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Fabrication of Isolated Magnetic Nanostructures by Using Nanoporous
Anodic Alumina Films on Si
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Arrays of magnetic Ni nanostructures have been fabricated on a Si substrate by using a
nanoporous alumina film as a mask during the deposition. The nanostructures have a truncated
cone shape, and the lateral sizes are comparable to the heights. While a continuous film shows
well-defined in-plane magnetization, the nanostructure has a perpendicular component of the magnetization at remanence. The hysteretic behavior of the nanostructures is dominated by the demagnetizing field instead of by interaction among the structures.
PACS numbers: 75.30.Gw, 73.61.Tm, 75.60.Ej
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I. INTRODUCTION
Arrays of magnetic nanostructures have been studied to extend the superparamagnetic limit within a few
years, thereby increasing the storage density by one order
of magnitude [1]. The standard approach for fabricating
nanostructures is to combine thin-film growth techniques
with sub-micron lithography. However, this method has
intrinsic drawbacks; it has low throughput and high
equipment cost, and is a time-consuming procedure.
Various methods have been applied to produce nanoparticles, such as chemical process [2, 3], and to produce
arrays of nanostructures, such as self-organization phenomena [4–6], including nanoporous anodic alumina [7–
9]. Aluminum is known to form self-organized nanopore
arrays during the anodization process. The extreme
high aspect ratio (ratio of length to diameter) makes
anodic alumina an ideal template material for fabricating nanowires [10–14]. However, careful handling of thin
nanoporous alumina (less than 500 nm) obtained by anodizing Al foil is required when it is used as a mask in
fabricating nanostructures on a foreign substrate [15].
Recently, there have been reports of the anodization of
an Al film deposited on a substrate [16–19]. This allows
the direct deposition of nanostructures on any substrate
with high reproducibility and uniformity [17], which is
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desirable for device applications. Moreover, the aspect
ratio can be manipulated easily. Therefore, a nanoporous
alumina film on a substrate is better suited to applications than the nanoporous alumina foil. Also, several interesting results have already been reported, such as pattern transfer to the substrate [16,17], fabrication of metal
[17], and fabrication of metal oxide [18]. The ordering
of the nanoarray can be improved by using prepattering
[17–19].
In this paper, we report the fabrication of an array of
Ni nanostructures on Si substrate. Nanoporous alumina
film was used as a mask for local deposition of Ni during
evaporation. The isolated Ni nanostructures were fabricated by removing porous alumina material after deposition. The magnetic properties of the Ni nanostructures
are compared with those of a continuous Ni film with the
same thickness.

II. EXPERIMENT
An 800 nm thick Al film on Si with natural oxide prepared by using electron beam evaporation was anodized
in two steps [7,8]. The first anodization was carried out
in a 0.3 M oxalic acid (C2 H2 O4 ) at 140 V for 430 s. The
temperature was maintained at 3 ◦ C during the anodization process. After the first anodization, the produced
alumina layer was removed by using a mixed solution of
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6 % phosphoric acid (H3 PO4 ) and 6 % chromium trioxide in water (CrO3 ) for 30 min at 53 ◦ C in order to
adjust the aspect ratio of the nanopores. Next, the second anodization was carried out for 80 sec under the
same anodization conditions as the first one. A 0.2-M
phosphoric acid was used to increase the pore diameter.
A 70-nm thick Ni film was thermally deposited onto
nanoporous alumina on Si in vacuum with a deposition
rate of 0.03 nm/sec. The pressure was 1 × 10−8 Torr
during the evaporation. After Ni deposition, the alumina
was removed by dipping into 5-M NaOH at 50 ◦ C and
0.2 M phosphoric-acid solutions at 53 ◦ C sequentially.
The Ni nanostructures was monitored by using a
field emission scanning electron microscope (FESEM:
JEOL 6500F). The macroscopic hysteresis loops of the
nanostructure and the continuous 70-nm-thick Ni film
were measured by using the magneto-optic Kerr effect
(MOKE) in the polar and the longitudinal configurations.

