total energy, therefore, it forces
the spins to be perpendicular to n! , competing with the ex-
change energy. The effect produced by this anisotropic inter-
action is similar to that one of the dipole term. The energy
due to this term is minimized when the magnetic moments
arrange themselves in a curling vortex structure. The low
temperature properties of the Hamiltonian with the aniso-
tropic term is similar to the one obtained by using the long
range dipole interaction. Dealing with this alternative form
saves a lot of cpu time in numerical approaches since it is not
necessary to handle the sum over the entire lattice. However,
the high temperature and the dynamical behaviors are quite
different from the original model. As we want to explore the
model beyond its low temperature properties, we treat the
system by using Eq. !1". In many theoretical, as well as
computational works done so far, a considerable simplifica-
tion is to consider a 2D model. The results obtained by using
this simplification are in reasonable qualitative agreement
with experimental findings. Part of the present work is dedi-
cated to discuss the influence of the thickness in the pure
three-dimensional !3D" model. To define the nanodisk we
proceed as follows. A number of magnetic particles is dis-
tributed over the sites of a cubic lattice. A disk of diameter
d=La !L is an integer" centered in a previously chosen cell
and thickness l=za is drawn over the array. The sites outside
the disk are erased. The sites left inside form the nanodisk,
that is the object of our interest. Here, a is the lattice param-
eter defined as the distance between first neighbors sites in
lattice and z is an integer representing the number of layers
considered in our 3D nanodisk model. As a matter of simpli-
fication from now on distances will be measured in units of a
!we consider a=1" and energy in units of J !we consider J
=1". Thus, in our simulations the nanodisk will be a small
cylinder of diameter L and thickness z. Also, we consider the
application of an external magnetic field h!ext to study the
behavior of the vortex gyrotropic mode. The magnetic field
contributes to the hamiltonian with an additional term
−#iS! i ·h!ext. Due to the out-of-plane vortex-core magnetiza-
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FIG. 3. Behavior of the out-of-plane component, Score
z , as a function of the

dipole interaction strength D !in units of J". From top to bottom are shown
the results for z=2, 3, and 4, respectively. The diameters of the nanodisks
are shown in the insets. In some results were used a cutoff rcut=6a in the
dipole interaction. The circles and diagonal crosses represent the results L
=20 and L=30 for the dipole interaction with no cut-off. The black circles
!!" represent the results for Permalloy-79 nanodisks with diameter 150 nm
thickness 10 nm, 15 nm, and 20 nm, respectively. Error bars are smaller than
the symbols when not visible. The lines are guides for the eyes.
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tion, under the influence of a weak in-plane magnetic field
the vortex starts to move and its core behaves like a particle
during the motion. The vortex acquires a gyration movement
with a certain frequency that depends on the diameter of the
nanodisk. The dynamics of the spins can be described by a
discrete version of the Landau–Lifshitz !LL" equation:36,37

dS! i

dt
= − +S! i !

$H

$S! i
, , !2"

where S= -S! -. A detailed discussion about this formula can be
found in Ref. 17. Alternatively the equations of motion can
be obtained as

%̇i =
$H/$&i

cos %i
, &̇i =

$H/$%i

cos %i
, !3"

where % and & are spherical angles parameterizing the clas-
sical spin S!

S! i = !cos %i cos &i,cos %i sin &i,sin %i" . !4"

Here &i and Sz=sin %i constitute a pair of canonically con-
jugated variables.

A. Ground state

In order to obtain the ground state configurations of the
system we have used a simulated annealing approach.38

Choosing an initial configuration of the spins as a planar
vortex structure, the iterative simulated annealing process is
implemented starting at temperature Tinit=0.1 until the mini-
mum Tmin=10−2. Steps in temperature, 'T, were chosen so
that the acceptation rate is maintained in 50%. Following, we
introduced a dissipative term in the equations of motion
which were solved employing a fourth-order predictor-
corrector method. This cools down the system assuring that
the nanodisk ground state is reached. To study the Score

z be-
havior of the ground state as a function of D and of the
system size we performed several numerical simulations fol-
lowing the methodology described above, so that, our results
were obtained by performing an average over 105 different
configurations. We varied the dipole strength D in the range
0.02–0.55, for several values of L, with 20(L(80, and for
z=2,3 ,4. All configurations were saved to be used latterly as
initial configurations in the study of the gyrotropic mode. In
order to understand the effect of cutting off the range of the
dipole energy term we worked the interaction with rcut=6a
and without the cut-off !rcut=L".

