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MICROMAGNETIC STUDY OF IRON NANOWIRE ARRAYS
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Permanent magnets are essential components of various types of electric motors, generators, and other important technology.
The strongest permanent magnets are made of rare earth metals. Examples of these rare earth magnets are the neodymium-
iron-boron magnet (NdFeB) or the samarium-cobalt magnet (SmCo). However, permanent magnets rich in rare earth metals are
expensive and thermally unstable. It would be extremely beneficial if permanent magnets could somehow be developed by using
cheap and thermally stable transition metals. Cobalt nanowire arrays have been developed in the past by chemical methods and
it has been found that this type of systems can exhibit large coercivities of up to almost 1 MA/m, which can become comparable
with NdFeB/SmCo magnets at high temperatures. In this article micromagnetic simulations are used to study various iron
nanowire arrays. Thus, it can be determined why these assemblies give rise to incredible magnetic properties. The advantage of
micromagnetic simulations is the ability to analyze a broad range of geometries and materials and to get an insight into the

physics behind the observed magnetic properties.

1. INTRODUCTION

The attention of the scientific community regarding
electromagnetism has been directed in the last decades
towards the study of ever smaller systems, such as micro-
and nanoscopic ones [1]. In the light of this new trend, the
implied physics changed to a combination between
quantum physics and macroscopic physics, especially in
what is known as micromagnetism [2]. Several studies
show that using soft magnetic microscopic systems can lead
to developing permanent magnets with little to no need for
rare-earth components to be added [3,4]. Permanent
magnets are key components of many types of applications
such as actuators [5,6], motors, micro-motors [7], energy
harvesters [8] and so on. Other studies focused on the
design and simulation of large nanowire arrays, be they
segmented or not, for they have promising applications in
the realm of magnetic sensors, recording media, magnonic
crystals [9,10], hard disk drives (HDD), magnetoresistive
random access memories (MRAM) [1] and others such as a
three-dimensional racetrack memory [11], spintronics [12]
or micro-electro-mechanical systems (MEMS) [13].
Increased thermal stability makes nanowire arrays a perfect
candidate for designing MEMS [14].

Multiple systems of different compositions (Fe, Co, Fe-
Co, etc.) have been analyzed in previous research, such as
spheroids, cylindrical nanowires — isolated or arrays,
segmented (typically two parts with different magnetic
properties and one non-magnetic part) or not, embedded in
magnetic or non-magnetic matrices [3,14—18] and many
others. The studies that focus on nanowire arrays can be
categorized into three main classes — (i) the ones which focus
on obtaining the nanowires, mainly through electrodeposition
on nanoporous membranes such as anodic aluminum oxide
(AAO) templates, and the characterization of their magnetic
properties [19-24]; (i) the ones which employ
micromagnetic ~ simulations  to  better  understand
magnetization reversal processes, nucleation, hysteresis loop
formation [3,4,14,15,18,25,26]; (iii) the ones which deal with
the interactions and reversal mechanisms in ferromagnetic
nanowire arrays [27-33,17]. Most of the articles agree upon
a few remarks, such as the fact that the coercive field

increases when the diameter gets smaller and smaller; the
shape anisotropy of high aspect-ratio nanowires (length
divided by diameter) makes the coercive field to stop from
rising after a certain point (L/D>10 [34]), in which case the
nanowires can be considered infinitely long; nucleation of
cylindrical nanowires begins at the its ends through vortex
states [3,14,26]. The interaction between interacting
nanowires has been studied in several studies by using first-
order reversal curve diagrams, FORC [28-33]. To obtain
knowledge about the reversal mechanisms, the coercive field,
and the rectangle degree (also known as squareness) of the
hysteresis loops, defined as the remanent magnetization
divided by the saturation magnetization (Mr/MS), have been
studied [27]. More details about synthesis of nanowire arrays,
magnetic properties and applications of cylindrical nanowires
can be found in [27,35].

In this article we continue the studies on iron nanowire
arrays with variable diameter, length, inter-wire distance
and number — either finite or partially infinite — by
numerically simulating their magnetization distribution,
from which magnetic properties can be deduced. The
purpose of this study is to further understand the
magnetization reversal processes, hysteresis loop shapes
and try, if possible, to extrapolate to what would happen at
experimentally measurable systems.

2. NUMERICAL SIMULATION

In micromagnetism the main unknown is the
magnetization distribution, M. The goal of the
micromagnetic model as far as statics is concerned is to
discretize space and find M at each discretization cell
such that the total energy of the system, as given by
various M dependent factors, reaches a minimum [1,35].
The energy factors include cubic or uniaxial anisotropy
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when placed in an external magnetic field, known as the

Zeeman energy term, E,,, =—L, IM sm-H,, dV and other
Qm

terms [35]. Here, K is the cubic anisotropy constant, A is
the exchange constant, M is the saturation magnetization,

the M/Mg,

m; =e;,-m, with e, being one of the three anisotropy axis.

