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Abstract: Square magnetic nanodots can show intentional or undesired shape modifications, re-
sulting in superellipses with concave or convex edges. Some research groups also concentrated on
experimentally investigating or simulating concave nano-superellipses, sometimes called magnetic
astroids due to their similarity to the mathematical shape of an astroid. Due to the strong impact
of shape anisotropy in nanostructures, the magnetization-reversal process including coercive and
reversibility fields can be expected to be different in concave or convex superellipses than that in
common squares. Here, we present angle-dependent micromagnetic simulations on magnetic nan-
odots with the shape of concave superellipses. While magnetization reversal occurs via meander
states, horseshoe states or the 180° rotation of magnetization for the perfect square, depending on the
angle of the external magnetic field, more complicated states occur for superellipses with strong con-
caveness. Even apparently asymmetric hysteresis loops can be found along the hard magnetization
directions, which can be attributed to measuring minor loops since the reversibility fields become
much larger than the coercive fields.

Keywords: nanostructure; iron; object-orientated micromagnetic framework (OOMMEF); asymmetry;
minor loop; coercive field; reversibility field

1. Introduction

Ferromagnetic nanoparticles can be used in a broad range of applications, especially
in data storage and spintronics [1-4], but also in energy devices, for drug delivery, and
hyperthermia treatment [5-8]. In data storage, many research groups investigated round or
square magnetic nanodots as a special shape of nanoparticles, often with round or square
inplane symmetry, which often show magnetization reversal via vortex states, a behaviour
that is advantageous for data storage due to the strongly reduced inplane stray fields [9-13].
Besides metallic magnetic nanodots, there are several ferri- or ferromagnetic metal oxides
of which the energy band gaps can be tailored by varying the contents of different metal
ions [14-16].

Other shapes of magnetic nanodots, reached intentionally or by undesired shape mod-
ifications due to the lithography process, show a broad range of different magnetization-
reversal processes and magnetic states. Kasperski et al., for example, found out-of-plane
stripe domains in two-dimensional nanodots with large anisotropy [17]. Double- or multi-
vortex states were described by some groups [18-20]. Structures with open cores can show
horseshoe states, onion states, and various other magnetic states [21-23].

For square iron nanodots, a large variety of magnetization-reversal processes were
found depending on inplane dimensions and nanodot thickness [11]. Iron is of special
interest for nanodots with lateral dimensions of a few hundred nanometers, since shape
anisotropy and magnetocrystalline anisotropy have effects of similar strengths, so that the
superposition of these anisotropies may result in several magnetic states that cannot be
found in materials with very small or very large magnetocrystalline anisotropy, such as
permalloy or cobalt, respectively, or in polycrystalline materials [11].

Condens. Matter 2021, 6, 17. https:/ /doi.org/10.3390/ condmat6020017

https://www.mdpi.com/journal/condensedmatter


https://www.mdpi.com/journal/condensedmatter
https://www.mdpi.com
https://orcid.org/0000-0003-0695-3905
https://www.mdpi.com/article/10.3390/condmat6020017?type=check_update&version=1
https://doi.org/10.3390/condmat6020017
https://doi.org/10.3390/condmat6020017
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/condmat6020017
https://www.mdpi.com/journal/condensedmatter

Condens. Matter 2021, 6,17

20f11

However, real nanodots are usually not perfectly shaped, but show shape deviations
due to imperfections of the lithography process or other techniques [24-26]. Due to the
strong influence of shape anisotropy in magnetic nanodots counteracting the magnetocrys-
talline anisotropy, such undesired shape modifications may influence the magnetization-
reversal process and the technologically relevant parameters of coercive field and reversibil-
ity field. This does not mean that the transverse-magnetization component is equal to zero,
but that there are no irreversible magnetization-reversal processes necessary to reach a
transverse-magnetization component equal to zero. In this state, further increasing the ex-
ternal magnetic field leads to small rotations of magnetization, but no irreversible switches,
and the full orientation along the external magnetic field could be reached without irre-
versible steps. On the other hand, intentional shape deviations can be used to stabilize a
certain desired magnetic state [27].

Here we investigate the influence of concave deformations of the edges of a square nan-
odot, resulting in so-called superellipses, sometimes also called subellipses. The formula of
such superellipses is

[x/a|" +[y/b" =1,
resulting in a diamond for n = 1 [28]. Here, a and b were chosen to be identical, enabling
producing a square for n = 1, a circle for n = 2, superellipses with convex edges for n > 1,
and superellipses with concave shapes (also called subellipses) for n < 1. The latter is the
considered case here, testing values from n =1 ton = 0.5.