B. Dynamics

Once we have obtained the configurations at low tem-
perature they are used as initial configurations to study the
dynamics of the model. The dynamics of the system is fol-
lowed by solving numerically the equations of motion using
a fourth-order predictor-corrector scheme. If there is no ex-
ternal field applied the vortex remains at the center of the
nanodisk. We introduced an in-plane external magnetic field
so that a torc appears in the vortex obliging it to move in a
direction perpendicular to the field. As soon as it start to

move a Sz component appears, as a consequence of the rela-
tionship between &i and Sz. By measuring the position of the
center of the vortex as a function of the time we can describe
its motion due to the presence of the magnetic field.

III. RESULTS AND DISCUSSION

To investigate the formation of the vortex-core with out-
of-plane magnetization we performed simulations varying
the dipole strength D !in units of J" in the range 0.02–0.55,
for several diameter with 20(L(80, and thickness with z
=2,3 ,4. In order to observe the influence of a cut-off, rcut,
the simulations were performed by considering rcut=6a and
rcut=La !no cut-off". From Fig. 3 we can see that as the
thickness increases !z increases" the cutoff introduces stron-
ger distortions in the behavior of Score

z .
It is clear from Fig. 3 that there exists a crossover value

!D=Dc" separating the vortex regions with in-plane and the
out-of-plane components. We observed that Dc is indepen-
dent of the diameter L of the nanodisk but is strongly depen-
dent on the thickness z. For z=2, 3, and 4 we have obtained
!Dc /J"(0.165, 0.260, and 0.510, respectively. The increas-
ing of Dc with increasing z indicates that increasing the
thickness has the same effect as introducing an anisotropy
that causes a lowering in the necessary vortex energy to de-
velop the out-of-plane component19–22 which is in agreement
with the results of Ref. 11. The behavior of Score

z as a func-
tion of the dipole constant is well described by a function of
the following type:

Score
z ) !Dc − D"". !5"

The exponent " can be estimated by plotting ln!Score
z " as a

function of ln!Dc−D" for values of D near Dc. In Fig. 4 we
show the plots where the results for the infinite range inter-
action !no cut-off" were used. The plots are for z=2, 3, and 4
and the estimated " are "(0.57, 0.57, and 0.54, respec-
tively. These results suggest that " is independent of the
thickness of the nanodisk.

To study the behavior of the gyrotropic mode, we con-
sider the application of an in-plane external magnetic field
h!ext with -h!ext-=0.03J. This value ensures that the gyrotropic
mode is excited without destroying the vortex state. In Fig. 5
we plot the vortex core x position !in units of lattice param-
eter a" as function of time !in units of J" for a nanodisk with
L=20, z=2, considering D=0.10J !Score

z =0.61" %Fig. 5!a"&,
D=0.11J !Score

z =0.55" %Fig. 5!b"&, D=0.12J !Score
z =0.50"

%Fig. 5!c"&, and D=0.13J !Score
z =0.45" %Fig. 5!d"&. For z=2,

if Score
z *0.50, there is no gyrotropic mode. In Fig. 6 we plot

the vortex core x position as function of time for a nanodisk
with L=20, z=3, considering D=0.17J !Score

z =0.55" %Fig.
6!a"&, D=0.19J !Score

z =0.50" %Fig. 6!b"&, D=0.20J !Score
z

=0.45" %Fig. 6!c"&, and D=0.21J !Score
z =0.40" %Fig. 6!d"&.

For z=3, we observe if Score
z *0.55, there is no gyrotropic

mode. And, in Fig. 7 we plot the vortex core x position as
function of time for a nanodisk with L=20, z=4, considering
D=0.21J !Score

z =0.63" %Fig. 7!a"&, D=0.23J !Score
z =0.60"

%Fig. 7!b"&, D=0.27J !Score
z =0.55" %Fig. 7!c"&, and D=0.33J
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!Score
z =0.46" %Fig. 7!d"&. For z=4, we observe if Score

z

*0.60, there is no gyrotropic mode.
The results clearly shown that there is a minimum value

for the modulus of the Score
z =Score−min

z limiting the gyrotropic
mode. We find for !z=2" Score−min

z (0.50, !z=3" Score−min
z

(0.55, and for !z=4" Score−min
z (0.60. We observed that this

minimum value increases with thickness. From these results
we conclude that, if the thickness of the nanodisk increases,
the vortex becomes more pinned.

