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Abstract

Depending on the geometry and the magnetic material with its
magneto crystalline anisotropy, magnetic nanostructures
frequently display fascinating shape anisotropies that may
provide novel potential applications. It is possible to investigate
the impact of superposing shape anisotropies with various
magneto crystalline anisotropies due to the roughly two-
orders-of-magnitude difference in the anisotropy constants of
the pure magnetic materials iron, cobalt, and nickel. In this
article, we provide results from simulations of three distinct
hexagonal-shaped nanomagnets made of iron, cobalt, and
nickel that are angle-dependent. For nickel nanomagnets, the
typical hysteresis loops, which are typically devoid of steps, are
visible. However, cobalt produces a wide variety of
magnetization reversal processes with several steps that
change over the course of repeated simulations as a result of
variations in the anisotropy axes in different grains of the
nanoparticles. Iron provides the best compromise between
steps along the hysteresis loops which were proven to be
correlated with stable intermediate states, usable for
quaternary or higher-order storage devices, and reliable
magnetization reversal processes even for sputtered samples
with arbitrary anisotropy orientations in the single grains. Our
examinations reveal that for nanomagnets on dimensions of a
few hundred nanometres, iron is the ideal material not only for
new magnetic data storage applications, but also for basic
investigations of new and possibly technologically usable
magnetization reversal processes.

Introduction

Magnetic nanostructures are of high interest for
basic research of the interplay between magneto
crystalline and shape anisotropy [1] as well as for a
broad range of applications from biomedicine to
data storage systems [2]. Recently, often magnetic
nanofibers were investigated, e.g., fibers with
structured “nano traps” which enabled multiple
magnetic states [3]. On the other hand, bent
nanofibers offer interesting magnetization reversal
processes [4, 5] and domain wall propagation
modes [6, 7]. While single magnetic nanowires are
often correlated with the racetrack memory, using
domain wall propagateton for data storage and
manipulation [8-10], the combination of two or
more magnetic nanowires allows for creating
quaternary and higher-order memory devices. This
idea is similar to the intermediate resistance states
recently found in Cu/cobalt ferrite/Pt sandwich
strucktrue which could also be used for multilevel

resistive switching [11]. Such open frames in
square [12] or hexagonal shape [13] from iron (Fe)
were shown to exhibit one or more steps along the
slope of the hysteresis loop, often correlated with
stable intermediate states which can be used as
addictional data storage state, enabling storing two
or more bits in one storage position. For other
materials, such as nickel, stable intermediate states
do not necessarily occur [14]. Closed square Fe
nanodots did not reveal such stable intermediate
states, either [15]. However, since closed areas are
easier to produce lithographically than frames with
thin “walls”, such nanoparticles would be of
interEst for bit-patterned media and other
applications if they also showed more than the
common two magnetic states at vanishing external
magnetic field. In addition, other magnetic
materials may offer new magnetization riversale
processes, such as triangular  permalloy
micropartclues  which showed magnetization
reversal either stepwise or via an intermediate state,
depending on the particse orientation [16]. Cobalt,
on the other hand, was found to exhibit different
intermediate states for diverse shapes [17, 18].
Here we report on micromagnetic simulations of
nanoparticles of three hexagonal shapes, modelled
with nickel (Ni), iron and cobalt (Co) to span a
broad range of magneto crystalline anisotropies,
investigated in deependance of the in-plane angle
of the external magnetic field. In this way, an
overview can be given under which condictions the
interplay between shape and material result in
stable intermediate states which may be used for
new storage devices.

Simulations

For the micromagnetic simulations described here,
the micromagnetic simulation program Object
Oriented Micryomagnetic Framework (OOMMEF)
was used [19]. For the materials under
examination, the original OOMMF material
parameters were adopted, corresponding to tipictal
literature values [20-22]:
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e N M, =400 % 10° A/m, A = 9% 1077 J/m,