Such superelliptic nanodots are sometimes also called astroid shapes, while the as-
troid is actually only gained for n = 2/3. They automatically occur in matrices of round
antidots [29] or as antidot astroids [30], or they can be found in cross-junctions [31]. Some
groups investigated antivortex evolution in Py astroid-shaped nanodots [32-35]. However,
a systematic investigation of magnetization reversal in such shapes with varying values of
n has, to the best of our knowledge, not yet been performed.

2. Materials and Methods

The simulations in this paper were accomplished in the object-orientated micromag-
netic framework (OOMMEF) [36]. Iron (Fe) was used as the probe material for all simula-
tions, using the typical literature values of Fe: Mg g = 1700-10% A/m as magnetization at
saturation, Af, = 21-1071? J/m as exchange constant, and Kipe = 48-10° J/m3 as cubic mag-
netocrystalline anisotropy constant [37]. The Gilbert damping constant was 0.5 (quasistatic
case), the crystalline orientation was set to constant, with the easy cubic anisotropy axes
along 0° and 90° corresponding to epitaxially grown nanostructures. This is in contrast
to a previous investigation of square iron nanodots with arbitrary anisotropy orientation
per cell [11], to enable investigating the effect of an epitaxial growth in addition to the
modification of the sample shape, and thus the shape anisotropy.

All samples had the same particle width and height of 500 nm each, thickness of 5 nm,
and cell size of 5 nm. The latter was slightly larger than the Fe exchange length of approx.
3.7 nm; previous studies showed no differences between experiments with cell sizes of 5
and 2.5 nm [12], so that the slightly increased cell size was chosen to reduce simulation time.
The masks chosen for simulations were prepared in Photoshop, starting from a square (SE0)
and adding increasing concave curvature to the edges until n = 0.5 was reached (SE90). The
given numbers correspond to the curvature percentage implemented in Photoshop from 0°
to 90°. Some of the samples are depicted in Figure 1 with the definition of the angles used
in the simulation.

The external magnetic field was swept between £200 mT, applied in angles between 0°
and 90° in steps of 15°. Longitudinal (M) and transversal magnetization components (M)
were calculated, and screenshots were taken during the magnetization-reversal processes.
The hysteresis loops and six snapshots of the magnetization-reversal process per simulation
are depicted in Supplementary Information.
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Figure 1. Sketches of some shapes under examination: (a) SEO; (b) SE20; (c) SE40; (d) SE60; and
(e) SE90; (f) definition of angles in this study.

3. Results and Discussion

Figure 2 shows the hysteresis loops and magnetization reversal of some chosen angles,
simulated for SEQ. Snapshots were taken during magnetization reversal from positive to
negative saturation. The colour of the snapshots represents the magnetization orientation
in each position: red = magnetization pointing to the right, blue = magnetization pointing
to the left, white = magnetization pointing from top to bottom or vice versa.

For field orientation of 0°, a typical easy axis hysteresis loop was visible (Figure 2a),
correlated with magnetization reversal via a 180° switch (Figure 2b), as also indicated by
the transverse-magnetization component (Figure 2a), which is continuously zero.

This was different for all other angles, as indicated by the partly relatively large
transverse-magnetization components (Figure 2c,e) and the snapshots in Figure 2d,f. Gen-
erally, such large values of transverse magnetization indicate that, in the corresponding
external magnetic-field ranges, large parts of magnetization were orientated perpendicular
to the external magnetic field, as visible, e.g., in Figure 2d for —16 or —19 mT. Abrupt
changes of the transverse (or longitudinal)-magnetization component indicate irreversible
changes, such as the nucleation or vanishing of a domain wall and the coherent switching
of parts of the magnetization. Identical values of longitudinal and transverse magnetization
in a certain field range, e.g., in Figure 2e near —20 mT for the field sweep from positive to
negative saturation, often indicate an approximately 45° orientation of magnetization, as
visible in Figure 2f for —27 mT, but could also be related to much more complicated states,
as visible in Figure 2f for —18 or —22 mT.

For an angle of 15°, magnetization reversal starts with a meander state (Figure 2d,
—16 mT) into a state that could be described as an asymmetric horseshoe state (Figure 2d,
—19 mT), before saturation is reached (—78 mT). These different states are correlated with
steps or peaks in the longitudinal or transverse-magnetization component, respectively.

