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Anomalous Magnetic Properties of a 2-dimensional Rhomboid Spin Anti-dot
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We fabricated a 2-dimensional spin lattice of circular anti-dots on a silicon substrate by using the
photolithography and the wet-etching techniques. A rhomboid lattice symmetry of anti-dots with a
diameter of about 1 µm was formed in a 40-nm-thick Co layer with a 5-nm-thick Ni underlayer. The
magnetic anisotropy was investigated by using magneto-optical Kerr-effect magnetometry to identify
the easy and the hard axes. A systematic study of the magnetic-reversal process was performed
using magnetization and magneto-transport measurements with the field applied along the hard
axis of the lattice. Anomalous features, a 3-step transition of the magnetization, a nonmonotonous
temperature dependence of the coercive field, and a complex behavior of the magneto-resistance
data, were observed in the magnetic-reversal process. We speculate that these anomalies originate
from the vortex-related phenomena that are inherent in the submicrostructures.
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anti-dot lattices are nearly unexplored. Additionally, the
patterned structures allow us to study fundamental properties like magnetic reversals, formation of domain structures and vortices, and interactions between lattice geometries (size, shape, inter-distance, etc.) [4–6]. With
a bilayer system, one can also expect interplay between
magnetocrystalline and shape/lattice-induced “configurational” anisotropy [7, 8]. Although the magnetic reversals in such systems are complex, at the same time,
the interplay with the magnetostatic coupling can give
another degree of freedom to manipulate the magnetic
properties. Intense research is under way for such complex microstructures with various dimensions and materials to harness the intriguing nature of magnetism.
Considering all the above factors, we investigated the
magnetic properties of the 2D spin lattice of Co circular
anti-dots fabricated by using the photolithography and
the wet-etching techniques. A rhomboid lattice symmetry of holes with a diameter of about 1 µm was perforated
in a Co upper layer, with a Ni underlayer on a silicon
substrate. A systematic study of the magnetization and

I. INTRODUCTION

Recently, there has been increased research in the field
of ferromagnetic microstructures because such systems
are of vital importance scientifically as well as technologically. The competing effects of exchange coupling
and magnetostatic coupling between submicron structures (dots, anti-dots, etc.) give rise to interesting magnetic phenomena that need to be understood for practical applications like magnetic random access memories,
magneto-electronic devices, etc. [1-3] . Studies related to
magnetic reversals and/or the magneto-resistance (MR)
of such 2-dimensional (2D) spin anti-dot lattice systems
have generally focused on geometrically simple systems
such as dots, rings, lines, etc. Coupling between the
spin and the orbital degrees of freedom in such 2D spin
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Fig. 1. (Color online) Electrode design for the PPMS measurement.

the magneto-transport properties was carried out and is
discussed herein.

II. EXPERIMENTAL DETAIL
Large-area micro-patterning of anti-dot arrays (2 mm
× 2 mm) was done by using the photolithography technique. The starting wafer was a 5-nm-thick Ni layer on
Si, and a 40-nm-thick Co layer was sequentially deposited
by using a dc sputtering system. A rhomboidal lattice
pattern, composed of circular shaped anti-dots, was fabricated by using the wet-etching process with a diluted
metal etchant. More details about the fabrication process can be found elsewhere [9].
The as prepared 2D spin anti-dot lattice was
probed by using field-emission scanning-electron microscopy (FESEM, Hitachi S-4800) to measure the sizes.
The magneto-optical Kerr-effect (MOKE) measurements
were performed at room temperature in the longitudinal
configuration with the application of an in-plane field
in different azimuthal directions of the lattice symmetry
to analyze the magnetic anisotropy. A superconducting
quantum interference device (SQUID, Quantum Design
Inc.) was used to study the magnetic reversal properties
of our spin lattice with the direction of the field along the
lattice’s hard axis. To measure the transport properties,
we carried out additional processes, involving lithogra-

Fig. 2. (Color online) (a) FESEM and (b) AFM images of
a 2D spin anti-dot lattice.

phy and wet etching, to prepare electrical contacts on
the edges of the patterned film. The contact geometry was the standard in-line four point configuration and
is shown in Fig. 1. Indium droplets were employed to
make wire connections with a sample holder. The inplane MR measurements were performed using a physical
property measurement system (PPMS, Quantum Design
Inc.) with a 0.1-mA dc current. To obtain the ∆R/R
(H = 3 kOe), we applied an in-plane field at 90◦ (+Y
direction: hard axis) with respect to the lattice plane.
The temperature-dependent M-H and MR curves were
measured for the field applied along the 90◦ direction.

