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Determining whether the magnetization of cylindrical nanodots is in a single domain configuration (SD) or a vortex state
VX is crucial in a wide range of interdisciplinary applications. In this work we investigate the SD and VX existence, and
their coexistence, in terms of the nanodot diameter (D) and its saturation magnetization (MS) for different thicknesses,
by means of micromagnetic simulations. We determine the stable magnetic configurations at remanence, from both in
plane and out of plane hysteresis loops. Additionally, we investigate the vortex core radius RV in terms of different
parameters considered. We find that RV is strongly dependent on the thickness and the saturation magnetization but the
dependence is weaker on the diameter, vanishing for the larger ones. For the range of parameters studied in this work,
we find that RV is diameter independent for D ≳ 100 nm.

I. INTRODUCTION

Efforts to master nanomagnetism have been ongoing for
some time due to the intriguing properties exhibited by mag-
nets at the nanoscale, which open the door to the possibility
of functionalizing their magnetic response to different exter-
nal stimuli in terms of their shape and size. The specific case
of magnetic nanodots, particularly those with cylindrical sym-
metry, is of special interest due to their potential applications
in interdisciplinary research fields.

In these nanostructures, the competition between exchange
energy and magnetostatic energy gives rise to two very differ-
ent types of magnetic domain states: the single domain con-
figuration (SD)1, in which the magnetization of the system
behaves as a single macrospin; and the vortex state (VX ), in
which the magnetization curls circularly in plane but smoothly
gets out of plane towards the center of the vortex where it
points perpendicularly2,3. The distance that takes the magne-
tization to get from the out of plane configuration (center of
the vortex) to the in-plane configuration is defined as the VX
radius (RV ).

Prior knowledge of the nanodot domain state is crucial for
most applications. For instance, SD nanodots are desirable
for ultra high density magnetic recording devices to avoid
the signal-to-noise ratio when reducing the bit size to the
nanoscale4,5. Contrarily, nanodots with a VX configuration
have been proposed for nano oscillators due to the gyrotropic
motion this soliton presents under the action of constant ex-
ternal stimulus6,7. The domain state in magnetic nanodots is
also of special relevance for magnetic random access memory
(MRAM) applications8. In biomedicine, it has been demon-
strated that nanodots within a VX state are capable of destroy-
ing cancer cells by the mechanical torque induced by an exter-
nal oscillating magnetic field9. Furthermore, they are effective
nanostructures for producing magnetic hyperthermia, outper-
forming smaller nanodisks exhibiting SD configurations10. In
paleomagnetism, oblate-like nanoparticles mimicking cylin-
drical nanodots have been observed in natural samples such
as meteorites11 and the question of whether these structures
are in a SD or VX state becomes relevant12–14 as they are not

expected to have the same recording fidelity of ancient mag-
netic fields15.

The occurrence of a SD configuration or a VX state in a
nanodot depends primarily on its geometrical dimensions and
the magnetic material composition. This is in analogy with
the type of magnetic domain wall (DW) hosted in cylindrical
nanowires16. Based on general knowledge of nanomagnetism,
SD configurations are expected in very small nanodots as well
as in either very prolate or very oblate nanodots. Magnetic
materials, whose saturation magnetization value MS is low
favor the SD configuration while harder materials —whose
MS value is high— produce magnetization curling and conse-
quently a VX state. This has been demonstrated by means of
different analytical approaches17–19, yielding phase maps de-
limiting the existence of the VX and SD in terms of the nanodot
diameter D and thickness T .

In analytical calculations, nanodot geometrical parameters
are often normalized by the exchange length to include the
influence of the nanodot composition. Computational micro-
magnetism has corroborated analytical predictions, showing
agreement in soft magnetic materials such as permalloy20 or
magnetite21. Additionally, there exist experimental results
confirming previous assessments22–25. However, there is still
a gap to bridge for materials with high MS where the stronger
magnetostatic energy coming from the high MS may lead to
a more complex magnetic behavior, not necessarily matching
analytical predictions. For instance, it could happen that VX
states are not fully developed, i.e., curling occurs but magne-
tization does not reach an in-plane configuration, thus leading
to magnetic charges in the surfaces which are often neglected
in analytical calculations. To the best of our knowledge, nu-
merical studies on these systems are scarce and a systematic
study considering the effect of varying MS is missing.

