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Abstract
Magnetic properties of Co antidot arrays with different hole sizes fabricated by a
template-assisted method have been studied by means of first-order reversal curves (FORCs)
and micromagnetic simulations. Hysteresis curves show a significant increase of the coercivity
of the antidot arrays, as compared with their parent continuous film, which depends on the
hole size introduced in the Co thin film. This effect is related to the reversibility of the
magnetic domains during magnetization reversal, since due to the appearance of pores,
domains may become trapped between them. On the other hand, micromagnetic simulations
performed on a perfect hexagonal lattice, when compared with those made on our disordered
system taken from the scanning microscope images, reveal that the presence of defects in the
antidot lattice affects its magnetic properties. Finally, FORCs show that there is greater
interaction attributed to domain–domain interaction.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Nanostructured magnetic elements have received much
attention from the scientific community in the last two decades
due to their potential applications, ranging from sensors for the
electronic and electromechanical industry, to the storage media
for the magnetic recording industry [1–3]. Such magnetic
nanostructures are possible due to the recent advances in
both lithographic techniques [4] (top-down approach) and the
processes of self-organization [5–8] (bottom-up approach).
These technologies allow scientists and engineers to control
the size and geometry of the magnetic materials, thus obtaining
a broad spectrum of magnetic properties.

One of the magnetic systems which is obtainable by
a process of self-organization is called magnetic antidots

(i.e. magnetic thin films with periodic arrays of holes).
Magnetic antidots are currently a topic intensively investigated
because they are promising candidates for a new generation of
electronic devices such as transistors and magnetic field-effect
transistor (MAGFET) chipsets [9–11]. Besides, the absence of
the superparamagnetic limit in nanostructured antidots makes
them strong candidates for ultra-high density recording media
[12] and may play a major role in the emerging field of
magnonics [13].

The presence of the ordered non-magnetic holes induces
a demagnetization field distribution that allow the nucleation
and movement of domain walls. Besides, it has been observed
that the presence of holes affects the magnetoresistance,
magnetization reversal, permeability, coercivity and the
intrinsic magnetic anisotropy of the film [14–21]. In these
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magnetic nanostructures, the magnetization reversal occurs
by the passage of domain walls through the structure, and
their pinning at the antidots leads to an enhanced coercivity
compared to that of the continuous film [22–25]. In fact, it
has been observed the presence of ferromagnetic resonance
modes whose frequencies can be tuned by varying the holes
dimensions, symmetry of the lattice and external magnetic field
[13, 21, 26–30].

While permalloy antidot arrays have been exhaustively
investigated [28, 31–33], Co antidot arrays form a particularly
interesting system as it is a hard magnetic material which
strong magnetic properties. In this work we use micromagnetic
simulations and first-order reversal curves (FORCs) in order
to investigate the magnetic properties of cobalt nanometric
antidot arrays with hole diameters of 20, 40 and 60 nm
fabricated using porous anodic aluminum oxide (AAO)
membrane as template. It is shown that by controlling the hole
diameter, the coercivity can be systematically engineered. For
completeness we have also performed numerical simulations to
investigate the magnetization reversal process in these antidot
arrays. Micromagnetic simulations were performed on a
perfect lattice of antidot (ideal system) were compared with
simulations made on a real image extracted from a scanning
electron microscope (SEM) image (disordered system) [25].
Finally, FORCs performed on antidots add information on the
interactions between the magnetic domains that appear during
the process of magnetization reversal in these systems.