We observe in Figs. 5–7 that, for fixed diameter, if the

thickness increases, the gyrotropic mode frequency in-
creases. We conclude that the frequency increases with the
aspect ratio,39 which is in qualitatively accordance with ex-
perimental findings.40,41

Using the micromagnetic approach42 and known param-
eters we can produce results for real materials. In the micro-
magnetic approach the nanodisk is partitioned into cells con-
taining many atoms. We consider the known parameters for
Permalloy-79!Py" !Ni79Fe21",

43 which are: exchange stiffness
A=13 pJm−1, saturation magnetization Ms=860 K Am−1,
and Curie temperature near 630 K. The Permalloy-79 has
face-centered-cubic lattice structure with conventional unit
cell parameter a0=0.355 nm. With these values we produce
results for Permalloy nanodisks used in actual experiments.
Following the methodology presented in Ref. 43 the system
can be partitioned into cubical working cells of dimensions
a!a!a and volume vcell=a3, where a is greater than unit
cell parameter a0. The spins in a working cell can be consid-
ered mostly aligned, hence the dipole moment in a cell has a
fixed length +cell equal to the saturation magnetization times
the cell volume, +cell=Msvcell. In our model of nanodisk
each site i will now represent the center of a working cell.
We consider in our micromagnetic simulations for
Permalloy-79 nanodisks, the lattice parameter !distance
center-to-center of neighboring working cells" a=5 nm. This
value is approximately the exchange length for the
Permalloy-79 which is ,ex=5.3 nm. With this, the actual di-
ameter d of the nanodisk is given by d=La and the actual
thickness l by l=za. Considering a unit vector m̂i=+! i /+cell
located in each site i %the vector m̂i is analogous to the vector
S! i that appears in !1"&, where +! i is the dipole moment of the
working cell, the micromagnetic Hamiltonian for the system
is given by43

Hmic = Jcell.− #
)i,j*

m̂i · m̂j +
Dcell

Jcell
#
i#j

+ m̂i · m̂j

!rij/a"3

−
3!m̂i · r̂ij" ! !m̂j · r̂ij"

!rij/a"3 ,/ . !6"

Here Jcell is the effective exchange coupling between neigh-
boring working cells, r̂ij =r!ij /rij and Dcell is the effective
strength of dipole–dipole interaction between working cells,
given by

Jcell = 2Aa, Dcell =
+0+cell

2

4$a3 . !7"

The +cell can be expressed as43

+cell = 40 a

a0
13

+atom, !8"

where +atom is the magnitude of atomic magnetic dipole mo-
ment. The Permalloy has +atom=9.62!10−24 Am2, then us-
ing a=5 nm and the parameters for Permalloy-79, we obtain
+cell=1.078!10−19 Am2. From !7" we can estimate the ratio
D /J for Permalloy-79!Py"
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FIG. 4. Critical behavior of the ln Score
z as a function of ln!Dc−D" for values

of D close to Dc. From top to bottom are shown the results for z=2, 3, and
4, respectively. In the figure are considered only the results with rcut=L in
the dipole interaction. The straight lines are linear adjusts with slope "
(0.57, 0.57, and 0.54, respectively.
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0D

J
1

Py
=

Dcell

Jcell
=

1
4$

0 a

,ex
12

= 0.0708. !9"

From Fig. 3 we can see that the ratio !D /J"Py - !Dc /J" and
Permalloy nanodisks with diameters d !d=La ,a=5 nm" in
the range 100 nm(d(400 nm !20(L(80" are in vortex
state with an out-of-plane magnetization in its core !+core

z ".

Also, we can observe from Fig. 3 that, +core
z increases as the

thickness l increases !l=za; we consider z=2, 3, and 4, then
l=10 nm, l=15 nm, and l=20 nm, respectively". Both be-
haviors agree with experimental observations in Permalloy
nanodisks.8,11 The +core

z is given by +core
z =+cellScore

z .43 Using
Score

z values taken from Fig. 3, we can estimate +core
z to Per-
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FIG. 5. Vortex core gyrotropic oscillation in nanodisks with thickness z=2. It is shown the vortex core x coordinate !in units of lattice parameter a" vs time
!in units of J" for nanodisks with L=20 !without rcut" and z=2. !a" shows the plot considering D=0.10J !Score

z =0.61". !b" shows the plot considering D
=0.11J !Score

z =0.55". !c" shows the plot considering D=0.12J !Score
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z =0.45".
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FIG. 6. Vortex core gyrotropic oscillation in nanodisks with thickness z=3. It is shown the vortex core x coordinate !in units of lattice parameter a" vs time
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malloy nanodisks. For nanodisks thickness 10 nm +core
z

