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Cobalt anti-dot square-lattice arrays of different periodicities were fabricated using the photolithography and wet-etching process. The dimensions of these 2-dimensional spin photonic crystals were checked by using scanning electron microscopy and atomic force microscopy whereas the
magnetic properties were studied using the magneto-optical Kerr effect (MOKE) and magnetic
force microscopy (MFM). The in-plane azimuthal MOKE measurements showed uniaxial two-fold
anisotropy with the hard and the easy axes along the nearest neighbor rows/columns and the diagonal making an angle of 45◦ with respect to the nearest neighbor row/column, respectively. The
coercive field was strongly influenced by changes in the lattice periodicity. The remanent state
revealed well-defined domain structures, which varied periodically with the lattice geometry as was
clearly seen from the MFM imaging. To elucidate the domain configuration, we also performed
micromagnetic simulations and the results are presented in this report.
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I. INTRODUCTION
Recent advances in fabrication techniques [1–3] for
different kinds of microstructures have led to great
interest in studying the magnetic properties of micro/nanomagnetic arrays of 1-dimensional (1-D) grating
[4–6], 2-D dots [7], and anti-dots [8], which show peculiar properties different from those of the corresponding magnetic films. An anti-dot 2-D spin photonic crystal, including non-magnetic holes in a continuous magnetic film, is considered to be a good candidate for highdensity storage media with great stability as compared
with the continuous medium [9]. Such a kind of antidots plays an important role in modifying the magneticreversal properties and thereby inducing regions of welldefined domains, which can further be used for data storage [10]. A significant point lies in selecting a particular
anti-dot geometry, such as the size, separation, and periodic arrangement (lattice symmetry, orientation, etc.);
hence, if one know the parameters, it might be feasible
to control the magnetic properties of such a medium [11].
Even though an anti-dot array is known to be able to
modify the magnetization reversal of the corresponding
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ferromagnetic film, the domain switching during the reversal process is not clearly understood yet. Considering
this important point, we tried to fabricate square antidot 2-D spin photonic crystals with different periodicities of Co by using photolithography combined with wetetching technique, and we studied the magnetic-reversal
mechanism, as well as the anisotropy induced by the lattice array, by using various experimental and simulation
techniques.

II. EXPERIMENTAL DETAILS
The micro-patterned anti-dot spin photonic crystals were fabricated on commercially-available 6-inch
Si wafers. Layers of 40-nm-thick Co were deposited on
the wafers by using a dc sputtering system. Photolithography techniques using a KrF stepper were adopted
to create the patterns. Before the exposure process, the
top of the Co-deposited wafer was coated with an antireflective layer and a positive photo-resist. The thicknesses were 60 and 680 nm, respectively. After the mask
on the Co film had been developed, the exposed holes of
each pattern were etched by using a wet etching process
with a diluted metal etchant at the optimum conditions.
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Finally, to remove the photo-resist residuals and to clean
the etched surface, we carried out an ashing process in
which an O2 plasma was employed. The details of the
fabrication method are described in an earlier work [12].
The periodic holes of each anti-dot 2-D spin photonic
crystal were spread over an area of 2 × 2 mm2 in the Co
film.
The thickness of the Co film and the hole size of the
anti-dot pattern were measured by scanning electron
microscopy (SEM) and atomic force microscopy (AFM).
The magneto-optical Kerr-effect (MOKE) measurements
were done in the longitudinal configuration with an
in-plane field. To study the induced anisotropy of the
patterns, we applied the magnetic field in different
azimuthal directions and observed the change in the
hysteresis shape. In addition, the coercivity dependence was obtained in the same configuration. The
magnetic-domain configuration in the remanent state
was investigated with a magnetic force microscope
(PSIA, XE-100) equipped with magnetic tips (Nanosensors). The magnetic tip was coated with a Co alloy and
had a radius of less than 50 nm. In our measurement,
the magnetic-force-microscopy (MFM) images were
obtained using the interleave mode at a lift scan height
of 50 nm. The contrasts in the images showed the
interplay between the stray field above the film’s surface
and the magnetic tip of the MFM.
To get a clear understanding of the domain configuration, we performed micromagnetic simulations by employing a public code, i.e., OOMMF
(http://math.nist.gov/oommf/). For this purpose, we
used a square array with an area of 5 × 5 µm2 , a p of
1.64 µm, and a cell size of 5 × 5 nm2 . The array was
considered to have rounded corners with smooth edges.
The typical parameters for Co were taken as a saturation
magnetization Ms of 1400 × 103 A/m, an exchange
constant A of 3 × 10−11 J/m, and a uniaxial anisotropy
constant KU of 3.5 × 103 J/m3 . Three different samples
having different periodicities of 1.26, 1.50, and 1.64 µm
were fabricated and were subsequently named as C1,
C2, and C3, respectively.