mis normalized magnetization, and
To solve for mone has to solve the following constraint

optimization problem: min(E tot [m]) such that
|m(r)| =LVreQ,,, where Q, represents the domain of the

magnetic material. One could also integrate in time the
Landau-Lifshitz-Gilbert equation to obtain the relaxed state,
but it is not efficient for computing hysteresis curves [36].
The equations of micromagnetism must be computed
using numerical methods such as finite difference method
(FDM), appropriate for rectangular geometries, or finite
element method (FEM), appropriate for rounded geometries
[36]. These methods are implemented in many available
resources [2], but the one we have used in this paper is
Ubermag [37,38], a Python interface for OOMMF [39],
which uses FDM, a far less computationally intensive
method than FEM. The “Ubermag” software is a collection
of packages which allow for defining the problem to be
solved in the Python ecosystem, while the actual calculations
are done by the computational backend, which is OOMMEF.
Iron parameters have been taken from reported values in
various publications [1,26,34,40] as being
My =1.7-10°A/m, K =0.48-10°J/m* and A4 =21 pJ/m.
Discretization cells have been chosen such that the
maximum length along a certain dimension is below

l,, = f 24 ;= 3.4 nm, the exchange length [15] of iron.
HoM g

Other materials have been already studied in the past, out of
which cobalt has shown interesting properties, such as high
coercivity [41-43].

For every set of simulations, the discretization cells had
the same dimensions, approximately 2 nm per dimension.
The approximation of the curvature of the cylinders with
cubic cells is a source of errors. To minimize errors, one
must choose the diameter of the circular cross-section much
larger than the dimensions of the discretization cell.

3. RESULTS AND INTERPRETATION

The first analyzed system consists of one L = 200 nm long
nanowire with its diameter D = 30 nm placed in uniform
magnetic field directed along the nanowire’s long axis. The
hysteresis loop was constructed by sweeping the external
magnetic field from a minimum value to a maximum value and
back. To illustrate how shape anisotropy influences the
magnetization distribution, we have also simulated the
hysteresis curve for an applied field perpendicular to the easy
axis of magnetization. The results of this simulation are shown
in Fig. 1. From this figure it is deduced that when the applied
field is along the easy axis, the magnetic moments are less
likely to deviate from the parallel direction to minimize the total
energy, but when the field switches sign and hits a critical point,
all the magnetic dipoles turn at once, pointing again in the
direction of the field. As opposed to this behavior, when the
applied field is perpendicular to the easy axis, the squareness of

the loop is approximately zero. Both behaviors are due to the
strong shape anisotropy of the high aspect-ratio nanowires.
Hysteresis curves for one nanowire
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Fig. 1 — Hysteresis loops for one cylindrical nanowire; (black) — the
applied field is parallel to the easy axis of magnetization; (red) — the
applied field is perpendicular to the easy axis of magnetization.

Next, it has been investigated the behavior of the
hysteresis curves of one nanowire with fixed diameter D =
30 nm and variable length L. The hysteresis curves are
plotted on the same graph in Fig. 2.
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Fig. 2 — Hysteresis loops for one nanowire with fixed diameter D = 30 nm
and variable length; the applied field was taken along the length of the
nanowire.
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Fig. 3 — Hysteresis loops for one nanowire with fixed length L =200 nm
and variable diameter; the external field was applied in the same direction
as the length of the cylinder.

One thing that can be noticed is that, as reported in other
studies, the coercive field remains constant as L/D grows
above a certain threshold. The squareness of the loop goes
closer to 1 was L/D grows above 13. Another thing is the



3 David Constantin, et al. 11

important role of the shape anisotropy energy — bigger
aspect ratios lead to loops with higher squareness when
applying the external field along the long axis.

The dependence of the coercive field on the diameter of
the nanowire can be shown by plotting the hysteresis curves
for cylinders with fixed length L = 200 nm and variable
diameter, as can be seen in Fig. 3. This figure proves that
the coercive field decreases strongly with the increase of
the diameter, behavior seen in other studies on multiple
types of systems.

Finally for the one nanowire, Fig. 4 presents the
magnetization distribution for an applied field value of -
0.23 MA/m. Here it can be seen that the magnetization
reversal takes place by nucleation at the top and the bottom
of the nanowire through vortex states.

Fig. 4 — Magnetization distribution along one nanowire with L =200 nm,
D =30 nm at an applied field value equal to —0.23 MA/m; the color
encodes the z-component of magnetization.

The second analyzed group of systems was the group of
finite arrays of cylindrical nanowires. Here there are
described results for n, xn,arrays of nanowires with L =

250 nm, D = 15 nm and inter-wire spacing as measured
from edge-to-edge 6 = 3 nm. Here, n. represents the number
of nanowires along the x-axis and 7, stands for the number
of nanowires along the y-axis.

The simulations were performed on 1x1, 2x2, 3x3, 4x4
and 5x5 arrays of cylindrical iron nanowires. The hysteresis
loops are shown in Fig. 5.

Hysteresis curves for Ny X Ny nanowire arrays
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Fig. 5 — Hysteresis loops for finite nanowire arrays of 1x1, 2x2, 3x3, 4x4
and 5x5 nanowires; they are arranged hexagonally and the inter-wire
spacing was chosen to be 3 nm.