(8.2!10−20 Am2, for thickness 15 nm +core
z (8.7

!10−20 Am2 and for thickness 20 nm +core
z (9.1

!10−20 Am2.
To study the behavior of the gyrotropic mode in

Permalloy-79 nanodisks we consider the application of an
in-plane external magnetic field B! ap of magnitude 10 mT.
The magnetic field contributes to the micromagnetic Hamil-
tonian with an additional term −+0Ms

2a3#im̂i ·h!ext, where
B! ap=+0Msh!ext.

43 The time . !in seconds" is given by17

. =
t

/0
, !10"

where t is the simulation time !dimensionless" and /0
=+0Ms0 !0 is a gyromagnetic ratio". For Permalloy-79, /0
=2.13!1011 s−1.

Figures 8–10 show vortex core gyrotropic oscillations in
Permalloy-79 nanodisks with a diameter d=175 nm, thick-
ness 10 nm, 15 nm, and 20 nm, respectively. We observed
that the gyrotropic mode frequency lies in a sub gigahertz
range !in megahertz range" and increases with the aspect
ratio, which is in good accordance with experimental results
for Permalloy nanodisks presented in Refs. 41 and 44.

IV. CONCLUSIONS

In this work we have used a numerical metropolis Monte
Carlo method combined with spin dynamics simulations, to
investigate the morphology of vortex-core in magnetic nano-
disk. We have used a model Hamiltonian with exchange and
dipolar interactions defined in a cubic lattice. The simula-
tions were performed by considering the dipolar term with
and without a cut-off. The results show clearly that the cut-

off in the dipolar interaction has to be taken very carefully.
For z=2 the results using a cut-off coincides with those with-
out cut-off. However, for z=3,4 we get completely unreli-
able results even for small values of D. Therefore, we have
used the dipole interaction without any approximation. We
observed that there is a critical value of dipole strength !Dc"
separating the in-plane vortex state from the out-of-plane
vortex state which is independent of the diameter of nano-
disk but depends on the thickness of the disk. The increasing
of Dc with increasing z indicates that increasing the thickness
has the same effect as introducing an anisotropy that causes a
lowering in the necessary vortex energy to develop the out-
of-plane component. The behavior of Score

z as a function of
the dipole constant is well described by a function !Dc
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FIG. 7. Vortex core gyrotropic oscillation in nanodisks with thickness z=4. It is shown the vortex core x coordinate !in units of lattice parameter a" vs time
!in units of J" for nanodisks with L=20 !without rcut" and z=4. !a" shows the plot considering D=0.21J !Score
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−D"" with "=0.55!2", where " seems to be a universal ex-
ponent independent of L, D, and z. The application of an
in-plane external magnetic field obliges the vortex to move
in a direction perpendicular to the field. As soon as it starts to
move a Sz component appears. This is an effect due to the
relationship between &i and Sz. That is a mechanism already
observed in the pure Heisenberg model in two dimensions.22

By measuring the position of the center of the vortex as a
function of the time we can describe its motion due to the
presence of the magnetic field. We observe that there is a
minimum value for the modulus of the Score

z , from which we
can excite the gyrotropic mode. This minimum value in-
creases if the thickness of the nanodisk increases, which
means that the vortex becomes more pinned. This result sug-
gest that a way to improve the stability of the process of
switching may be through the thickness control which is way
technologically simple to do. We also observed that the gy-
rotropic mode frequency increases with the aspect ratio,
which is in qualitatively accordance with experimental re-
sults. Finally, using the micromagnetic approach and the
known parameters, we estimated the ratio D /J for
Permalloy-79. We observed that Permalloy nanodisks with
diameters d in the range 100 nm(d(400 nm are in vortex

state with an out-of-plane magnetization in its core !+core
z "

which increases as the thickness l increases. Also we ob-
served gyrotropic oscillations in Permalloy-79 nanodisks
with gyrotropic mode frequency in a sub GHz range, which
increases with the aspect ratio. These behaviors agree with
experimental observations in Permalloy nanodisks.
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