III. RESULTS AND DISCUSSION
1.
Studies

Surface Morphological and Topographical

SEM was used to understand the surface morphology
of the micro-patterns fabricated using the photolithography and wet-etching technique. Figures 1(a), 1(b), and
1(c) are typical SEM images of C1, C2, and C3, respectively. They clearly show the well-defined 2-D spin photonic crystal square-lattice array of Co anti-dots. The
packing fractions are seen to be different, indicating that
the periodicity has changed, which is consistent with our
planned fabrication parameters. The periodicities were

Fig. 1. SEM images of the samples: (a) C1, (b) C2, and
(c) C3 [Inset shows the exact directions].

found to be 1.26, 1.50, and 1.64 µm for C1, C2, and
C3, respectively. The cross-sectional images (not shown
here) revealed that all the samples had a thickness of
∼40 nm. Similarly, we employed AFM to study the dimensions of these arrays at high magnifications. Figure
2 includes the AFM images of the samples. The periodicity and the thickness, measured using line-profile plots,
were found to match well with those identified by SEM.

2. Magneto-optical Kerr Effect

The MOKE hysteresis loops were obtained in the longitudinal configuration for anti-dot arrays with different
periods (p = 1.26, 1.50, and 1.64 µm). In addition, for
comparison, we also measured the hysteresis loops for
uniform Co thin film of 40 nm. Those are shown in Fig.
3. Here, the field was applied along the nearest-neighbor
anti-dot rows (we call it the ‘x-axis’). In the case of a
continuous “Co” thin film, a well-defined hysteresis loop
was measured with a coercivity of nearly 42 Oe. On
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Fig. 2. AFM images of the samples: (a) C1, (b) C2, and
(c) C3.

the other hand, when the continuous film is comprised
of non-magnetic inclusions (a patterned array), the hysteresis shape is seen to be changed, and the coercivity
is seen to decrease with increasing periodicity [see Figs.
3(b) – 3(d)]. The coercivity for the C1, the C2, and the
C3 samples turned out to be 113, 93, and 81 Oe, respectively. This change of coercivity can be attributed to
a modification in both the exchange and the magnetostatic contributions between the arrays [13]. It seems,
therefore, that we can tailor the coercive field of the film
by simply playing with the size of holes and with their
periodicity.
Another important feature observed in these hysteresis
loops is that, soon after the external magnetic field is decreased, there is a decrease in the magnetization, wherein
the magnetic spins are probably rotated to be aligned
along the edge parallel to the anti-dot rows. In addition, there is a strong possibility of magnetic spins being
aligned along a diagonal direction between those aligned

Fig. 3. Hysteresis loops obtained from the longitudinal
MOKE measurements with the field applied along the x-axis:
(a) uniform unpatterned Co film with a thickness of 40 nm,
(b) C1, (c) C2, and (d) C3.

parallel to the anti-dot rows and those aligned parallel
to the anti-dot columns. This reduces the magnetostatic
energy. To further understand if any anisotropy exists
due to such 2-D spin photonic crystal patterened arrays,
we studied the in-plane azimuthal dependence of the applied field along various directions of a square anti-dot
array. For this study, we changed the direction of the applied field and measured the hysteresis along each angle.
The altered shapes of the hystereses indicate the presence of easy and hard axes in the anti-dot arrays. At every 45◦ (with respect to the ‘anti-dot row/column’), the
hysteresis becomes more square with an abrupt change
in the magnetic reversal (not shown here). Hence, there
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Fig. 4. Orientation of the in-plane azimuthal angular field
with respect to the coercivity for (a) C1, (b) C2, and (c) C3.

