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Abstract. Micromagnetic simulations were used to investigate magnetization reversal
processes in elongated ferromagnetic nanodots, prepared by combining two half-circles with a
rectangle. The micromagnetic simulation program OOMMEF is based on dynamically solving
the Landau-Lifshitz-Gilbert equation of motion. Material parameters were chosen as typical for
Fe (iron). Lateral dimensions were in most simulations chosen as 730 nm x 133 nm, while the
dot height was varied between 3 nm and 54 nm. For different in-plane angles of the external
magnetic field, varying magnetization reversal processes were found with changing dot
thickness, offering a possibility to tailor magnetic states by modifying the thickness of the
nanodot.

1. Introduction

Magnetic nanostructures offer interesting effective magnetic anisotropies due to the interplay between
shape and magneto-crystalline anisotropy [1]. Such nanostructures can help principally understanding
magnetization reversal processes on the nanoscale, e.g. by showing transitions between different
magnetic states for different dimensions and materials or by realizing special effects like an exchange
bias using core-shell structures [2-6].

Especially iron (Fe) shows interesting magnetization reversal processes when prepared in the form
of nanodots [7,8] or open structures [9]. The latter often show flux-closed vortex states with strongly
reduced stray fields [10,11]. In addition, nanodots or nano-frames may also give rise to multiple
magnetic states at remanence [12,13] which can be used for novel data storage architectures or new
logic elements [14].

Another important shape is represented by magnetic nanowires which can, e.g., be used in the
Racetrack memory or similar technologies to store and manipulate data [15-17]. Depending on their
dimensions, they also offer interesting magnetization reversal processes [18] and possibilities to
transfer data by moving domain walls [19,20].

Here we report on micromagnetic simulations of a combination of rectangular, or nanowire-like,
structures with nanodots, represented by Fe nanodots extended by a rectangular part between both
halves. We investigate the magnetization reversal process which was shown to strongly depend on the
lateral dimensions and the thickness of square and round Fe nanodots [7,8] for different angles with
respect to the external magnetic field. This study can be regarded as a base for future simulations of
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similar systems with varying sample thickness and dimensions, using the half-balls at the ends as a
possibility to introduce domain walls [21,22].

2. Methods
The micromagnetic simulations described here were performed with the Object Oriented
MicroMagnetic Framework (OOMMEF) [23] which is based on dynamically solving the Landau-
Lifshitz-Gilbert (LLG) equation of motion. The material iron was implemented by usual literature
values: magnetization at saturation Mg = 1700-10° A/m, exchange constant A = 21-10"'? J/m, magneto-
crystalline anisotropy constant K; = 48-10° J/m? [24]. The Gilbert damping constant was set to o.= 0.5
to simulate a quasi-static case.

The lateral dimensions of the nanoparticle under investigation (Fig. 1) are 730 nm x 133 nm, while
the dot height was varied between 3 nm and 54 nm (kept constant in each sample). Meshing was done
with a cell size of 3 nm.

Figure 1. Shape of the magnetic nanodot under
investigation.

Sample orientations are defined with respect to the horizontal in Fig. 1. Here, results of simulations
along 15°, 30° and 60° are shown. In the results, longitudinal magnetization components M; and
transverse magnetization components My are given, always referring to the magnetic field orientation.

3. Results and discussion

Some results of simulations under an angle of 15° to the external magnetic field are depicted in
Figure 2, an angle which was found to offer steps in the hysteresis loops correlated with stable
intermediate states in former investigations [25]. Such intermediate states are of large interest for the
development of new data storage media with more than one bit per storage position.

With increasing thickness of the simulated nanoparticle, the coercive fields become larger, until
this effect is saturated and reversed around 24 nm. For a thickness of 39 nm, first steps along the sides
of the longitudinal and transverse hysteresis loops become visible. In the simulation of a particle
thickness of 45 nm, there are already three steps on either side of the loops which become broader for
the largest thickness under examination, i.e. 54 nm.

Such steps are typically correlated with domain wall processes or magnetization reversal via vortex
formation [7-9]. The reversal visible for thinner particles can be attributed to single-domain switching
of the whole particle’s magnetization, as it is proposed by the Stoner-Wohlfarth model (a common
model for single-domain ferromagnets) and often the case for elliptical particles [26]. As found in
previous investigations of Fe nanoparticles, magnetization in thinner structures is preferably switched
coherently, while thicker structures support formation of domains and vortices [7,8].

For an angle of 60°, Figure 3 shows generally a similar behaviour. Again, for the thinnest samples,
the well-known Stoner-Wohlfarth-like coherent magnetization reversal is visible, while for a thickness
of 36 nm, the first small steps can be recognized. Simulating a thickness of 39 nm, these steps become
clearer visible, while magnetization reversal for samples of 45 nm and higher thickness occurs via
three steps.

Opposite to the results of 15° orientation, here the coercive fields become larger and larger for
thicker samples, apparently approaching a maximum value which is not reached within the extent of
the recent series of simulations.
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Figure 2. Hysteresis loops of the magnetic nanodot simulated for an angle of 15° with respect to the
external magnetic field and different thicknesses.
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Figure 3. Hysteresis loops of the magnetic nanodot simulated for an angle of 60° with respect to the
external magnetic field and different thicknesses.

