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A B S T R A C T

An anomalous magnetic behaviour has been observed for transition metal (Fe, Co and Ni) based antidot nanos-
tructures by modifying only the lattice geometry of the nanoholes array. A series of ferromagnetic, FM, antidot
arrays have been fabricated by depositing them onto nanoporous alumina membranes with different pore di-
ameters, d, varying in the range between 32±2 and 93±1nm and maintaining fixed the inter-holes distance,
Dint =103±2nm, and layer thickness, t=20nm, but reducing the edge-to-edge separation between adjacent an-
tidots, (W=Dint – d). A noticeable change of the in-plane coercivity dependence with W has been observed with
an in-plane critical edge to edge distance, WC//, at which the in-plane coercivity behaviour with W is changed.
In addition, for antidot samples with large W the in-plane hysteresis loops show single-step magnetic behaviour.
Meanwhile, the INP hysteresis loops with W<WC// show multistep magnetic behaviour. The decreasing of the
in-plane coercivity for FM-antidot samples with W<WC// is correlated with the increase of the out-of-plane con-
tribution to the magnetic anisotropy i.e. increase the out-of-plane coercivity with increasing the nanohole size of
antidots. These findings point towards a new nanotechnological strategy of fabrication arrays of magnetic bits,
i.e., basic elements for magneto-optic perpendicular recording patterned media, embedded into a continuous 2D
structural system and spintronic devices.

1. Introduction

Magnetic antidot arrays are two-dimensional nanostructures that
contain an ordered array of periodic lattice of “holes” inserted in a con-
tinuous magnetic thin film, which permit them to show unique mag-
netic properties. The existence of spatially ordered arrays of nanoholes
induces a demagnetization field distribution, which can modify the
magnetic properties of the continuous thin film such as its magneti-
zation reversal mechanism, the switching field and the intrinsic mag-
netic anisotropy [1]. In addition, the competition between shape (in-
duced by nanoholes) and intrinsic anisotropy (induced during the film
deposition process) makes the antidot arrays intriguing, as the mag-
netization reversal process is commonly tuned by the lattice parame-
ter of antidot arrays [2], which can behave as pinning centers hinder-
ing the displacement of magnetic domain walls [3]. Therefore, the con-
trolled manipulation of nanoholes size and their separation interdistance
allows for the possibility to tailor the magnetic hardness of the array
[4–6]. Recently, antidot arrays are exciting scientific playgrounds for
fundamental research and their application on high density information
storage, spintronic, logic circuit and bio magnetic sensing [7–12]. For
all these applications, the ability to control the strength and orienta-
tion of magnetic anisotropy becomes essential, especially for the ther-
mal stability and switching reliability of magnetic bits. Nevertheless,
the astonishing development of nanofabrication techniques in the last

decades has opened the door to a new strategy for the patterning of
nanostructures, which allows for the modification of the local magneti-
zation distribution in a controlled way [13–17].

In this work, we demonstrate that by properly controlling the geo-
metrical parameters of former alumina templates it can noticeable mod-
ify the magnetic properties of ferromagnetic (FM)-antidot arrays thin
films. Anomalous in-plane coercivity dependence behaviour with W has
been detected for Fe, Co and Ni-antidot arrays samples. Critical in-plane
edge-to-edge distances between nanoholes, WC//, of 18, 24 and 33nm
have been found for Fe, Co and Ni-antidots, respectively, where the
in-plane coercivity starts to decrease with decreasing the W, while the
out of plane coercivity increases rapidly with W decreasing. In addition,
other critical antidots edge-to-edge distances, WC⊥, around of 14nm and
22nm have been found for Co and Ni antidots, respectively, where the
crossover of the magnetization from the in-plane to out-of-plane occurs.