2. Experimental details

The fabrication procedure of the antidot arrays includes
(i) the preparation of the AAO membranes with different
pore diameters and (ii) the subsequent deposition of cobalt
(Co) on the AAO templates. First, 0.32 mm thickness
aluminum foils (Good-Fellow, 99.999%) were cleaned
with acetone, isopropanol and distilled water, and then
electropolished for 5–10 min at a constant voltage of 25 V
in a CH3CH2OH : HClO4 (3 : 1) solution at 4 ◦C. After this
procedure, a two-step anodization process [7] was used to
fabricate the ordered antidot arrays. In the first step the
samples were anodized at a constant voltage of 40 V (pore
diameter obtained of 40 nm) and 45 V (pore diameter obtained
of 60 nm) in a 0.3M H2C2O4 (oxalic acid) solution, and at
constant voltage of 20 V (pore diameter obtained of 20 nm) in
a 0.3M H2SO4 (sulfuric acid) solution, both at 20 ◦C for 8 h.
These anodized layers were etched at room temperature for
12 h in a solution of 7 g of H3PO4 (phosphoric acid), 1.8 g of
CrO3 (chromic acid) and adding H2O up to complete 1000 ml.
The second anodization step was carried out for 6 h in the
same conditions as the first anodization step. The obtained
membranes present highly ordered pores of lattice constant
of 100 nm for oxalic acid and 50 nm for the case of sulfuric
acid. Besides, the membranes show a hexagonal order and
good uniformity in both, the pore diameter and the distance
between pores.

The magnetic antidot arrays were obtained by deposition
of Co films with 28 nm thicknesses onto the above-mentioned
AAO porous templates by dc magnetron sputtering at room

temperature. The base pressure in the chamber was
5 × 10−7 Torr, and the Ar pressure during deposition was
maintained at 3 mTorr using 20 sccm Ar flow and 50 W dc gun.
Under this condition the deposition rate was 3.5 nm min−1.
For comparison, the same magnetic structure was deposited
on a glass substrate. In order to avoid the cobalt oxidation a
2 nm Ta layer was deposited over the film. The morphology of
the samples was investigated by scanning electron microscopy
(SEM). A Carl Zeiss EVO MA 10 apparatus was used
for SEM measurements. All magnetic measurements were
performed in an alternating-gradient force magnetometer
(AGFM). Measurements were done at room temperature and
the magnetization loops were measured with the applied field
parallel to the plane of the antidot arrays.

3. Micromagnetic simulations

In order to interpret the experimental results we performed
micromagnetic simulations in a perfect hexagonal lattice with
perfectly circular holes (ideal system), and compared these
with the simulations made on a SEM image (disordered
system) that, previously treated [25], can be read by the
3D OOMMF package [34]. It is noteworthy that simulated
samples do not correspond to the real sample. This is because
the real sample has a size close to 2 × 2 mm2, including about
2 × 108 holes, and the simulated systems considered simply
a size of 1 × 1 µm2 without periodic boundary conditions
and a film thickness of 28 nm. Thus, numerical simulations
are intended to give a qualitative explanation of the effect of
disorder on the magnetic properties of antidot arrays, and do
not try in any way to reproduce the experimental results. For
the simulations the systems were divided in a mesh of cubic
cells of 4 nm3. The parameters used for cobalt were: saturation
magnetization MS = 1.4 × 106 A m−1 and exchange stiffness
constant A = 30 × 10−12 J m−1. Since we are interested in
polycrystalline samples, anisotropy is very small and can be
safely neglected. In all the cases the damping constant is 0.5.

4. Results and discussion

Figure 1 shows the SEM images of the Co antidot arrays
with average hole size of 20, 40 and 60 nm. The dark areas
of the SEM images correspond to the pores, and the bright
areas correspond to the magnetic layer supported by the pore
walls. As observed, the images reveal a quite regular hexagonal
arrangement of the pores. Furthermore, it can be seen that
the sputtered cobalt film adopts the topology imposed by the
substrate (in this case, the porous alumina membrane). Thus
no magnetic inclusions arise transforming the thin film on a
patterned medium. Insert bars in figure 1 show the distribution
of diameters of the antidots, from which one can see a good
uniformity and pore distribution, mainly due to high quality
anodizing process performed.