K= -57x10° J/m®,
o Fer M, = 1700 % 108 A/m, A =21 % 10~ ]/m,
K =48%10° J/m®,

o Cor M, = 1400 % 10° A/m, 4 =30 107" J/m,
K, =520 10° J/m?,

where Ms is the magnetization at saturation, A is
the exchange constant, and K1 is the magneto
crystalline anisotropy constant. It should be
mentioned that Ni and Fe have a cubic anisotropy
while Co shows a uniaxial anisotropy. The
fundamental equation for simulation is the Landau—
Lipschitz—Gilbert (LLG) consisting of the
presessional and damping terms set at the
temperature T = 0 K. The measure of the damping
is represented by the phenomenological Gilbert
constant. It should be mentioned that while the
saturation magnetization Ms and the exchange
constant A are of the same order of magnitude for
all three materials, the anisotropy constint K1 is
growing by approximately one order of magnature
from Ni to Fe and from Fe to Co, suggesting a
significantly reduced influence of the magneto
crystalline anisotropy in Ni nanoparticles, as
compared to Fe, while the magneto
crystallineanisotropy should be clearly
doominnating in the Co nanoparticles under
investigation. The Gilbert damping constant a was
set to 0.5 (quasistatic case), and the mesh size of
the elementary cube was equal to d = 5 nm. To
model sputtered systems without theremal after-
treatment, random anisotropy axes were chopseen,
in the meaning of random distribution of the axis
orientations between cubes creating the meshed
samples. Maximum simulated magnetic fields were
chosen between 100 MT and 1 T, depending on the
material, always endSuring that the saturation was
reached, i.e., that mangetaxation reversal was
completed. Sample orientations were varied
between 0 o and 90°. As a result, longitudinal
magnetization components ML and transverse
magnetization components MT are given,
referenced to the external magnetic field direction,
as usual, with ML being parallel to the external
magnetic field and MT being perpendicular to it.
The three different shapes under examination are
depicked in Fig. 1a—c. The thickness was always
chosen as 5 nm. To make the three shapes
comparable, their areas were calculated to be
identical, resulting in the following lateral
dimensions of the rectangle covering the figures: ¢
equilateral: width 500 nm, height 500 nm -°
rectangular: width 360 nm, height 785 nm -«
concave: width 610 nm, height 530 nm

Results and discussion

Firstly, Fig. 2 depicts exemplary hysteresis loops
(Longerundial and transverse) simulated for the
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equilateral hexagon prepared from nickel. While
for the 0 ° Orienstation, the transverse
magnetization MT shows a broad range in which it
does not saturate, clearly broader than

(a) (b) (c)

Fig. 1. Shapes used for the simulations in this paper
(not drawn to scale): (a) equilateral, (b) rectangular,
(c) concave
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Fig. 2. Longitudinal (ML) and transversal
hysteresis loops (MT), simulated for the equilateral
hexagon prepared from nickel.

visible in ML, both values are similar for the other
angels under examination. For 60° and 90° angles,
steps are visible along the slope of the hysteresis
loop which will be examined further below.
Changing the material from nickel to iron, Fig. 3
shows broader hysteresis loops and more steps
along the slopes of the hysteresis loops. In all
angles besides 30°,comparelng transversal and
longitudinal  hysteresis  loops  shows that
magnetization reversal is not finished when the
Longerundial loop seems to be closed, i.e., the
external magnitic field necessary for saturation is
much larger than the coercive fields. This is also
the case for the equilateral hexagon prepared from
cobalt, except for the 90° orientation (Fig. 4). Here,
the hysteresis loops become even broader, as could
be expected due to Co having the largest anisotropy
constint. In addition, the angles of 60° and 90
show even more steps than the same shape
prepared from Fe. Next, Fig. 5 depicts exemplary
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hysteresis loops, simelated for the rectangular
shape prepared from nickel. While the 0 -
orientation shows a longitudinal hysteresis curve
which is nearly closed and could be ministerprated
as superparamagnetic, the transversal curve shows
clearly a coherent rotation of the whole
magnetization,
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Fig. 3. Longitudinal and transverse hysteresis
loops, simulated for the equilateral hexagon
prepared from iron.
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Fig. 4. Longitudinal and transversal hysteresis
loops, simulated for the equilateral hexagon
prepared from cobalt.

with the maximum values reaching 1, i.e., around
vanfishing  external — magnetic  field, the
magnetization is compolitely oriented
perpendicular to the field. The same evefact is
visible for 30°, while the maximum magnetization
is slightly smaller for the 60 orientation and nearly
vanashes for 90e, indicating that here domain wall
processes play a significant role. For iron, the
rectangular hexagon again shows sevaearl steps
along the hysteresis loops, for 0 ° again combinned
with the effect that the longitudinal loop seems to
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be closed at smaller external magnetic fields than
the transversal one (Fig. 6). For cobalt, again even
more steps are visible in all angular orientations, as
presented in Fig. 7. It should be mentioned that
some of them are too small to be of techno logical
relevance since for such nanomagnets, it is always
necessary to take into account small deviations of
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Fig. 5. Longitudinal and transversal hysteresis
loops, simulated for the rectangular hexagon
prepared from nickel.
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Fig. 6. Longitudinal and transversal hysteresis
loops, simulated for the rectangular hexagon
prepared from iron.