III. RESULTS AND DISCUSSION
Figure 2(a) displays a FESEM image of the fabricated
Co anti-dot lattice with a Ni underlayer. Large-area uniform patterning of the circular-shaped anti-dots with a
diameter of ∼1 µm and a center-to-center distance of
1.6 µm is clearly seen from the image. Additionally, we
employed atomic force microscopy (AFM) to study the
surface topography, and the obtained image is shown in
the inset of Fig. 2(b) with the corresponding line profile.
The thickness was estimated to be 40 ± 5 nm while the
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Fig. 3. MOKE hysteresis loop taken along the +X and the
+Y directions of a 2D spin anti-dot lattice. The inset shows
the MOKE hysteresis loop for an unpatterned Co/Ni uniform
bilayer thin film.

surface roughness of the Co layer was found to be ∼2.1
nm.
Initially, we carried out the MOKE measurements on
the sample at room temperature with an in-plane magnetic field applied along different directions of the patterned lattice symmetry in steps of 15◦ . The features in
the hysteresis shape along different directions were used
to check the anisotropy of our 2D Co anti-dot lattice.
From the data for the coercive fields and the squarenesses
in the MOKE curves along different field directions, we
found a clear in-plane anisotropy in our anti-dot system and could easily determine the easy and the hard
axes. The corresponding MOKE data are shown in Fig.
3, where the easy and the hard directions are denoted
by the X- and the Y-axis, which are defined in Fig. 2
with respect to the lattice configuration. For comparative purposes, we also carried out the MOKE experiment
on the unpatterned uniform Co/Ni bilayer system and
found no in-plane anisotropy, as expected (inset of Fig.
3). The coercive field of the uniform layer is 8 Oe while
those for the lattice along the easy and the hard axes
are 86 and 45 Oe, respectively. These results show that
the strong magnetic anisotropy exhibited by our anti-dot
lattice originated from the configurational anisotropy.
In order to understand further the magnetic reversal
properties of our anti-dot lattice, we investigated the
temperature dependence of the magnetization along the
hard axis of the lattice (+Y-direction). Figure 4 shows
the M-H curves measured at various temperatures. For a
clearer view, we divided the M-H curves into two parts;
Fig. 4(a) presents the M-H curves measured in a higher
temperature range, 100 ∼ 300 K in intervals of 50 K,
while Fig. 4(b) shows the M-H curves measured at lower
temperatures, viz. 5, 25, 50, and 100 K. The normal hysteresis behavior is clearly depicted in Fig. 4(a), which is
compatible with the MOKE hysteresis curve (shown in
Fig. 3) taken along the hard axis at room temperature.
In addition, the coercive field HC was found to increase

Fig. 4. (Color online) M-H hysteresis loops of a 2D spin
anti-dot lattice for various temperatures with the field applied
along the hard axis. The inset in (b) shows the coercive field
HC and the exchange-bias field HE of the loop.