To get an idea of how the nanowires are arranged into the
arrays, Fig. 5a shows the example of a 3x3 array. The
hysteresis loops are computed for the whole system of
nanowires, as if they were enclosed in an air box. They

show that increasing the number of nanowires introduces
some “steps” in the loops. Basically, at each step there is a
certain number of nanowires that completely switch their
magnetization from antiparallel to parallel with the applied
field. Also, the hysteresis curves become more oblique-
shaped as the number of nanowires grows, getting closer to
how experimental data seen in other studies look like.

Fig. 5a — Geometry of a 3x3 nanowire array.

The effect of demagnetization energy might be seen by
varying the inter-wire distance. To that end, we have
simulated 2x2 arrays placed at various distances apart. The
hysteresis curves can be seen in Fig. 6.

Hysteresis curves for 2 X 2 nanowire arrays
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Fig. 6 — Hysteresis loops for a 2x2 array of nanowires placed at various
inter-wire distances, 6, taken as the distance between the two closest edges
of two neighboring nanowires.

A cross section through the top of the nanowires for the
= 3 nm case at an applied field value where we see the
intermediate state (magnetization is close to zero) is shown
in Fig. 6a. This figure demonstrates that the intermediate
state is characterized by two nanowires which have the
magnetic moments pointing in the same direction as the
applied field and two nanowires which have the magnetic
moments pointing in the opposite direction. The blue ones
will always be the first ones to switch in this configuration
because the demagnetization field created by the
neighboring nanowires will be higher on them than on the
red ones and it will also be in the same direction as the
applied field, which will result in a stronger effective field
applied on the blue nanowires, so they switch faster. The
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farther away the nanowires are placed from each other, the
less the demagnetization field “helps” the applied field to
switch the nanowires, so the switching field occurs at
higher applied field values, as can be seen from Fig. 6.

The goal of this study was to simulate the behavior of
infinite arrays of nanowires to be able to make implications
about how experimental systems might behave. The infinite
size along the y-axis was simulated by making use of
Ubermag’s periodic boundary conditions, PBC.
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Fig. 6 — Hysteresis loops for a 2x2 array of nanowires placed at various
inter-wire distances, 6, taken as the distance between the two closest edges
of two neighboring nanowires.

Figure 7 illustrates how PBCs are used. Firstly, the yellow
shaded part is the original created system. The red circles
represent the cross sections of the nanowires. This original
system is than used to make identical copies along the y-axis,
as are the gray shaded parts. This behavior simulates an
infinite system along the y-axis. The image copies are placed
such that the ensemble of original cell and image cells looks
like how a real and very large system would be. The green
hexagons are not part of the system, they were drawn to
highlight the hexagonal geometry of the lattice. So far, PBCs
along the x-axis cannot be applied because Ubermag does not
support PBC along multiple dimensions coupled with using
demagnetization energy. This feature might become available
in the future, and we plan on using it to simulate a fully
infinite system, as a single axis on which infinity cannot be
achieved might not allow us to extrapolate to large arrays of
nanowires due to edge effects.
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Fig. 7 — Image showing how nanowires are arranged to create infinite
systems; yellow area shows original cell, gray areas show copies obtained
with PBC.

To compensate for this fact, we have made multiple
systems with increasing number of nanowires along the x-
axis, trying to extrapolate to what would happen when this
number goes to infinity, but it would be too

computationally intensive to add hundreds, or maybe
thousands of nanowires along the x-axis, so the
extrapolation might not be exact. The simulated hysteresis
curves are shown in Fig. 8.
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Fig. 8 — Hysteresis loops for partially infinite array of nanowires; infinity

along the y-axis was obtained by means of PBC and along the z-axis was

obtained by choosing an aspect-ratio bigger than 13. Along the x-axis we
have simulated an increasing number of nanowires, up to 30.

The results show that the hysteresis curves become
smoother and smoother as the number of nanowires along
the x-axis increases. Also, analyzing the “30x2 — PBC on y-
axis” case we can deduce the coercive field as being above
0.2 MA/m and the squareness well above 0.25, having a
remanent polarization greater than 0.534 T. In experiments,
cobalt nanowire arrays have been shown to be even better,
the coercivities being somewhere between 0.5 MA/m to
1 MA/m [41-43], but more simulations need to be done to
find geometries and material choices that are fitting the
needs for permanent magnet applications.

4. CONCLUSION

In conclusion, this study shows that structures with
ferromagnetic nanowires could be designed such that they
have suitable magnetic properties for developing permanent
magnet-based applications. Simulations are important
because they allow us to understand the underlying
mechanisms behind hysteresis loops and associated
magnetic properties, thus making possible designing
systems with predictable properties. Here we found that
high aspect-ratio interacting iron nanowires arranged in a
hexagonal array could be a rare-earth free alternative for
designing permanent magnets, but further investigations
must be performed to have a clearer picture on what
arrangement might prove to be the most efficient. Also, we
plan on using a FEM approach to study cylindrical
nanowires in the future, potentially applying PBC along all
axes. Other plans include studying suitable materials for
magnetic recording [44] and infinite arrays of Fe3;O4
nanoparticles as they have been shown to have important
biomedical applications [45].
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