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Magneto-transport Properties of Two-dimensional Co Anti-dot Arrays
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We fabricated two-dimensional Co anti-dot arrays, square-lattice structure of 1.02-µm-diameter
circular holes with a periodicity of 1.60 µm, on a silicon substrate by using the CMOS (complementary metal-oxide semiconductor) process. The X-ray diffraction data indicate that the anti-dot
arrays constitute an exchange-biased system that consists of vertical ferromagnetic Co layers interfaced with antiferromagnetic Co-oxide layers. We found an anomaly in the temperature dependence
of the resistivity at temperatures below the Néel temperature of CoO. We also found exchangebiased behaviors in both the magnetization curves and the magneto-transport data. By extracting
the exchange-bias fields of the anti-dot array, we found that the exchange bias for the longitudinal
magnetic field was much larger than that for the transverse field, which might be attributed to the
spin-transfer effect.
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I. INTRODUCTION
With the recent advances in nano-fabrication techniques enabling artificial nano-structures with preciselycontrolled dimensions and geometries, the physical properties of periodic nano-structures have attracted great
interest [1–5]. In particular, much attention has been
paid to their magnetic properties because of the huge
potential for device applications such as recording media, magnetic random access memories, and sensors [6–
8]. For example, compared to a continuous film, an antidot structure, in which nano-sized holes are periodically
embedded a magnetic film, usually exhibits novel properties [1,9]. It is known that the intrinsic anisotropy of
a film can be modified in the anti-dot structure, facilitating well-defined domain structures in the proximity of
holes; therefore, the coercive field can be engineered by
tailoring the size and the pitch ratio of the holes [10]. Besides, hybrid structures show unique properties for both
magnetism and electricity [11–13].
Magnetoresistance (MR) measurement techniques,
whose outputs depend on the directions of the current
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density and the local spins, provide powerful tools for
probing the magnetic properties in these systems. The
MR measurements of nano-scale structures are likely to
show distinctive characteristic features more clearly because the resistance values are large and easy to measure.
One of the interesting areas that has attracted much attention recently is a combined system of the periodic
structure and an exchange-bias interaction, which plays
an important role in magnetic storage media. Although
many groups have discussed the MR properties of such
a nano-scale anti-dot structure with an exchange bias
[14–16], a full understanding of the exchange bias still
requires further study regarding the lateral confinement
and/or periodicity.
In this study, we conducted a systematic investigation of the transport properties of Co anti-dot array systems deposited on Si wafers, which turned out to be
exchange-biased periodic structures. Specially, we focused on the temperature-dependent MR behavior for an
external magnetic field either parallel or perpendicular
to the probing current’s direction. Along with the asymmetric magnetization reversal probed by using the MR
technique, we found a huge difference in the exchangebias field, which depended on the directions of the current and the spin.
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Fig. 1. SEM images of Co 2-D anti-dot arrays.

II. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS
The nano-scaled anti-dot arrays were fabricated on
commercially-available 6-inch Si wafers. 40-nm-thick Co
was deposited on the wafers by using a dc sputtering
system. Photo-lithography techniques were adopted to
create the patterns. Before the exposure process, the
tops of the Co-deposited wafers were covered with an
anti-reflective layer and a positive photo-resist. A KrF
stepper was used for the exposure. 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.
Lastly, to remove the mask from the Co film and to clean
the etched surface, we carried out an ashing process employing an O2 plasma. The details of the fabrication
procedure are found in our previous work [5].
The thickness of the Co films and the hole size of the
anti-dot patterns were measured by using scanning electron microscopy (SEM). Figure 1 shows the SEM images
of an anti-dot array of a circular type prepared by using
the aforementioned processes. Figure 2 shows the topographical images taken by using atomic force microscopy
(AFM). The scan areas in Figs. 2(a) and 2(b) are 10 ×
10 and 5 × 5 µm2 , respectively. The AFM images indicate a well-defined anti-dot structure with an anti-dot
diameter of 1.02 µm and a periodicity of 1.6 µm.
In order to probe the transport properties of the fabricated anti-dot arrays, we made electrical contacts on
the edges of pattered film by using a contact aligner
and the same wet-etching process. The contact geometry was chosen by using the standard in-line four-point
technique. Indium droplets were used to make wire connections with a sample holder. Finally, we obtained an
anti-dot array whose periodic holes were spread, with a
square lattice, over an area of 1 × 1 mm2 on the Co film.