is the easy axis along 45◦ , i.e., along the diagonal of the
square anti-dot array. The average squareness was 0.35
for the hard axis and 0.85 for the easy axis. Figure 4
shows that the dependence of the coercivity upon the
azimuthal angle of in-plane field, which clearly indicates
the in-plane uniaxial two-fold anisotropy present in these
antidot arrays. The coercivity was 80 - 165 Oe for C1
samples, 90 - 130 Oe for C2 samples, and 70 - 95 Oe for
C3 samples, depending on the in-plane azimuthal angle
of field. Therefore, we conclude that the 2-D spin photonic crystal anti-dot lattice array induces the anisotropy
and that the easy and the hard axes become the directions along which the holes are farthest apart and closest
to each other, respectively. Similar studies to identify
the induced anisotropy due to such kinds of arrays using
permalloy films were performed earlier [14]. However,
the samples were studied using a vibrating sample magnetometer, and the studies focused on finding the effect
of lattice geometry on the transport properties.

3. Domain Structure and Micromagnetic Investigation

Figure 5 shows the MFM images of the remanent
states for samples C1, C2, and C3. In order to check

Fig. 5. MFM images of the remanent states for (a) C1, (b)
C2, and (c) C3.

for interactions between the magnetic probe tip and the
film, we acquired each image several times, while varying the direction of the tip motion. The magnetic states
obtained assured that the images had not been affected
by the stray field of the tip. For all three samples, the
images showed the presence of well-defined domain structures creating bands connected to each hole around the
nearest neighbor, with another diamond-shaped domain
structure being oriented diagonally in the square antidot arrays. This pattern results in four 135◦ Neel walls
between domains parallel to the anti-dot rows/columns.
Such kinds of domains usually minimize the magnetostatic energy, thereby avoiding any magnetic charge
around the holes [15]. These are consistent with the results of the MOKE studies. The domain structures for all
three samples (C1, C2, and C3) revealed similar domain
configurations. However, the area of domain changed,
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tolithography and wet-etching process. We found that
the inclusion of non-magnetic hole arrays in the magnetic
films promoted nucleation and pinning of the domains,
thereby increasing the switching fields. Such a lattice
produces uniaxial two-fold anisotropy with the easy and
the hard axes along the diagonals (∼45◦ ) relative to antidot row/column, and along the anti-dot rows/columns,
respectively. The obtained domain structures were consistent with those from the MOKE and the micromagnetic simulation studies. Our work provides insight on
controlling the switching fields by adjusting only the lattice dimensions, i.e., the size of the hole and the periodicity.
Fig. 6. OOMMF simulation for sample C3 at an applied
field of (a) 2 kOe, (b) 0 (remanance), (c) - 0.16 kOe, and (d)
- 2 kOe.

depending on the periodicity.
For the comprehensive analysis of the obtained domain
structures in the MFM images, we performed OOMMF
simulations. The OOMMF simulation results (Fig. 6)
agree well with the corresponding MFM images. Typically, after saturation [Fig. 6(a)], domain reversals take
place via the formation of a leaf state. This kind of
state is considered to be the basic state in such anti-dot
structures [13] and is coincident with the lattice symmetry. The leaf state is configured with some of the magnetic spins aligning parallel to the anti-dot rows and/or
columns while others are diagonally oriented (similar to
a diamond shape), as is evident in both MFM images
(Fig. 5) and OOMMF simulations [Fig. 6(b)] at the remenant state. With increased applied magnetic field (in
the negative direction), in this simulation, reversal was
observed to take place with some of the diamond-shaped
domains undergoing a spin rotation of 90◦ while some
of the spins were aligned parallel, having been rotated
by 180◦ [Fig. 6(c)]. Such an alignment of the magnetic
spins results in the formation of a C-state configuration.
A further increase in the applied field caused the domains
to complete the rotation, start to expand/shrink in area,
and ultimately end up being aligned along the field at
the saturated state [Fig. 6(d)]. Mengotti et al. [15] performed OOMMF simulations on this kind of structure
with different pitches (w/p), and found no significant
change in the reversal processes. The work in this area
is in progress.

IV. CONCLUSIONS
We successfully fabricated Co anti-dot 2-D spin photonic crystals of different periodicities by using the pho-
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