4.1. Hysteresis curves and magnetization reversal

Figure 2 shows the simulated hysteresis curves for disordered
(left) and ideal (right) samples for a magnetic field applied
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Figure 1. SEM images of the Co antidot arrays with average pore
diameter d of (a) 20 nm, (b) 40 nm and (c) 60 nm. Inset graphs show
the size distribution of the diameters for each sample.

parallel to the sample. From these figures we can see that
there are differences in the hysteresis curves when comparing
the simulations of ideal versus disordered antidot systems. For
example, we observe that the remanent magnetization of the
ideal sample decreases as we increase the size of the pores.
This behaviour is completely opposite to that observed for
the disordered sample, where the remanence increases with
increasing pore size, realizing that the imperfections of the
sample disturb the process of reversing the magnetization of
the sample. This latter behaviour is similar to that observed
experimentally, where the reduced (or normalized) remanent

magnetization mR (mR = MR/MS) is given by 0.75, 0.72
and 0.85 for the samples with pore size of 20, 40 and 60 nm,
respectively. It is worth remembering that the sample with
pore size of 20 nm has a interpore distance of 50 nm, much
smaller than the 100 nm distance between the pores having the
other samples.

Figure 3 summarizes the results showing the variation
of coercive field as a function of the hole diameter. It is
observed that the coercive field of the antidots is higher than
the value for the continuous film. The coercivity increases as
we move from the continuous film to the antidot array with
larger pore size (in this case, 60 nm). Besides, we observe that
the behaviour of the coercive field of the disordered system
is closer to the behaviour of the experimental data than the
behaviour of the ideal system. It is important to remember that
the simulated sample is much smaller than the experimentally
measured sample, which may account for differences in the
coercivities. In addition, simulations were performed for 0 K,
while the magnetic properties of the samples were measured
at room temperature.

From these curves we can conclude that the magnetic
properties of Co antidot arrays are strongly influenced by
the hole diameter of the samples. To better understand
this behaviour, figure 4 shows snapshots of the simulated
remanence and coercivity states for ideal and disordered
systems when the external field is applied parallel to the
thin film (antidots plane). In these images, the colour code
corresponds to the component of magnetization along the
applied field (in this case, the x direction). The snapshots
of the second column ((b), (f ) and (j )) correspond to the
magnetic configurations of the samples in the remanent state
(H = 0). According to the colour code, green zones do
not have a magnetization component along the applied field.
Thus, according to the simulations, the first stages of the
magnetization reversal takes place through the edges of the
structures. In addition, as we noted above, for the disordered
sample remanence increases as we increase the pore size. This
is because the holes do not allow the formation of a single
vortex (as seen in snapshot (m)), which hinders the start of
the reversal of magnetization in systems with large pores (see
snapshot (j )).

We will now analyse the magnetic configurations on
coercivity. Starting from snapshot (i), corresponding to a
pore diameter of 60 nm, it is observed that the magnetic
configuration exhibits a well-defined regularity, where the
domains are shown as diamonds. Such structure is consistent
with the presence of a six-folded anisotropy. Wang et al
showed that a six-fold shape anisotropy arises in permalloy
antidot structures where the pores are arranged in a honeycomb
structure [19]. In these hexagonally ordered pore geometries,
each of the directions linking one defined pore with its first
neighbours corresponds to an easy anisotropy axis, whereas
the directions linking the pore with its second neighbours will
be associated to a hard anisotropy axis. Since green stripes in
the snapshot (i) are regions with no magnetization component
along the applied field, we can conclude that in such zones
the magnetization points along the easy axis. On the other
hand, yellow stripes, which mostly go from a pore to its first
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Figure 2. Hysteresis loops for simulated systems. The figure shows the results for disordered (left) and ideal (right) systems for the samples
considered.

Figure 3. Coercivity of different antidot arrays as a function of the
hole diameter.

neighbour, are associated to the presence of domain walls. In
the case of snapshot (e) (40 nm pore diameter) fewer domain
walls are present and the size of domains is larger. These
domains seem to be oriented rather locally since the hexagonal
order is partially lost due to the presence of defects. For
the smallest pore diameter, shown in snapshot (a), almost no
domain walls are present between neighbouring pores; instead,
90 ◦ domain walls separate large domains oriented parallel to
the borders of the overall structure.