2. Methodology

The pre-patterned templates for the Fe, Co and Ni-antidots, AD,
arrays consisting of hexagonally ordered nanoporous alumina mem-
branes were produced through the conventional two-step mild anodiza-
tion process [18]. The two-step electrochemical anodization was per-
formed in 0.3M oxalic acid, at a temperature range between 1 and 3 °C
together a potentiostatic applied voltage of 40V, measured versus a Pt
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counter electrode. To obtain the highly ordered nanoporous alumina
templates, the samples were immersed in 0.2M CrO3 and 0.6M H3PO4
aqueous solution. During the second anodization step, which lasted for
5h, the nanopores grew following the highly self-ordered hexagonal
symmetry pre-patterned during the first anodization process. To ob-
tain nanoporous alumina templates with different pore size, the sam-
ples were chemically etched in 5wt% orthophosphoric acid at 30 °C, for
different etching times that were varied between 5 and 55min [19].
This procedure allowed us to obtain a series of nanoporous alumina
templates with a wide range of different pore diameter, d, varied be-
tween 32±2 and 93±1nm, but keeping constant their interpore dis-
tance, Dint, to the fixed value of 103±2nm. The controlled deposition
of the metallic film formed by highly pure metal pieces of high purity
FM metals (99.999%), was performed by high vacuum thermal evapora-
tion technique using an E306A thermal vacuum coating unit (Edwards,
Crawley, UK) with an ultimate vacuum from 3.8×10−7 to 4.3×10−7

mbar, having a diffusion pump backed by rotary pumping together with
a liquid nitrogen trap [12]. Some pieces of the pure FM transition
metal (Fe, Co and Ni) element were placed inside a water-cooled cop

per crucible and heated under the action of magnetically focused elec-
tron ion-beams. The evaporated target metal was deposited on the
top-surface of the hexagonally ordered nanoporous alumina membranes,
which acted as templates to obtain the ordered arrays of the antidot thin
films [20]. Continuous thin films, CTF, were also deposited on a glass
substrate, with the same values of thickness than for the antidots sam-
ples, in order to compare the obtained results. The experimental details
about the deposition conditions have been already reported elsewhere
[12,18,19].

After the thermal layer evaporation process, all samples were ana-
lyzed using scanning electron microscopy (SEM, JSM 5600, JEOL, Ak-
ishima, Tokyo, Japan) to measure the nanohole diameter, d, and the
inter-holes distance, Dint. Fig. 1(a, b, and c) shows the top view im-
ages of selected Co antidot samples with small d, i.e. large W around
73nm, [Fig. (1a)], and small W around 28nm and 14nm, [Fig. (1b)],
and [Fig. (1c)]. We observed for all samples a well-ordered hexagonal
arrangement of holes with a constant periodicity of 103±2nm, in good
agreement with what is commonly obtained in the patterned alumina
substrate after the two-step anodizing procedure in oxalic acid at 40V.

Fig. 1. SEM images of Co layer deposited on the top-surface of nanoporous alumina membranes with varying the antidots edge to edge distance, W: (a) 73nm, (b) 28nm and (c) 14nm.
d) edge to edge distance versus hole diameter, d for Co thin layer deposited on the alumina templates.

2



UN
CO

RR
EC

TE
D

PR
OO

F

M. Salaheldeen et al. Journal of Magnetism and Magnetic Materials xxx (xxxx) xxx-xxx

Samples with etching time=53min show the maximum pore diameter
of 93±1nm, i.e. minimum W ≈ 11nm, and corresponding hole size
around of 89nm, i.e. W ≈ 14nm, which can also be achieved for the Fe,
Co and Ni-antidot thin film samples, respectively, [Fig. (1c)]. Fig. 1d
summarizes the evolution of the antidots edge to edge distance as a func-
tion of the hole diameter of Co antidot arrays film. Here, W takes values
in the range from 73nm down to 13nm, which is plotted as a function of
d. A linear relationship is found between W and d as show in [Fig. (1d)].
It is worth to mention that the values for W here reached are lower than
the ones previously obtained with similar techniques [21–25].