Another point which is often neglected in the literature is
the influence of these parameters on the RV value. In analogy
with DW dynamical behavior in magnetic nanowires, which
is strongly influenced by the DW width (δw), the vortex ra-
dius RV has a significant contribution to the VX dynamical
behavior26. Moreover, RV is an important parameter that de-
termines the stability and switching behavior of VX domain
states3. Thus, gaining insights on the dependence of RV in
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terms of the nanodot composition and its geometry will con-
tribute to the optimal nanodot functionalization. RV values
are found to range between 10 nm and 30 nm27–29 for mag-
netic nanodots composed of soft materials such as permalloy.
Nevertheless, there exists a lack of studies in the literature in
which a systematic study of the possible parameters influenc-
ing the RV size and composition are considered, except for the
analytical work done by Metlov30.

In this work we aim to fill these gaps of knowledge. By
means of micromagnetic simulations, we extend the existing
insight on how the magnetostatic energy influences the VX
state. Specifically, we consider a wide range of nanodot thick-
nesses and diameters, and for each one, we determine the ex-
istence, or coexistence, of the SD and the VX state in terms
of its saturation magnetization value. Using the comprehen-
sive set of numerical models for remanent states in which we
have obtained the vortex state, we determine the vortex radius
dependence on the nanodot geometry and its saturation mag-
netization. Results are compared with existing theories for the
vortex radius.

II. MODEL

Numerical models have been created using the open-source
software package MERRILL31, which is a three-dimensional
finite-element micromagnetic modeling application. Nanodot
geometries are defined in terms of a finite element mesh,
which were generated using the open source 3D finite element
mesh generator Gmsh32. A 2 nm discretization length was
chosen to ensure it is smaller than the exchange length (lexc)
corresponding to the highest saturation magnetization mate-
rial, with this value being ∼ 2.1 nm. The diameter and thick-
ness characterizing the set of nanodots studied in this work
range from D = 20 nm to D = 200 nm, and T = 10 nm to
T = 50 nm, respectively.

MERRILL takes into account the exchange, the magneto-
static, the magneto-crystalline and the Zeeman energies. The
magnetization configuration is determined by minimizing the
total magnetic energy of the system. The minimization is per-
formed using the conjugate gradient algorithm, which adjusts
the magnetic moments iteratively until the system reaches an
equilibrium state where the total energy is minimized. The
exchange stiffness used in this work is a typical value suitable
for permalloy A= 1 ·10−11 J/m. For simplicity, we do not vary
A in our simulations. The saturation magnetization is consid-
ered a free parameter, specifically, µ0MS ranges from 0.6 to
2.4 T. In this study, we include high MS values in order to cap-
ture the behavior of materials such as FeCo alloys33. Finally,
no magnetocrystalline anisotropy energy has been considered
in order to simplify the study of the role that magnetostatic
energy plays in the magnetic configurations addressed at re-
manence.

We additionally use the NMAG micromagnetic code34 to
corroborate MERRILL results. Notice that MERRILL is a
micromagnetic code scoped for research in paleaomagnetism
and it is barely used in the Materials Science community.
Thus, we decided to use NMAG, that works using finite el-

ements as well as MERRILL does, but integrates the LLG
equation instead of performing energy minimization to ad-
dress states of local energy minima. We have reproduced the
20 nm case, obtaining a good agreement between both codes.

We have created numerical models for the hysteretic re-
sponse of all different geometries and MS values for both in-
plane (IP) and out-of-plane (OoP) applied magnetic field. For
these hysteresis loop simulations, we use static energy mini-
mization, so there is no explicit time-stepping or integration
scheme involved, as would be the case in dynamic simula-
tions. At each external field step in the hysteresis loop sim-
ulation, the system is allowed to relax to an equilibrium con-
figuration before moving to the next field step. The system is
considered at equilibrium when the change in energy or mag-
netization between iterations is below a specified threshold.
The maximum applied field values are 0.2 T and 1 T for the IP
and OoP cases, respectively. Their corresponding field steps
are 0.005 T and 0.01 T, respectively. Simulations started with
the magnetization saturated in the direction in which the mag-
netic field is applied. Within this range of applied fields the
magnetization remains saturated for the highest field strength
in most of the cases considered in this work.

The magnetic configuration in a VX state is cylindrically
symmetric but height dependent20, thus RV is too. We aver-
age the magnetization in the height and azimuthal dimensions
yielding a magnetization that only depends on the radial di-
mension. The value of RV presented in this work is obtained
from the average normalized magnetization in terms of the
distance from the centre of the Vx, i.e. m(r). We determine the
distance at which the OoP component vanishes, following this
widely accepted criterion in the literature27,28. The cases in
which curling occurs but magnetization does not reach the IP
configuration because the nanodot radius is not large enough,
are obviated for the definition of the RV value but are consid-
ered as VX states.