Here, and for many simulations along an angle that is not identical to a hard or
easy axis of magnetization in the system, the relatively large external magnetic fields
were not sufficient to fully set transverse magnetization to zero, since there is always
a superposition between all anisotropies and the external magnetic field, defining the
energetically favourable orientation of each elementary magnet. This also means that,
by crossing the symmetry axis of a fourfold system, the sign of the residual transverse
magnetization at large external magnetic fields changes, since magnetic moments are
generally orientated between the external magnetic field and the next easy axis, which is on
different sides of the external magnetic field when angles on different sides of a symmetry
axis are compared.
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Figure 2. (a,c,e) Hysteresis loops and (b,d,f) snapshots of the magnetization reversal from positive to
negative saturation and back, simulated for SEO at angles defined in the graphs.

At an angle of 45°, there was again a visible asymmetric horseshoe (Figure 2f, —18 mT
and —22 mT), which was transferred into a state with magnetization approximately 90°
rotated from the original state (—27 mT). This behaviour sometimes occurs in magnetic
thin-film samples with fourfold anisotropy; however, it is mostly known from exchange
bias systems [38,39] and was not recognized in a previous investigation of sputtered square
Fe nanodots [11]. This shows the influence of an epitaxial structure as compared to a
polycrystalline one. Magnetization reversal via a 180° switch, visible in Figure 2b, was not
found at all in the previous investigation of sputtered square Fe nanodots [11], underlining
the importance of differentiating between sputtered and epitaxially grown nanodots,
especially when defining suitable magnetic nanopatterns for storage applications.
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Figure 3 depicts simulations of Sample SE20 at chosen angles. For an angle of 15° with
respect to the external magnetic field, magnetization reversal occurred via 180° switching
(Figure 3a,b); the same behaviour was found for 0° (not shown here).
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Figure 3. (a,c,e) Hysteresis loops and (b,d,f) snapshots of magnetization reversal from positive to
negative saturation and back, simulated for Sample SE20 at angles defined in the graphs.

For 30°, magnetization reversal occurred via an intermediate state rotated by ~90°
(Figure 3d, 9.2 mT) with respect to the relaxed state near remanence (—5.8 mT), fol-
lowed by an asymmetric horseshoe state (—12.7 mT), before negative saturation was
reached (—15 mT). For an angle of 45°, magnetization reversal started with a horseshoe
state (Figure 3f, —14.1 and —18.4 mT), before magnetization was fully reversed.

This clear deviation between SEQ (SE10 shows similar behaviour) and SE20 indicates
the influence of arbitrary or intentional modifications of the edges of the nanodots, allowing
for modifying magnetization-reversal processes.
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Simulated magnetization reversal for SE30 is partly depicted in Figure 4. While a
similar 90° reversal via an intermediate state occurred for an angle of 30° (Figure 4b,
—8.6 mT), as already found in Figures 2f and 3d, for an angle of 45°, a new state became

visible with a nearly complete domain wall splitting the sample into two halves (Figure 4d,

—32.5mT). This state can be interpreted as an extreme horseshoe state. Contrary to the
similar state visible in Figure 3f (—18.4 mT), magnetization near the corners here followed
the shape anisotropy, i.e., pointed outwards. This means that this state could also be
interpreted as similar to an antivortex state; however, in such an antivortex state, there
would be a magnetic singularity in the particle, typically near the middle.
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Figure 4. (a,c) Hysteresis loops and (b,d) snapshots of magnetization reversal from positive to negative saturation and back,

simulated for SE30 at angles defined in the graphs.

While SE40 did not show new magnetization states, something unexpected happened
in SE50, as shown in Figure 5. At an angle of 0°, an apparent asymmetry of the transverse-
magnetization component was visible (ditto for 90°).

Such an asymmetry is typical for exchange bias systems [39]; however, it can also
occur in single-material nanostructures in which the shape anisotropy creates magnetic
hard and soft areas [40]. Here, this asymmetry is due to an even simpler reason. As shown
in Figure 5b (15 mT), magnetization in both the “top” and the “bottom” corner pointed
“downwards”, i.e., there was an inherent asymmetry directly from the beginning. The
sharper the corners became in this study, the stronger the shape anisotropy was there, and
the larger the reversibility fields were, which were sufficient to create a fully symmetric

saturated state.
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Figure 5. (a,c,e) Hysteresis loops and (b,d,f) snapshots of magnetization reversal from positive to negative saturation and

back, simulated for SE50 at angles defined in the graphs.

