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Abstract: Antidot lattices made of magnetic thin films are good candidates to be employed in future
magnetic recording media. In this manuscript we present a study on the effect of shape and field-
induced magnetic anisotropies on the magnetization reversal of 10 nm and 50 nm thick permalloy
antidot lattices. Rounded antidot square lattices were fabricated using a combination of electron
beam evaporation and laser interference lithography, covering surfaces of a few cm?. We demonstrate
that a magnetic anisotropy induced in the samples, as a consequence of an applied magnetic field
during growth, competes with the shape anisotropy that dominates the response of the patterned
thin films, and that the effect of the field-induced magnetic anisotropy scales with the thickness
of the antidot thin films. Finally, we have quantified the anisotropy constant attributable to the
uniaxial field-induced magnetic anisotropy in our antidot lattices. These findings are supported by
micromagnetic simulations performed using MuMax3.
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1. Introduction

Many current technological developments related to recording media are tied to the
study and generation of novel magnetic materials in the form of thin films. These include
floating solid-state thin films for dynamically reconfigurable functional nanodevices [1],
thin films undergoing all-optical switching phenomena for magnetic recording media [2],
thin films undergoing magnetic phase transitions [3], and the exploitation of static and
dynamic magnetic properties of Heusler alloy thin films towards their implementation in
recording media [4,5]. Patterned magnetic thin films are a particular subgroup of interest-
ing magnetic materials being developed for current and future technological applications,
including the study of magnetic memories through patterned topological insulator materi-
als [6], magnetic skyrmions [7], and artificially frustrated nanostructured systems [8,9].

Antidot lattices are a particularly attractive subgroup of patterned magnetic thin films,
as these provide scientists with a plethora of parameters to experiment with in order to
change the material’s properties. In particular, the shape, size, lateral dimensions, choice of
materials, and lattice geometries are engineerable variables that allow a fine tuning of the
antidot lattice properties. Specifically, changes in geometrical parameters result in a change
in the strength and profile of the stray fields [10] across the antidots, which leads to different
pinning and motion of the domain walls through the lattice [11-13]; whereas changes in
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the thin film composition and/or thicknesses lead to different coupling strengths between
magnetic domains [14-17].

To date, antidot thin films have been studied targeting specific scientific advances in
their properties and functionalities, such as engineering their perpendicular anisotropy
through material properties tuning [16,18-20]; combining soft and hard magnetic materials
in multilayered antidot lattices to engineer their coercivity [12,13,21]; studying the propaga-
tion of magnons and spin waves through the antidot lattices [15,17,22-33]; nucleating and
propagating skyrmions through the lattices [34]; enabling the antidot arrays as platforms for
spintronic applications [13,19]; enabling the antidot arrays for use as monolithic microwave
band-pass filters [25] or high density storage ferroelectric memories [35]. Nonetheless,
there is still room for improvement in terms of engineering the properties of the magnetic
materials from which the antidots are made, as this crucially affects their properties, and,
therefore, their target applications. In this regard, tuning the magnetic anisotropy of a
widely studied material for antidot lattices, such as permalloy, emerges as a promising way
to use a cheap and soft magnetic material with anisotropy landscapes common to other
harder and more expensive magnetic elements.

We studied the effect of induced competing magnetic anisotropies, namely shape-
and field-induced, on the magnetization reversal of rounded antidot square lattices made
of permalloy (Py, composition NigygFeyp). Antidot lattices with rounded geometries and
with two different thicknesses, 10 nm and 50 nm, were grown simultaneously alongside
non-patterned sister thin films for comparison purposes. The antidot lattices and non-
patterned thin films were grown with and without an in situ applied magnetic field on
the substrate during growth. We demonstrated that the magnetic anisotropy induced in
the samples as a consequence of the applied field during growth is transferred onto the
antidot lattices, even though the shape anisotropy dominates the magnetic response of the
patterned thin films. These results are accompanied by micromagnetic simulations that
qualitatively resemble the experimentally observed behavior of the antidot lattices, which
also provides information about the magnetic domain configurations upon magnetization
reversal of the antidots.