In order to decorrelate the pore diameter effect from the
hexagonal ordering, micromagnetic simulations have also been
performed keeping the pore diameter values and considering
a defect-free perfect hexagonal arrangement of the pores.
Figure 4 also shows the magnetic configurations found at
the remanent state (fourth column) as well as at the coercive
field (third column) for ideal samples. Together with the
results obtained, the magnetic configurations for a 28 nm thick
continuous film are also presented. From these images it can
be seen that a bigger pore diameter is associated to the presence
of more domains and thus to a higher density of domain

walls. Taking account the defect-free arrangement simulated
is possible to relate this fact due to the hexagonal arrangement,
where six first neighbours and six second neighbours surround
each hole. In this way, every hole configures six constrictions
with its first neighbours. Domain walls can be trapped or
pinned by these constrictions. Each of these domain walls
will experience a spatially variant dipolar interaction along the
whole structure and thus it will be subjected to a landscape
of pinning potentials [35]. A domain wall trapped in a
pinning potential can adopt several stable configurations and
can become unpinned through a complex process where a
depinning field distribution arises [36, 37]. From third column
at figure 4 it can be seen that as the pore diameter increase, the
domain wall density can be interpreted as a decreasing in the
pinning potential experienced by the domain wall. This should
be reflected in a increase on the coercivity as the pore diameter
grows. Such an increase can be observed from the M(H)

curves obtained via micromagnetic simulations and showed in
figure 2 where the coercive field is directly proportional to the
pore diameter.

As can be seen in figure 3, the coercivity of the disordered
system is less than the obtained for the ideal sample. This
difference may arise due to two reasons: the arrangement and
the exact geometry of the hole. In a real arrangement defects
appear resulting in a breaking of the hexagonal symmetry,
changing thus the number of neighbours, typically lowering
this value from 6 to 5, and changing therefore the number
of domain walls trapped around a hole. Another effect of
the symmetry breaking is that the six-fold long-range shape
anisotropy is lost, leading to less defined domains as can be
seen in figure 4, on the other hand, the exact geometry of the
hole is crucial since it determines the shape of the constriction
and therefore the punctual pinning potential experienced by
the domain walls, playing thus a major role in the coercive
field [38–41].

4.2. FORC analysis

In order to obtain further insight into the magnetic properties
of the systems, we obtained the FORC diagrams from a set of
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n)

Figure 4. Snapshots of the magnetization state corresponding to different external applied field parallel to the plane of the samples for
disordered and ideal systems. In the colour map the red colour corresponds when the magnetization is pointing in the +x direction (i.e. to
the right), and the blue one is for the magnetic moments pointing in the −x direction (i.e. to the left).

minor hysteresis loops [42]. While major M(H) hysteresis
loops provide information regarding the global (average)
behaviour of the magnetic system, FORC measurements are
more appropriate to investigate the processes taking place
during the magnetization reversal. In particular, FORC
diagrams provide information about the coercivity distribution
and interactions inside the systems and the portions of
reversible and irreversible component of the magnetization
[43, 44]. This technique has been used to study diverse
magnetic phenomena and systems [14, 45–50].

For each minor loop, one starts from the magnetically
saturated state; then the applied magnetic field is ramped down
to a particular value, called the reversal field Ha . Afterwards,
the magnetic field is increased back again toward the saturation
value. This last part corresponds to the FORC and holds
information from the previous minor loop. Figure 5 shows
the FORCs measured with the external magnetic field applied
parallel to the plane of the antidots. The contour delineated by
the FORCs corresponds exactly to the mayor hysteresis loop.

Magnetization for the Hb field over the FORC with the
initial Ha field is denoted by M(Ha, Hb), restricted to the
condition that Hb > Ha . The FORC distribution (ρ) is
thus obtained from a mixed second derivative of M(H), given
by [51]

ρ(Ha, Hb) = −1

2

∂2M(Ha, Hb)

∂Ha∂Hb

. (1)

This function extends over the entire (Ha, Hb) plane. A
FORC diagram is a contour plot of equation (1), and can be
expressed in terms of the variables Hc = (Hb + Ha)/2 and
Hi = (Hb − Ha)/2, which are the commutation (coercivity
of an entity) and interaction fields (shift of an entity) [51, 52],
allowing us to capture the reversible magnetization component,
which appears to be centred in Hc = 0. The density
function in equation (1) for a sample is obtained by numeric
derivation of the M(Ha, Hb) function, which contains all
the measured FORCs. In this way, the FORC diagram is
obtained by making a contour plot of the equation (1). Thus,
in order to evidence the differences between the systems,
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Figure 5. FORCs for antidot arrays with a pore diameter of (a) 20 nm, (b) 40 nm and (c) 60 nm, when the external field is applied parallel to
the plane of the antidots.

it is necessary to carry out FORC diagrams, as shown in
figure 6.