To clarify this point, a minor loop was simulated here. While this can be of technologi-
cal interest if properly recognized [40], this potential problem can occur in measurements
where the transverse-magnetization component is often not available. Very often, mea-
surements are performed in such a way that the range of the external magnetic field is
restricted to approximately twice or three times that of the coercive field; here, a coercive
field of 7.5 mT was in strong contrast with a reversal field larger than the maximal applied
field of 200 mT.

However, this special situation of 0° often causes similar problems in simulations
due to a perfectly symmetric shape of the nanodots under examination, but is in reality



Condens. Matter 2021, 6,17

8of11

nearly never met. Due to the combination of symmetries of magnetocrystalline and shape
anisotropy, this effect was slightly larger here than that for simulations of polycrystalline
nanodots [11]. While a slight sample rotation by £1° in the latter is usually sufficient
to break the symmetry, large reversibility fields were also visible here for larger sample
rotations, as is shown in Figure 6.
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Figure 6. (a,c) Coercive fields and (b,d) reversibility fields as function of (a,b) the angle of the external
magnetic field or (c¢,d) the sample number, respectively.

Larger angles (here: 15°, 30°) already indicated the increase in reversibility fields,
which was nearly invisible in the longitudinal hysteresis loops, but well-visible in the
transverse loops, and may in reality lead to measuring too narrow a field range, which
may then result in undetected minor loops.

In residual Samples SE60 ... SE90, no new magnetic states occurred, and no full
antivortex was visible.

For a quantitative comparison of the magnetization reversal of the samples under
examination in this study, Figure 6 depicts coercive fields Hc and reversibility fields Hy., in
the angular range of 0°—90°. Values in Figure 6a,c and Figure 6b,d were equal, depicted
against the angles of the external magnetic field or the sample number. In most cases,
45° showed the highest coercive field, indicating that this orientation corresponds to an
easy axis [41-43]. Deviations from this behaviour, as shown in Figure 6c by comparing 0°
and 45° for Samples SE10 and SE20, can be attributed to the previously discussed high
symmetry of the 0° orientation, which may suppress magnetization reversal, since no
rotational direction is favoured by geometry or external magnetic field.

While there were a few visible trends, there were always values that did not correspond
to these trends, typically due to changes in magnetization-reversal modes. The coercive
fields were usually larger for 0°/90°, i.e., the easy axes of the magnetocrystalline anisotropy,
and for 45°, i.e., the easy axis of the shape anisotropy (Figure 6a), as shown by the magnetic
states reaching near remanence for samples with strong edge curvature. The latter becomes
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more important for larger sample numbers, i.e., stronger curvature, corresponding to a
stronger impact of the shape anisotropy.

This is also visible in Figure 6¢, where the coercive fields measured for a field orienta-
tion of 45° increase with increasing sample number, i.e., with stronger concave curvature
of the edges. For the other angles, there is no clear trend visible in Figure 6c¢.

The angle-dependent reversibility fields (Figure 6b) showed a maximum at 45° for
the small pure square and deviations from it; for Samples SE30 ... SE90, there WERE
additional local or even absolute maxima at 0°/90°. the aforementioned large reversibility
tields at 0° for samples with high curvature, leading to the asymmetry visible in Figure 5a,
were clearly related to a highly symmetric situation that cannot be reached in reality; for
samples with high curvature, the reversibility fields continuously grew from 45° to the
0°/90° orientations.

For the sample-dependent reversibility fields (Figure 6d), there was a strong increase
in reversibility fields with increasing curvature for 0° and 15°, while 30° showed only a
slight increase, and the 45° curve did not show a clear trend.

Comparing coercive fields and reversal fields, it is obvious that the modifications of
the perfect square lead to an increase in the coercive field around 45° and an increase in
the reversal field around 0°. Depending on the desired behaviour in a specific application,
these findings can help to modify either the coercive fields or reversibility fields and tailor
the system to the desired magnetization-reversal behaviour [40].

4. Conclusions

Micromagnetic simulations of concave iron nano-superellipses showed that the magnetization-
reversal processes were modified by the interaction of magnetocrystalline and shape
anisotropy, the latter of which became stronger with a stronger curvature of the nanodots
edges. Contrary to previous reports in the literature, no antivortices occurred; instead,
horseshoe, onion, and meander states were found.

A comparison of the coercive fields and reversibility fields showed that a stronger
concave curvature resulted in an increase in the coercive field around 45° and in the
reversibility field around 0°, thereby enabling tailoring the magnetic properties of such
nanodots according to the desired application.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/condmat6020017/s1. Hysteresis loops and exemplary snapshots for all shapes and angles
under investigation.
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