and the squareness to decrease with decreasing temperature, which is a typical behavior [10, 11]. However, an
unexpected hysteresis behavior was observed at lower
temperatures below 50 K, as shown in Fig. 4(b). The
degree of squareness in the overall hysteretic shape decreases with decreasing temperature, but the hysteretic
curve in the low field region becomes complicated and
exhibits a 3-step transition-type behavior at lower temperatures below 50 K. A similar behavior to this multistep feature was previously reported in the ferromagnetic nanoring system, where a two-step transition was
observed, and was interpreted as being due to a magnetization reversal process involving a transition between
two phases: an onion state and a vortex state [12–14].
Although that interpretation cannot directly be applied
to our case because of the apparent difference in the geometrical shapes of the systems, both showed jump-like
features in their M-H curves, which is the signature of
vortex creation and annihilation. It is further noted that
the jump-like feature involved in the magnetic reversal
process occurs near HC in our sample. The differences in
the details of the M-H curves of the nanoring and antidote lattice can be mainly attributed to their topological
differences: open vs. closed system. Another interesting
observation concerning Fig. 4(b) is that the coercive field
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decreases as temperature decreases at temperatures below 50, which is clearly seen in the HC (T) plot in the
inset. This is a unique feature in clear contradiction to
the normal behaviors reported so far. We do not know
any theory that qualitatively explains this anomalous result as yet, although it seems that our system has several
(more than two) distinct magnetic states related to the
unique microstructure of the anti-dot lattice to exhibit
the observed feature and we believe that the creation
and the annihilation of the vortex are responsible for this
phenomena and that a micromagnetic simulation could
clarify this point in future.
Another important feature observed at temperatures
below 100 K was that the loop center move to negative field [shown in the inset of Fig. 4(b)], indicating
an exchange-bias from the formation of an antiferromagnetic phase of either CoO or NiO. Also, we observed an
increase in the exchange-bias field HE with decreasing
temperature [see the inset of Fig. 4(b)].
For a detailed understanding of the magnetic properties, we investigated the temperature dependence of
the magneto-transport by applying an in-plane magnetic
field along the hard axis (+Y-direction) and a current in
the X-direction transverse magneto-resistance (TMR).
Figure 5 shows the MR curves taken at temperatures
of 300, 250, 200, 150, 100, 50, 25, and 2 K. The MR
shape and intensity are observed to vary substantially
with changing temperature. A single positive peak was
observed in our TMR curves taken at 300 and 250 K
without significant hysteresis. This behavior mismatches
the results of our M-H curves at 300 and 250 K, which
have a clear hysteretic behavior. A similar result was
found in our earlier work on single-layer Co anti-dots [15]
while hysteretic behaviors in both the TMR and the M-H
curves were reported earlier by another group for singlelayer Co hexagonal anti-dot lattice arrays [16]. This
mismatch in behavior in our case is not clearly understood yet. Significant hysteretic behavior begins to show
up at temperatures lower than 150 K. The peak-to-peak
distance and the peak intensity were found to increase
with decreasing temperature while the shape of the peak
changed. The apparent double-peak shape at 200 and
150 K changes to a broad single peak at temperatures
below 50 K, exhibiting a more complex phenomena at
low temperatures. We note that anomalous M-H curves
with a vortex-related origin are observed in the same
temperature range, i.e., T ≤ 50 K. The increase in the
peak distance with decreasing temperature is generally
understood by a relation to the coercive field. Additionally, with decreasing temperature, the peaks are found to
move away from a zero field center point between peaks.
This pronounced behavior of the exchange-bias effect at
lower temperatures is consistent with that found in the
M-H data.
The commonly observed asymmetry in the peak height
can be correlated to that of the switching field of a ferromagnetic bilayer, and is sensitive to the thickness, the
roughness, the lattice symmetry and the saturation mag-
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Fig. 5. (Color online) MR ratio of a 2D spin anti-dot lattice
for various of temperatures with the field applied along the
hard axis. The inset shows the exchange-bias field HE .

netization of each layer [15,17]. As for a uniform ferromagnetic film, the MR phenomena can be generally explained by the scattering process of conduction electrons
with the L-S coupled d-electrons leading to a consistent
relationship between the MR and the M-H in the hysteretic nature. However, the MR characteristics of our
anti-dot lattice are quite different from those of a uniform film, especially the hysteretic behavior. We speculate that the vortex, which an the inherent entity only
in a microscopic structure, plays an important role in
the anomalous results shown in the MR and the M-H
data. We believe that micromagnetic simulations, involving the processes of vortex creation, growth, movement and annihilation, can further reveal the details of
our results.

IV. CONCLUSIONS
We fabricated a 2D Co spin anti-dot lattice with a
Ni underlayer on a silicon substrate by using the photolithography and the wet-etching techniques. Uniform
patterning of rhomboid lattice symmetry with the desired dimensions (shape, size and inter-distance) was
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confirmed by using FESEM and AFM. MOKE measurements were used to determine the easy and the hard axes
of the lattice. Anomalous M-H and MR effects were observed at low temperatures. A 3-step transition feature,
as well as the nonmonotonous temperature dependence
of the coercive field, was observed in the M-H curves at
temperatures lower than 50 K. In the magneto-transport
measurements, the MR characteristics, having big mismatches with the M-H data, was found to be quite different from those for uniform films. We believe that these
anomalies found in our sample stem from the vortexrelated mechanism, that are inherent in the microstructured spin system, which should be further elucidated by
using micromagnetic simulations.
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