2. Materials and Methods

The samples we studied were fabricated using electron beam evaporation in the case
of the non-patterned thin films, and a combination of electron beam evaporation and laser
interference lithography in the case of the antidot films [36]. For the resist template, an
antireflective coating layer (WIDE-8B, approximately 80 nm thick, commercially available
from Brewer Science Inc., Rolla, MO, USA) followed by a negative resist (TSMR-IN027,
approximately 200 nm thick, commercially available from Tokyo Ohka Koygo Co., Ltd.,
Tokyo, Japan) were both spun-coated on top of Si (100) substrates. Subsequently, they were
double-exposed to a He:Cd laser with a wavelength of 325 nm, followed by a developing
process of the resist on AZ726 MIFE. Py thin films with thicknesses of 10 nm and 50 nm
were deposited using electron beam evaporation, followed by a 4 nm thick Al capping
layer to prevent oxidation. A lift-off process including ultrasound bath sonication during
immersion in N-Methyl-2-pyrrolidone (NMP) at 120 °C resulted in antidot lattices covering
surfaces of a few cm?. The resulting antidot lattices are shown in Figure 1. During the
thin film deposition process resist-free Si (100) substrates were also covered with Py and
Al, resulting in non-patterned thin films with the same thicknesses as those of the antidot
lattices; i.e., 10 nm Py/4 nm Al, and 50 nm Py/4 nm Al
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Figure 1. SEM images of the antidot lattices studied, including the 10 nm thick antidot lattices (a,b)
and the 50 nm thick antidot lattices (c¢,d). Panels (b,d) are tilted SEM images taken at an angle
of 30 degrees with respect to the electron beam direction. The red arrows denote the directions
along which the hysteresis loops are measured. The direction of the applied field during growth
corresponded to 0°.

The shapes and sizes of the antidot lattices were analyzed using scanning electron
microscopy (SEM) using a JEOL JSM-7000F (JEOL, Tokyo, Japan). Vibrating sample mag-
netometry was used to record room temperature hysteresis loops using a Microsense EZ
VSM (MicroSense, Lowell, MA, USA).

Micromagnetic simulations were performed using MuMax3 software [37]. Simulated
hysteresis loops at room temperature were obtained for antidot shapes resembling those of
the lattices observed in the SEM images presented in Figure 1, by making simulation masks
with similar shapes, allowing a far more realistic simulation process. Both the 10 nm and
the 50 nm thick Py antidot lattices were simulated using 2D periodic boundary conditions
(PBC) with the following parameters: magnetization saturation Mg = 860 x 103 A/m,
exchange coupling constant A = 13 x 1072 J/m, damping constant « = 0.02, PBCs (2,2,0),
periodicity 1200 nm, and unit cell size 5 x 5 x 5 nm?, smaller than the exchange length
of Py [38]. The intentional introduction of edge roughness using a mask extracted from
the SEM images presented in Figure 1 does not result in critical changes in the simulation
results, while they significantly increase the required computation times. The applied field
was simulated to be 1° off the lattice axis to account for imperfect field alignment in the real
experiments. A field-induced uniaxial magnetic anisotropy with a value of K, = 500 J/m?
was employed for the simulations. The choice of this value is justified in the Results and
Discussion section of this manuscript.

3. Results and Discussion

SEM images of the antidot lattices studied in the present manuscript are shown in
Figure 1. Figure 1a,b are SEM images of the 10 nm thick antidot lattices; Figure 1c,d corre-
spond to images of the 50 nm thick ones. Both lattices possess periodicities of 1.2 um from
center-to-center of neighboring antidots. The diameters of the antidots are approximately
750 nm. The black shadowed regions of the inside of the antidots correspond to non-magnetic
polymeric resist leftovers; their presence does not influence the behavior of the antidot lat-
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tices. The difference in the antidot roundness is attributed to slightly different exposition
and developing times during the nanofabrication processes. Very small variations in the
exposure time to the laser beam and/or the developing time of the resist after exposure can
affect pattern sizes and shapes [36,39].

As mentioned in the Materials and Methods section, when the Py and Al layers were
deposited during the nanofabrication process of the antidot lattices, patterned and non-
patterned thin films were grown with a magnetic field of 500 Oe applied parallel to one
side of the substrates, and, consequently, to one lattice axis. This will allow for a direct
comparison between the magnetic properties of the antidot lattices and of pristine thin films
with identical compositions, so that any changes can be directly attributed to competing
anisotropies in the antidot lattices.