Fig. 2. (Color online) AFM images of Co 2-D anti-dot
arrays.

Fig. 3. XRD pattern of a Co film.

To observe the MR behavior, we applied an in-plane field
in both the transverse and the longitudinal directions
with respect to the current’s direction. The temperaturedependent MR behaviors were measured using a physical
property measurement system (PPMS; Quantum Design
Inc.) with a 0.1-mA ac current at 50 Hz.

III. RESULTS AND DISCUSSION
Figure 3 displays the X-ray diffraction data of the prepared Co film. In addition to the broad peak corresponding to Co(002), indicative of the polycrystalline phase,
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Fig. 4. (Color online) M(H) curves of a Co 2-D anti-dot
array at 5 and 300 K. The inset represents an enlarged view.

we found a sharp peak corresponding to CoO(220), suggesting a good long-range order of an unintentional CoO
thin film. Since Co is a ferromagnet (FM) and CoO is an
antiferromagnet (anti-FM), our film thus prepared constitutes an anti-FM/FM bilayer system at temperatures
below the Néel temperature, 290 K of CoO. This fact is
corroborated by the magnetization measurement of the
anti-dot-array structure patterned from the bilayer film,
as shown in Fig. 4. The sample shows a symmetric magnetic hysteresis loop at 300 K, which is above the Néel
temperature, while it shows an asymmetrical hysteresis at 5 K, which is below the Néel temperature. This
asymmetric magnetic reversal is a typical feature of an
exchange-biased system of an anti-FM/FM bilayer.
Prior to the magneto-transport measurements, we carried out resistivity measurements on the anti-dot array
and a plain film without any magnetic field applied as a
function of temperature, and the results are displayed in
Fig. 5(a) for comparison. In the temperature region between 2 and 220 K, monotonic temperature dependences
of the resistivity are exhibited for both samples, which
are the typical behaviors of metallic thin films; the resistivity nearly keeps constant owing to phonon freezing at
very low temperatures, but starts to increase linearly at
temperatures higher than ∼50 K [17]. As temperature
is raised above 220 K, however, the resistivity shows a
significant drop, which is more severe, especially for the
array sample. Similar results were previously reported
and were interpreted by using a two-channel model in
which the conducting channel through the silicon substrate opens in the high-temperature region [18]. However, the higher resistivity of our silicon substrate by
six orders of magnitude or more (∼10 Ω·cm) compared
to that of Co and the existence of the Schottky barrier
at the metal-semiconductor interface make it difficult to
accept the model to explain our results. Moreover, the
magnitude and the temperature interval of the resistivity drop are quite different for the array and the plain

Fig. 5. (Color online) (a) Comparison of the resistivities
between a Co thin film and a Co anti-dot array. (b) Resistivity ratio of the Co film to the Co 2-D anti-dot array.

film, as exhibited in Fig. 5(a). By considering the fact
that the temperature when the resistivity drop ceases is
observed to be close to 290 K, which is the Néel temperature of the Co oxide, the exchange interaction might
play a role in the resistivity anomaly for the case of our
anti-dot sample.
In order to investigate the behaviors at lower temperatures (T < 220 K), we plotted the ratio of the resistivity
of the plain Co film to that of the 2-dimensional (2-D)
Co array as a function of temperature in Fig. 5(b). If
we assume the continuous-medium model of the Co film
such that the electron mean free path is much smaller
than the lateral dimension of the array pattern, it is
easy to estimate the ratio by using only the geometrical
factors of the pattern. According to the simple classical
model of resistivity, the ratio is calculated to be 58% and
should be constant regardless of temperature. As seen
in Fig. 5(b), it is ∼56% at 220 K, which is close to the
estimated value, but it steadily decreases to 46% at 2 K.
This suggests that circular holes in our anti-dot structure
significantly affect the electron mean free path, which, in
turn, influences the electron transport at temperatures
below 220 K. One possible mechanism would be a significant modification of the magnetic domain structure by
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Fig. 6. (Color online) Magnetoresistance of Co anti-dot
arrays at 2 K: (a) LMR and (b) TMR.