The FORC diagram for the thin film with 20 nm pore
diameter shows a small spot of irreversible magnetization (for
Hc > 0 Oe), with a narrow distribution of interaction and
a small distribution of coercivity centred in Hc = 106 Oe,
a value close to that of the hysteresis curve of 90 Oe. The
small spot on the diagram indicates that the system has a more
homogeneous structure of magnetic domains than the system
with larger pores. Theoretically, the FORC diagram of a bi-
stable monodomain is a point located over the coercivity axis
in a value equal to the coercivity of the system. The diagram
of the system with 40 nm pores shows a similar outlook to
that of the 20 nm pore system: only a spot of irreversible
magnetization centred in Hc = 176 Oe, a value very close to
the hysteresis curve of 178 Oe. This spot shows slightly higher
interaction and coercivity distributions than those of the 20 nm
pore system. Specifically, it shows an increase in the width
of the interaction distribution, which indicates the presence
of a more complex magnetic structure than that of the 20 nm
pore system; a larger number of magnetic domains interacting.
If we take a look now to the diagram corresponding to the
60 nm pore, we can see that a large irreversible magnetization
spot centred in Hc = 300 Oe is obtained. This system has
larger coercivity and interaction distributions than the other
two systems (20 and 40 nm), indicating the presence of a
more complex magnetic structure than those of the systems
of smaller pores. The increase in coercivity distribution
indicates that there are different magnetic regions that revert
their magnetization at distinct external fields, which results in
a denser and more complex domain structure, with smaller
magnetic domains (see figure 4). In turn, the increased
number of magnetic regions oriented in different directions
increases magnetic interaction among neighbouring regions,
which is evidenced in the increased interaction distribution in
the diagram. Finally, in all the diagrams (for 20, 40 and 60 nm)
we observe considerably greater distribution of coercivity than
of interaction, indicating the formation of a larger number of
magnetic domains. Given the two-dimensional nature of the
samples and the direction of the external magnetic field, the
effect of magnetic interaction is lower than the effect of the
formation of magnetic domains.

Figure 6. First-order reversal diagrams for antidot arrays with a
pore diameter of (a) 20 nm, (b) 40 nm and (c) 60 nm, obtained with
the applied magnetic field parallel to the plane of the antidots. The
colour scale goes from blue (representing the minimum) toward red
(maximum values).
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5. Conclusions

In conclusion, cobalt thin film have a strong magnetization
when the external field is applied in plane directions, antidots
arrays were synthesized with different pore sizes in cobalt
thin film in order to increase the coercive field value. The
morphology for cobalt antidots was characterized by SEM
and their magnetic properties were measured experimentally
by hysteresis curves and FORC diagrams. Besides, we
simulated hysteresis curves and obtained snapshots of the
magnetization to investigate magnetic configurations. In
particular, we performed micromagnetic simulations of an
ideal and a disordered systems in order to investigate the
effect of disorder in the array. From these simulations it is
observed that the disorder produces variations in the values of
coercivity and remanence measured, a fact that is largely due to
symmetry breaking of the sample. The analysis of the FORC
diagrams shows an increase in the coercivity and interaction
field distributions in the samples with larger pores. From
micromagnetic simulations and experimental measurements
we can conclude that as the pore size increases, and the
space between the pores decreases, the interaction between
the different domains that propagate produces many small
domains which consequently give rise to a domain structure
more complex, resulting in an increase in coercivity with
respect to a thin film. The increased number of magnetic
regions oriented in different directions increases magnetic
interaction among neighbouring regions, which is evidenced
in the increased interaction distribution in the FORC diagram.
In this way varying the hole diameter can be used to tailor the
magnetic properties of ordered nanoscale antidot arrays for
specific applications.
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