Room temperature hysteresis loops of the continuous thin films recorded using VSM
magnetometry are presented in Figure 2. To analyze any possible anisotropy induced in
the samples, the hysteresis loops were recorded at three different angles (0°, 45°, and 90°)
from the direction of the applied field during growth. Figure 2a shows the hysteresis loops
corresponding to the 10 nm thick film; Figure 2b, shows the hysteresis loops corresponding
to the 50 nm thick film. As deducted from the measurements presented in Figure 2,
the application of a magnetic field during thin film growth induces a hard axis at 90°,
perpendicular to the direction of the applied field during growth. While the coercive field
(Hc) remains unaffected in the 10 nm thick film, irrespective of the applied field direction,
the 50 nm thick film presents a reduction in H¢ of about 25% from the one along the
hard axis (from Hcgo= 4 Oe to H¢ g9p-= 3 Oe), on the easy axis. This is consistent with
observations in Py thin films, where the developed anisotropy as a consequence of the
applied field during thin film growth decreases with the film thickness, and vanishes at
thicknesses of approximately 10 nm [40]. We can estimate the uniaxial anisotropy constant
of the field-induced anisotropy by calculating the area of the hysteresis loops measured
along the induced hard axes. According to the Stoner-Wohlfarth model of coherent rotation
of domains [41], knowing that Ms = 860 x 10°> A/m for permalloy, and using the saturating
field of that hysteresis loop as input, we obtain a field-induced uniaxial anisotropy constant
Ky ~430]/m3.
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Figure 2. Room temperature hysteresis loops recorded from (a) 10 nm thick and (b) 50 nm thick
permalloy thin films grown using electron-beam evaporation with an applied field of 500 Oe. The
angles indicated in the legend correspond to the field direction with respect to the applied field
during growth. Insets are zoomed regions around Hc for each plot.

The room temperature hysteresis loops recorded from the antidot lattices are presented
in Figure 3 as a function of the applied field angle with respect to the direction of the
applied field during growth. Figure 3a shows the 10 nm thick antidot lattice hysteresis
loops, while Figure 3b shows the 50 nm thick antidot lattice hysteresis loops. The first
remarkable difference is that the antidots present a crossover in the anisotropy of easy
and hard axis configuration, from a 90° angle between them in the thin films to a 45°
angle in the antidot lattices. This behavior is attributed to the origin of the main magnetic
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anisotropy contribution. While in the thin films the field-induced anisotropy dominates,
thus resulting in a magnetic easy axis along the growth field direction (0°) and a hard one
perpendicular to it (90°), in the antidot lattices the magnetic shape anisotropy takes over
the field-induced one, thus modifying the easy and hard axis configuration landscape,
and resulting in the observed 45° angle between axes. This is in good agreement with
previously studied antidot square lattices, where the easy and hard axes display a 45°
periodicity [42]. Nonetheless, the presence of the field-induced magnetic anisotropy is still
noticeable in the antidot lattices; the 50 nm thick sample has H¢ gpo = 30 Oe when the field is
applied at 90°, while Hc g0 = 24 Oe when it is applied along 0°. This is a reduction of ~20%
in Hc due to the field-induced magnetic anisotropy. The coercive fields measured at 0° and
90° in the 10 nm thick antidot lattice are indistinguishable, which is in good agreement
with the results observed for the non-patterned sister thin film with similar thickness.
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Figure 3. Room temperature hysteresis loops recorded from (a) 10 nm thick and (b) 50 nm thick
permalloy antidot lattices grown by electron-beam evaporation with an applied field of 500 Oe
parallel to one lattice axis (0°). Insets are zoomed regions around Hc for each plot.

As derived from a direct inspection of the hysteresis loops presented in Figure 3, the
magnetization reversal on both antidot lattices takes place in a two-step process, indicated
by the jumps observed in the hysteresis loops. There is a noticeable difference between
the 10 nm and 50 nm thick antidot lattices. For the 10 nm thick lattice, the jumps on the
hysteresis loops are sharper; the 50 nm thick lattice presents smoother jumps. This is
attributed to shape anisotropy, which affects the pinning of domains and domain walls
within the antidots: the 10 nm thick lattice presents a sharper and uniform antidot ge-
ometry, thus resulting in a narrower distribution of the domain pinning and depinning
fields, whereas the 50 nm thick lattice presents a more rounded and less uniform antidot
geometry, leading to a wider distribution of domain pinning and depinning fields [43].
The magnetization reversal mechanism observed in our antidot lattices is similar to that
observed in bicomponent antidots [44] or stadium shaped antidots [43].