III. RESULTS

The only solutions found in our numerical models at rema-
nence are the two widely reported magnetic configurations ex-
hibited in magnetic nanodots: the SD and the VX states. How-
ever, the direction in which the SD and the VX core point is
different depending on the geometry, the composition (defined
by the MS value) and the external magnetic field orientation.
Both SD and VX states can be either parallel or perpendicu-
lar to the nanodot c axis. Illustrations of the magnetic dis-
tributions of the IP and OoP VX states obtained for different
parameters are presented in Fig. 1.

Figure 2 summarizes the different domain states, obtained
for both the IP and OoP magnetic field set ups, displayed in
phase diagrams. Specifically, for each MS and D case, we
represent the two equilibrium magnetic configurations found
from the IP and the OoP hysteresis. These could be equal
or different (coexistence of domain states). In this figure
we present the results obtained for two representative thick-
nesses (20 nm and 30 nm). We additionally include the an-
alytical expression obtained in Hoffmann et al.17, µ0MS =
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FIG. 1. Spatial distribution representations of the magnetization for
the single domain case with the magnetization pointing parallel to
the nanodot axis and the two types of VX states found in this work:
a) SD, b) OoP vortex and c) IP vortex. The specific parameters used
in each case are described in the corresponding figure.

√
64A
πT D (ln(D/2a)+ γ) with a dashed line to compare with our

numerical results (symbols). Here a means the atomic lat-
tice parameter, which has been considered a constant value
fin terms of MS with a typical value of 3 Å. The parameter
γ ≈ 0.577 is the Euler’s constant. The analytical equation de-
limits which domain state has lower energy: the SD is the
energy minimum below the dashed line while the Vx state is
the minimum above it. This expression cannot however dis-
criminate their coexistence. Despite some important approx-
imations done on derivation of this expression17, such as the
cubic lattice assumption or the omission of the vortex core in
the energy calculation, it fairly agrees with our full numerical
simulations, especially for oblate like cases.

The SD configuration is not discriminated in Fig. 2 be-
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FIG. 2. Phase diagram of magnetic configurations for two different
nanodot thicknesses, in terms of their diameter and saturation mag-
netization. a) and b) correspond to T = 20 nm and T = 30 nm re-
spectively. Full diamonds, open circles and crosses represent single
domain, OoP vortex state and IP vortex, respectively.

tween the IP and the OoP orientations. Contrarily, the pres-
ence of IP and OoP VX states is explicitly clarified. This is to
briefly highlight the IP VX configuration, as it is a rarely found
configuration in our numerical models as well as a poorly re-
ported domain state in the literature, albeit with few excep-
tions, e.g., the work of Ha et al.20. From the few examples
found in our work, we suggest that IP VX prefers to appear
in equidimensional nanodots, as depicted in Fig. 1c. The
larger the equidimensional nanodot, the lower MS is required
to produced this state20. It should be noticed that this con-
figuration does not exhibit an antivortex pair, contrarily to
what happens in the vortex-antivortex domain wall (VAVdw)
in cylindrical nanowires, in which the antivortex state appears
always together with the vortex one in either wide cylindri-
cal cross sections or nanowires with high MS

16,35. Elongation
makes the difference between these two cylindrical symmetric
nanostructures.

Figure 2 indicates that the thicker the nanodot, the more ex-
tensive the VX domain state region is. It is worth mentioning
that the VX state for some of the studied parameters depends
on the magnetic field setup (coexistence region). OoP hystere-
sis favors obtaining the VX state rather than the IP one. Ad-
ditionally, Fig. 2 shows that nanodots composed of materials
with high MS values strongly favor the VX state, even for very
small nanodot diameters. Consequently, the vortex core must
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FIG. 3. Vortex radii in terms of the diameter for different saturation
magnetization values, for two nanodot thicknesses: a) T = 20 nm
and b) T = 30 nm. MS values are depicted with different symbols
and colors. Some cases for high MS are not shown to avoid over-
lapping and simplify visualization. Some Rv values which appear as
vortexes in Fig. 2 are not displayed here because, despite curling oc-
curs, magnetization does not reach an in plane configuration, thus we
cannot determine Rv for these cases.

be very narrow too. The set of VX radii obtained from our
calculations are summarized in Fig. 3 for the same nanodot
thicknesses presented before. We remark that Fig. 3 presents
the results for the radius of the OoP VX states independently if
they are found either in the OoP or the IP hysteretic configu-
ration, or in both. For the latter case, the RV is the same.