H/mT

1391(2019) 012126  doi:10.1088/1742-6596/1391/1/012126

Thickness 9 nm

1.0
Angle: 60°
" <
0.5
. [R— MT
T
= 0.0
=
-1.0
-200 -100 0 100
H/mT
1.0l Thickness 24 nm
kv e
N
&
= 0.
= /
-0.5
></
\\\\\\\\\_
-1.0
-200 -100 100
H/mT
1.0 Thickness 39 nm
Angle: 60°
ML
05 M
&
s 0.
=
-0.5
-1.0
-200 -100 100
H/mT
1.0 Thickness 54 nm
Angle: 60°
A ——
0.5
H—m, /
T
= 0.0
=
> = 7
-1.0
-200 -100 0 100
H/mT

IOP Publishing




8th International Conference on Mathematical Modeling in Physical Science IOP Publishing

Journal of Physics: Conference Series 1391(2019) 012126  doi:10.1088/1742-6596/1391/1/012126
100 [ ) §Iﬂ§
80 /l/.’.(.)._.’ J
= .\"\,. 1,;'
Y S RS S
£ o 12
—~ . 3 3
r 40 / ]
/ Angle:
20| ¢ ——15° Figure 4. Thickness-dependent coercive
D gu fields for different angles between external
] ‘ : ‘ : : magnetic field and long sample axis. The
0 10 20 30 40 50 60

_ numbers indicate the numbers of steps per
Thickness / nm side of the hysteresis loop, if applicable.

A detailed overview of the coercive fields in dependence on the sample thickness is given in Fig. 4 for
different angles with respect to the external magnetic field. Here the already described thickness
dependent behaviour of the coercive fields is again visible. While the thickness-dependent coercive
fields are similar for smaller thicknesses, they start differing for an angle of 15° for thicknesses above
approx. 20 nm. While for an angle of 15°, the coercive fields become larger and larger with increasing
thickness, a maximum of the coercive field is reached around an intermediated thickness of approx.
25 nm for the larger magnetic field angles.

The numbers inside the graph, indicating the numbers of steps on each side of the hysteresis loops,
becomes larger with increasing sample thickness. This suggests that in thicker samples, magnetization
reversal occurs via more than one domain wall process or via different magnetic states, as it is usual,
e.g., in square rings from iron [9] or in large enough square or round Fe nanodots with thicknesses of
minimum approx. 30 nm [7,8]. While in Fe nanodots, often vortex states dominated for thicker
specimens [7,8], here pure vortex states seem impossible due to the elongated sample shape. This is
why Figures 5-8 depict the spatially resolved magnetization vectors during a field sweep from positive
(along +15° or +60° with respect to the horizontal, respectively) to negative saturation for the
maximum and minimum sample thickness investigated here.

Figure 5. Magnetization reversal from Figure 6. Magnetization reversal from
positive to negative saturation for a positive to negative saturation for a
nanoparticle of thickness 3 nm under an angle nanoparticle of thickness 3 nm under an angle
of 15° to the external magnetic field. of 60° to the external magnetic field.

Fig. 5 shows magnetization reversal of the thinnest sample for an external magnetic field applied
under an angle of 15°. During field reduction, the magnetization is more and more aligned along the
sample by the shape anisotropy (2™ row), before larger and larger negative magnetic fields finally
switch it to negative saturation. Similarly, the magnetization in the sample is firstly relaxed for the 60°
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field orientation and afterwards rotated further in one step (coherent magnetization reversal) by
applying a larger and larger negative field (Fig. 6). For these thin samples, there are nearly no
differences visible for varying external magnetic field orientations.

Magnetization reversal, however, is different for the thickest samples, as depicted in Fig. 4 by the
numbers of steps which can be expected to be correlated with domain wall nucleation or other
irreversible processes. Fig. 7 depicts the steps of the magnetization reversal process for a sample
orientation of 15° to the external magnetic field. Here, magnetization reversal starts with the formation
of a vortex at the right side, rotating counter-clockwise (ccw.), followed by a second vortex at the left
side, also rotating ccw. The main part of the magnetization in the middle of the sample reversal
without destroying the vortices, only the vortex core is shifted to lower the energy necessary for the
domain wall between the main part of the magnetization and the part of the vortex rotating oppositely.
Magnetization reversal is finished by firstly the right vortex and then the left one disappearing so that
magnetization in the whole sample is aligned along the new saturation orientation. Counting these
different parts of the magnetization reversal process actually results in four steps in addition to the
main magnetization reversal step, while Fig. 4 only announced 3 steps. Comparing the processes
visible in Fig. 7 with the hysteresis loops given in Fig. 2 shows that apparently the two steps after the
main switching process, i.e. vanishing of the vortices, cannot be recognized in the hysteresis loops at
different steps.

Figure 7. Magnetization reversal from Figure 8. Magnetization reversal from
positive to negative saturation for a positive to negative saturation for a
nanoparticle of thickness 54 nm under an nanoparticle of thickness 54 nm under an
angle of 15° to the external magnetic field. angle of 60° to the external magnetic field.

For an angle of 60° (Fig. 8), the process is quite similar. Here, however, the left vortex becoming
visible firstly rotates again ccw., while the second vortex on the right side now rotates clockwise (cw.).
In addition, for a short period of time, both vortices can be recognized moving to each other, before
the main magnetization area in the middle switches, and the vortices jump back to the outer edges.
Finally, they both switch at the same external magnetic field.
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4. Conclusion

Magnetization reversal processes were investigated for an elongated nanodot, combining the usually
investigated shapes of a cylindrical nanodot and a rectangle. Depending on the thickness,
magnetization reversal works via coherent rotation — in case of thin particles — or via vortex nucleation
at the ends. The number of possible reversal mechanisms is thus strongly reduced, as compared to
round or flat nanodots of different thickness [7,8]. This finding suggests testing similar systems with
varying length of the inner rectangular area to investigate for which lengths of length-to-width ratios
how many vortices occur, and whether for longer rectangular areas, additional domain walls may
occur along the rectangular part, as it is known from pure rectangles.
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