the shape due to the lithography process. This
indicates that stopping and reversing the external
magnetic field at a certain step is only possible if
this step is broad enough; else the different states at
remanence may be inseparable. In addition, it must
be tested whether these states are not only stable at
remanence, but can also be distinguished in a
measurement. For the concave hexagon, the
simulations of nickel again show clear broad
transverse peaks and corresponding steps in the
hysteresis loops for all angles but 0 - (Fig. 8),
indicating the possibility to use these steps for
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quaternary data storage applications. For iron, Fig.
9 shows unusual longitudinal and transversal
hysteresis loops, but not with significantly
increased numbers of steps, indicating that this
shape may be not favourable in comparison with
both other nanoparticle shapes.
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Fig. 7. Longitudinal and transversal hysteresis
loops, simulated for the rectangular hexagon
prepared from cobalt.
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Fig. 8. Longitudinal and transversal hysteresis
loops, simulated for the concave hexagon prepared
from nickel. Finally, the concave hexagon prepared
from Co (Fig. 10) depicts several steps in the
longitudinal and the transverse hysteresis loops,
offering several potentially stable states at
remanence especially for the angles of 30 and 60-.
To visualize the differences between the three
materials, Fig. 11 shows exemplary magnetization
reversal processes of the rectangular hexagon under
a field orientation of 90-. For nickel, only a small
deviation from the orientation of the external
magnetic field (“vertical”) is visible before
magnetization is reversed. For iron, this effect is
much stronger pronounced. Here, the final state
before complete magnetization reversal shows a
strong meander, comparable to the horseshoe state
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which can occur in open square frames and similar
nano shapes. Cobalt, on the other hand, behaves
differently. Even in the saturated case (left image),
it is clearly visible that
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Fig. 9. Longitudinal and transversal hysteresis
loops, simulated for the concave hexagon prepared
from iron.
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Fig. 10. Longitudinal and transversal hysteresis
loops, simulated for the concave hexagon prepared
from cobalt. the magnetization orientation differs in
several small areas, arbitrarily distributed along the
nanomagnet. With reduced external magnetic field,
some of these regions — which are not clearly
separated by domain walls — become more
dominant and integrate other, sometimes smaller
areas. Before the main step of the magnetization
reversal occurs (from image 3 to image 4), there are
also meander structures visible, but less structured
than for the Fe nanomagnet. It should be mentioned
that here still small areas are visible with the
magnetization orientation differing from the
surrounding material. Magnetization reversal thus
does not occur at once, as for iron or nickel, but in
several steps, as visible in the 4th image in which
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most of the magnetization is switched, but several
areas are still oriented against the external magnetic
field which is now oriented from top to bottom. In
the last image depicted here, magnetization reversal
is still not completed; at the bottom corner a small
area still has to switch.

Ni

Fig. 11. Snapshots of key points of the
magnetization reversal processes for Ni, Fe, and Co
in the rectangular hexagon for the external
magnetic field oriented along 90-. Magnetization
orientation sweeping from “up” to “down” (see
inset at the top). Color code: red — magnetization
pointing to the right, blue — magnetization
pointing to the left. The full videos are available as
supplementary material.

These images indicate that Co is not the ideal
material for nanostructures in the dimensions
examined here. The most interesting material for
these dimensions seems to be iron, while for
thinner structures, cobalt can be expected to show
sufficiently high magneto crystalline anisotropy for
an adequate interaction with the shape anisotropy,
as it is the case here for iron.

Conclusion

By using micromagnetic simulations, several
hexagonal nanomagnets made of nickel, iron, and
cobalt were examined. While cobalt's strong
magneto crystalline anisotropy prevented reliable
magnetization reversal processes for sputtered
samples, or nanomagnets with arbitrary orientations
of the single magnetic cells, nickel nanoparticles
demonstrated  straightforward magnetization
reversal processes that were frequently based on
coherent rotation of the magnetization. Iron
demonstrated most promising numbers of stable
intermediate states that could be clearly separated
from one another for the sample size examined here
in the range of about 100 nanometres. This makes
especially the equilateral iron hexagon an
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interesting nanoparticle for the development of
quaternary or higher order data storage devices
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