It should be emphasized that there are domain states defined
as VX in Fig. 2 without their corresponding RV presented in
Fig. 3. This happens regularly for small nanodot diameters at
each MS case. The reason is that in these cases, curling clearly
occurs but the magnetization does not reach the in plane con-
figuration within the nanodot nanostructure, i.e., RV is larger
than the nanodot radius. For each MS, we regularly observe a
slight decrease of RV in terms of the diameter for the small-
est value, continued by a change of trend which shows a rapid
increase in RV . This could be attributed to surface effects, as
the vortex core is comparable to the nanodot diameter. In-
deed, this increase rate drastically slows down and RV reaches
a rather constant value at large enough diameters, varying only
a few Angstroms.

The vortex radii of the larger diameters are assessed con-
sidering the corresponding RV value for each MS and nanodot

thickness. The set of calculated RV values is illustrated in Fig.
4 as a function of the saturation magnetization (Fig. 4a) and
in terms of the nanodot thickness (Fig. 4b). Different ex-
perimental data points extracted from the literature have been
included in Fig. 4a, showing good agreement with the cal-
culations. Additionally, analytical expressions reported in the
literature for RV (solid lines) are also depicted in the figures
for comparison. The first (displayed in Fig. 4a) corresponds
to the typical domain wall width of a 180◦ Bloch domain wall,

δW = π

√
2A/µ0NZM2

S , where µ0 is the vacuum permeability
and NZ = 1 is the demagnetizing factor for an infinite oblate
nanodot. The curve plotted in Fig. 4b corresponds to the ana-
lytical expression for RV derived by K. Metlov30.

On the one hand, good qualitative agreement is obtained
between the numerical and analytical results in Fig. 4a. This
implies that RV ∼ 1/MS. Moreover, also good quantitative
agreement is observed, as RV approximates the analytical ex-
pression for the most oblate nanodot case considered in this
work. However, on the other hand, the analytical expres-
sion plotted in Fig. 4b does not follow our numerical cal-
culations either quantitatively nor –more importantly– quali-
tatively. This curve, corresponding to Metlov’s work30, has
been calculated using the value µ0MS = 2.4 T, with a corre-

sponding exchange length of lexc =
√

2A/µ0M2
S = 2.1 nm. A

different MS will not change its trend, but just its magnitude,
showing that additional considerations should be made in the
models to achieve a better correlation between them.

IV. CONCLUSION

We report a systematic study on the possible domain states
presented in cylindrical magnetic nanodots at remanence, by
means of micromagnetic simulations. We have focused on the
OoP VX domain state and, in particular, we have determined
the vortex core radius in terms of the geometry and saturation
magnetization. Also, a comparison with different analytical
approaches found in the literature has been carried out.

We have verified that the expression derived by Hoffmann
et al.17 is robust enough, compared with our full micromag-
netic simulations, to determine whether a SD or a VX state
will be exhibited by an experimental nanodot, characterized
by a given geometry and composition. However, this expres-
sion does not account for coexistence of the different domain
states. We show that either slightly below and above of the
limit that this expression establishes, the existence of SD and
VX states could be promoted by the particular field orientation;
specifically the SD and VX are favored by the IP and OoP field
directions, respectively.

We have determined the vortex core radius for each case
considered in this work, verifying the established RV (MS) ∼
1/MS dependence. Furthermore, we showed good quantitative
agreement for more oblate geometries. Contrarily, we find
that the RV thickness dependence is not properly described
by the analytical models currently available in the literature.
While theoretical calculations predict a logarithmic depen-
dence of RV on the thickness, our results indicate it seems to
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FIG. 4. a) Vortex radii obtained for large diameters in terms of MS
for various thickness values. The solid line represents the analytical
value of the domain wall width for an ideal oblate nanodisk. Differ-
ent RV values found in the literature are also displayed with crosses
and their corresponding reference number. The crosses color indi-
cates the thickness of these dots. b) Vortex radii as a function of
thickness for various MS values. The solid line corresponds to the
analytical expression given in ref.29

be linear for thickness values above 20 nm, or even parabolic
if considering the lower thicknesses.

In conclusion, we presented a numerical study bridging
different gaps of knowledge in magnetic nanodots. We aim
that this results will leverage the functionalization of magnetic
nanodots for different interdisciplinary applications.
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