Fig. 7. (Color online) Magnetoresistance of Co anti-dot
arrays at 300 K: (a) LMR and (b) TMR.

making periodic holes in the plain film as temperature
decreases below 220 K.
The anisotropic-MR (AMR) effect is caused by spinorbit scattering [19], which depends on the angle between
the current density direction and the magnetization. It
is well known that the resistance of FM film can be described by
R(θ) = R⊥ + ∆R · cos2 θ,
where θ is the angle between the current density and
the magnetization, R is the film’s resistance and ∆R =
Rk - R⊥ , representing the AMR effect. By applying an
in-plane magnetic field either perpendicular or parallel
to the current pathway, we measured the transverse MR
(TMR) and the longitudinal MR (LMR) as functions of
temperature. The MR data at 2 and 300 K are displayed
in Figs. 6 and 7, respectively.
The overall features exhibit the typical characteristics
of the AMR behavior; in zero-field region, the LMR is
a minimum and the TMR is a maximum. At 2 K, a
magnetization reversal is clearly reflected in the hysteretic MR behavior; moreover, a displacement of the
hysteresis along the negative magnetic field direction is
observed, as is shown in Fig. 6. This phenomenon, the
so-called exchange bias, is caused by the interfacial exchange coupling at the anti-FM/FM interface. This result is consistent with the presence of a Co-oxide anti-

Fig. 8. Temperature-dependent exchange-bias field.

FM layer, as indicated by the XRD data, and with the
shifted hysteresis loop in the M(H) curve. At 300 K, the
exchange-bias effect disappeared, as expected for temperatures higher than the Néel temperature, while the
AMR feature survived, as shown in Fig. 7. However, the
FM feature represented by the hysteretic magnetization
reversal nearly disappeared, which is not consistent with
the M(H) data. This might be partially accounted for by
the spin-transfer effect, but needs more study for further
elucidation.
The difference in the heights of the AMR peaks of Fig.
6 shows the asymmetric nature of the AMR curve. Many
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studies have investigated and reported on this asymmetry, ascribing it to the anisotropic properties [20]. In
particular, a similar asymmetry has been reported in
CoO/Co systems [17,21,22]. It has been attributed to
different reversal formations dominating the increasing
and the decreasing branches of the curve. In the decreasing branch, the reversal is due to nucleation of reversed domains and propagation of domain walls because
the magnetization is mostly collinear with the field direction. However, in the increasing branch, it is due to
rotation of the magnetization at the coercive field [17].
The displacement of the hysteretic magnetic reversal
or the exchange-bias effect can be characterized by the
exchange-bias field HE , in other words, the shifted field
value, as indicated in Figs. 6(a) and 6(b). Figure 8 shows
the variation of HE extracted from the AMR curves according to temperature for the Co anti-dot array. It is
observed that HE decreases with increasing temperature.
This tendency has been explained by adopting thermallyinduced weakening of the anti-FM pinning strength with
increasing temperature at temperatures close to the Néel
temperature, as suggested by Tripathy and Adeyeye [17].
In our study, however, HE decreases at a faster rate compared to their result. One noticeable feature in Fig. 8 is
that the value of HE at low temperatures depends critically on the directions of the probing current and the
magnetic field. For example, HE from LMR is 170 Oe,
which is twice that from TMR, 90 Oe. The weakening of the exchange-bias field in the TMR case suggests
that the spin-transfer effect plays critical role and that
the competition between the exchange bias and the spin
transfer will be an important subject when considering
MR phenomena in exchange-biased nano-structures.

IV. CONCLUSIONS
We fabricated 2-D Co anti-dot arrays, a square-lattice
structure of 1.02-µm-diameter circular holes with a periodicity of 1.60 µm, on a silicon substrate by using the
CMOS process. The X-ray diffraction data indicated
that the anti-dot arrays constituted an exchange-biased
system that consisted of vertical FM Co layers interfaced
with anti-FM Co-oxide layers. We found an anomaly in
the temperature dependence of the resistivity at temperatures below the Néel temperature of CoO. We also
found exchange-biased behaviors in both the magnetization curves and the magneto-transport data. By extracting the exchange-bias fields of the anti-dot array,
we noticed that the exchange-bias field for the longitudinal magnetic field was much larger than that for the
transverse field, which might be attributed to the spintransfer effect. Our result suggests that the competition between exchange bias and spin transfer will be an
important subject when considering MR phenomena in
exchange-biased nano-structures.
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