3. Results and discussion

The surface magneto-optic properties of the Fe, Co and Ni-anti-
dot array thin films were measured making use of a scanning laser
Magneto-Optical Kerr Effect (MOKE) magnetometer,
NanoMOKE3® (Durham Magneto Optics Ltd., Durham, UK), being able
to apply an external magnetic field value up to 0.125T by using the
quadrupole electromagnet option, or up to 0.5T with the dipole electro-
magnet option. The NanoMOKE3 magnetometer is matched with p-po-
larized laser beam and it is sensitive to the longitudinal, transversal
and polar- MOKE. The measurements have been done at room tem-
perature (RT) and in both, parallel (In Plane, INP) and perpendicular
(Out-of-Plane, OOP) directions to the film plane, respectively.

Fig. 2 represents selected INP and OOP hysteresis loops of Fe, Co
and Ni antidot arrays thin films with W ranging between 73 and 14nm,
together with the ones for unpatterned Fe, Co and Ni continuous thin
film, CTF, of the same layer thickness with 20nm, which was employed
as a reference sample. Several differences between INP magnetic prop-
erties of Fe, Co and Ni antidots have been found comparing to their cor-
responding CTFs. Firstly; the in-plane hysteresis loops lose its square-
ness and become wider. This fact is consistent with the scenario where
the antidots are acting as pinning centers for the displacement of mag-
netic domain walls and lead to increasing the in-plane coercivity i.e.
wider hysteresis loops [19,26]. Also, the INP loops with W=18, 22
and 28nm for Fe, Co and Ni antidot films show multi-step magnetization
behaviour, which indicates a strong effect of domain wall pinning and
complex magnetization reversal process, as shown in Fig. 2(c, g and k).
The possible reason for the multistep magnetic behaviour is attributed to
the fact that the material inside the walls of the nanoholes can exhibit a
different magnetization orientation, OOP in this case, contributing to the
harder magnetic step, while the material in between the pores shows the
INP magnetization, corresponding to the softer magnetic step [27–29].
Meanwhile, the hysteresis loops of the small hole diameter, i.e. larger W
samples, exhibit a single magnetization reversal step as shown in Fig.
2(b, f and j). For FM-antidot sample with W≤18nm, a sharp drop of the
HC// while increasing in the OOP coercivity, HC⊥, have been observed as
plotted in Fig. 2(d, h and l), respectively.

Fig. 3 summaries the evolution of HC// and HC⊥ of Fe, Co and Ni
antidot arrays thin films with respect to W evolution. The maximum
value of HC// about 570 Oe was obtained for the Ni antidot sample
with W=33nm, which is approximately 8.5 times larger than the un-
patterned film coercivity. Then, an unexpected HC// decreasing with W
appears as indicated in Fig. 3a. The same tendency for HC// has been
observed in Fe and Co-antidot arrays with decreasing the edge-to-edge
distance, as plotted in Fig. 3a. Maximum HC// values of 1040 Oe with
W=18nm, and HC// =765Oe with W=24nm have been found for
Fe and Co-antidot samples, respectively. These HC// values are approx-
imately between 15 and 17 times larger than the ones for unpatterned
thin film, as shown in Fig. 3(a). Therefore, an in-plane critical edge to
edge distance, WC//, has been detected for Fe, Co and Ni-antidot sam-
ples, where HC// starts to decrease with W decreasing while the out of

plane coercivity, HC⊥, increase rapidly with W decreasing. Thus, it can
be found that the HC// α 1/W for antidot samples above the WC// while
the HC// α W for antidot samples below the WC//.

A sharp increase in HC⊥ for antidot samples with W<WC// has been
observed as plotted in Fig. 3. In fact, antidot arrays thin films de-
posited on the top-surface of nanoporous alumina templates reproduce
the intrinsic surface roughness of the patterned templates and develop a
crescent shape during the thin film deposition process [28–32]. These
two morphological features can determine the magnetic anisotropy of
the material. Thus, the magnetic moments between nanoholes remain
aligned parallel within the film plane, while magnetic moments along
the walls of the nanoholes are perpendicularly aligned to the film plane
[19]. The effect on the magnetization component along the perpendicu-
lar direction to the sample surface becomes higher and stronger as the W
decreases [27,33]. In addition, as W is further decreased, the interdis-
tance between adjacent holes becomes narrower and the film area that
has to be nucleated is very small, therefore the magnetization reversal is
more favorable via the coherent rotation rather than domain wall move-
ment, which may lead to decrease the HC// [26]. Simultaneously, the
HC⊥ is increasing rapidly until it reaches the value of HC// at W=22nm
for Ni antidot and W ≈ 17nm for Co antidot, as show in Fig. 3a and b.