To better understand the magnetization reversal process in our antidot lattices, as well
as to quantify the field induced anisotropy during growth, micromagnetic simulations
have been performed using MuMax3 [37]. Details about the specific simulation parameters
and methodology followed are described in the Materials and Methods section. The
simulated hysteresis loops for the two antidot lattices studied in the present work are
shown in Figure 4, together with insets of specific interesting magnetic configuration states
at applied fields marked on the hysteresis loops. As observed from the calculated loops, the
simulations on the antidot lattices are in good qualitative agreement with the experimentally
measured hysteresis loops presented in Figure 3. The divergences between the shapes of
the simulated and recorded hysteresis loops, which are evident for the 50 nm thick antidot
lattice, correspond to much smoother magnetization jumps on the experimental loops
with respect to the simulated ones. By inspecting the metastable magnetization states that
arise from the simulations of the hysteresis loops, we can confirm that they are related
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to the shape anisotropy of the lattices induced by the real shape of the antidots; sharp
jumps in the simulation are due to perfect shapes of the antidots, whereas smooth jumps in
the hysteresis loops originate in the non-uniformity of the shapes of the antidots within
the lattices. This results in a smooth series of domain wall depinning processes, while
in the ideal case of perfect uniform antidot shapes (which is the simulated one), a sharp
all-at-once depinning process of the domains takes place, which is evident from the sharp
magnetization jumps on the hysteresis loops. Similar to the behavior of the antidot lattices,
simulations also account for the higher Hc when the field is applied at 45°. Note that
M/Mg along the 45° direction is a factor of 0.70 times lower than that along the 0° and 90°
directions. This is because what is obtained from the simulations at 45° is the projection of
M along My, which is at an angle of 45° with respect to M.
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Figure 4. Hysteresis loops simulated on (a) 10 nm and (b) 50 nm thick antidot lattices with similar
antidot shapes to those observed in their corresponding nanofabricated samples presented in Figure 1.

The hysteresis loops presented were simulated with fields applied at similar angles to those presented
in Figure 2. The insets correspond to relevant representative magnetization states obtained from the
micromagnetic simulations in specific fields of the 0° hysteresis loops. The color scale depicting the
directions of the magnetization vectors presented in the insets is shown in the bottom central part of
the figure.

In addition to the understanding of the magnetization reversal process in the antidot
lattices, simulations also provide us with a method to quantify the field-induced anisotropy
in the lattices as a consequence of the application of a magnetic field during the thin film
growth process. This can be accomplished by varying the uniaxial anisotropy constant, Ky,
within the parameters of the micromagnetic simulations. We found that higher coercive
fields at 90° away from the direction of the field applied during growth start to develop for
K, values of approximately 450-500 ] /m3 for the 50 nm thick antidot lattices. This results
in an increase in Hc on the 90° hysteresis loop of approximately 20% of Hc along 0°. A
similar K value employed in the simulation of the 10 nm thick antidot lattices does not
yield any difference in Hc at 0° and 90°. This is in good agreement with our experimental
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observations, thus concluding that the field-induced uniaxial anisotropy constant value in
our antidot lattices is similar to the one calculated from our experimental measurements
(Ky ~ 430]/m3).

4. Conclusions

We investigated the effect of a field-induced uniaxial magnetic anisotropy on the
anisotropy landscape, and the magnetization reversal processes of antidot lattices of dif-
ferent thicknesses made of permalloy. The hysteresis loops of the antidot lattices show a
crossover in the anisotropy axes landscape, from a 90° field-induced easy-to-hard axis angu-
lar distribution in Py thin films to a 45° axis angular distribution one in the antidot lattices.
Although the 45° angular difference between easy and hard axes is well known in square
antidot lattices, here we observe that at 90° from the direction of the applied field during
growth of the lattices, which should correspond to an easy axis in a standard square antidot
lattice, the coercive field measured from the hysteresis loops is approximately 20% higher
than the one measured at 0°. This is due to the contribution of the field-induced anisotropy
to the total magnetic anisotropy of the sample. Simulations on antidot lattices with similar
shapes and dimensions are in good agreement with the experimental results, and provide
us with information about magnetic domain configurations during the magnetization
reversal process. Finally, we have quantified the field-induced uniaxial anisotropy constant
to be Ky & 430 J/m3, which is in good agreement with the anisotropy constant employed
in simulations that resemble the obtained experimental results. These results present a
promising path towards magnetic anisotropy engineering of antidot lattices in order to
tune their magnetic responses so that they can meet specific future technology demands.
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