Therefore, the well-known phenomenological law (HC//
[33–41] is found to be not valid for all cases; but it has

a limitation corresponding to the current results, where (HC// for
W≥WC// and HC// W for W<WC//.

It is worth noting, the relationship between the W of the Fe, Co
and Ni antidot array thin films and the coherence radius ( =

= lex) [42] of (Fe, Co and Ni) since the later refers to
the maximum size of a uniformly magnetized particle, where magneti-
zation reversal takes place by coherent rotation rather than domain wall
movement [42,43]. Therefore, the reported values of the coherence ra-
dius for the magnetic materials within the scope of present study are
listed in Table 1.

From comparison between W and values, it can be found that
the WC// > for Fe, Co, and Ni antidot arrays samples. When is
similar to the value of W, the HC⊥ is increasing rapidly until HC⊥ ≥ HC//
for antidot samples with W ≤ , as plotted in Fig. 3. Those indicate
that for antidot arrays thin film with W close to the value, where
the magnetization reversal mechanism changes from magnetic domain
wall movement (for AD with large W) to magnetization rotation of sin-
gle domain (for AD with short W) [19,26,43,44]. Thus, the crossover
of the easy magnetization axis from the INP to OOP direction has been
detected at the critical value of the antidots edge-to-edge distance, WC⊥,
for Ni and Co antidot with WC⊥ = 22nm and 14nm, respectively. Unfor-
tunately, we could not be able to reach the WC⊥ for Fe antidot thin films
due the lowest value of W for antidot samples that could be obtained in
current work was 14nm, which is higher than the of Fe.

4. Conclusion

In summary, the magnetic properties of FM-antidot arrays are
strongly dependent on the geometrical parameters of the former
nanoporous alumina template. The current results suggest a unified de-
scription of the magnetic behaviour of FM-antidot arrays thin films
along the change of HC// behaviour with W that takes place at the
critical antidots edge-edge distance (WC// = 18nm, 24nm and 33nm)
for Fe, Co and Ni-antidot arrays samples, respectively. At the critical
edge-edge distance, the maximum HC// has been obtained due to two
different complex domain wall pinning mechanism, between the neigh-
bouring holes and inner wall of the holes. The multistep magnetic be-
haviour observed for antidot samples with W<WC// reveals the strong
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Fig. 2. In-plane (black) and out-of-plane (red) hysteresis loops for antidot arrays with layer thickness of 20nm; a) Ni CTF, b), c) and d) for Ni AD arrays samples, e) Co CTF, f), g) and h)
for Co AD arrays thin film and i) Fe CTF, j), k) and l) for Fe AD arrays films. The antidots edge to edge distance for each sample was specified in the lower right corner of the graphs.

contribution of the OOP component in the magnetization reversal mech-
anism of the FM-antidots thin films. The magnetization crossover from
the INP to OOP directions has been detected for antidot samples with
WC⊥ < at 22nm and 14nm for Ni and Co antidot arrays sam-
ples, respectively. The dual behavior of the INP/OOP coercivity points
towards a new nanotechnological strategy of fabrication arrays of mag-
netic bits, i.e., basic elements for magneto-optic perpendicular recording
patterned media, embedded into a continuous 2D structural system.
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Fig. 3. INP coercivity and OOP coercivity dependence of a) Ni AD, b) Co AD and c) Fe AD
thin films with 20nm layer thickness and different antidots edge-to-edge separation.

Table 1
Room temperature magnetic parameters and coherence radius for ferromagnetic materials
and comparing with critical edge to edge distance, WC.

Materials (nm) (nm) WC// (nm) WC⊥ (nm)

Fe 2.4 [42] 12 [42] 18 –
Co 3.4 [42] 17 [42] 24 14
Ni 5.1 [42] 25 [42] 33 22
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