III. RESULTS AND DISCUSSION
Fig. 1 shows the SEM images of the nanoporous alumina mask after the pore widening process. The diameter of a pore is around 60 – 90 nm, and the wall thickness between pores is around 15 – 30 nm. The ordering
of the pores is poor because the Al film is known to
have much smaller grain size than polycrystalline bulk
Al [19]. The inset shows the SEM image of the sideview.
The pore height is 170 nm, which helps the deposition
inside nanopores. The pores are straight down to the Si
substrate. Usually, the alumina barrier layer is separated
from the Si at the end of the anodization, thus forming
voids between the barrier and the Si [16]. The subsequent widening process widens the pore diameter and
removes voids by removing the alumina barrier layer as
well, which makes straight-through holes.
The SEM images after Ni evaporation are shown in
Fig. 2(a). The pore diameter decreases and the wall
thickness increases because Ni is deposited on the wall
during evaporation. The existence of pores implies that

Fig. 1. SEM image of the topview of a nanoporous alumina
film on Si. The inset shows the SEM image of the sideview.

Fig. 2. 2 (a) SEM image of the topview after Ni evaporation. The inset shows the SEM image of the sideview. The Ni
nanostructures with truncated cone-shapes are clearly visible
in the side-view. (b) Three-dimensional view of the isolated
Ni nanostructures after removing alumina mask.

the Ni is also deposited at the bottom of the pore. This
is supported by the side-view SEM image as in the inset,
which shows truncated cone-shaped Ni nanostructures
inside pores and very thick walls separating nanostructures. The nanostructures are 70 nm high with a comparable lateral size. The ratio of the lateral size at the
bottom to the size at the top is close to 2. The size of
nanostructure at the bottom is determined by the initial pore size. As evaporation proceeds, the material deposited on the wall increases, which gradually decreases
the diameter of the nanostructure as the nanostructure
becomes thicker. Fig. 2(b) shows the three-dimensional
SEM image of the isolated Ni nanostructures on Si after removing the alumina chemically. The density of the
Ni nanostructure is ∼ 1 × 1010 /cm2 . The lateral size
and the arrangement of the nanostructures are in accord with the nanoporous alumina mask. The truncated
cone-shape is maintained after chemical etching.
The magnetic properties of the Ni nanostructures on
a Si substrate are compared with those of a Ni film with
the same thickness on the Si substrate. Fig. 3(a) shows
the hysteresis loops with the magnetic field parallel to
the Si surface. The hysteresis loop of the continuous
film shows a well-defined switching field (∼ 370 Oe) and
a saturation field (∼ 950 Oe). The magnetization at
remanence is ∼ 45 % of the saturation magnetization
(MS ), which is close to the value of noninteracting particles with a randomly oriented easy axis [20]. The measurements performed by varying the magnetic field directions in the plane confirmed that the magnetization of
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ture has the same polycrystalline structure as that of the
continuous film. The demagnetizing factor in the direction of the cone axis can be determined from the slope of
the hysteresis loop measured with the field perpendicular to the Si surface [21]. The saturation magnetization
of the nanostructure is assumed to be equivalent to the
bulk value, Ms = 484 emu/cm3 . The determined demagnetizing factor is 0.175 ± 0.0047, which is very close to
the value of a cylinder with a aspect ratio of 1.5 [22].
It is well known that the demagnetizing factor is sensitive to the actual shape of the structure. However, this
value of the demagnetizing factor can be expected because the shape of the nanostructure is similar to that
of a cylinder with an aspect ratio of 1.5. This indicates
that the demagnetizing field dominates the hysterectic
behavior of these nanostructures. This is clearly different from the behavior of magnetic nanowires, where the
interaction among the magnetic nanowires, in addition
to the demagnetizing field, plays an important role in the
hysterectic behavior [11–13].

IV. CONCLUSION

Fig. 3. Hysteresis loops of a continuous film and isolated
nanostructures measured with the fields (a) parallel and (b)
perpendicular to the surface of the Si substrate.

the continuous film is isotropic in the plane. Therefore,
the magnetization points into arbitrary directions at remanence, which decreases the remanent magnetization.
The hysteresis loop of the Ni nanostructure shows a different behavior. It has neither a well-defined switching
field nor a saturation field. The magnetization at remanence (∼ 0.14MS ) and the coercive field are smaller than
those of the continuous film. More dramatic changes
in the hysteretic behavior are observed when the magnetic field is applied perpendicular to the Si surface as
shown in Fig. 3(b). The saturation field of the continuous film is ∼ 6 kOe, and the magnetization at remanence
is negligible, which means that the magnetic property is
determined by the demagnetizing field. The saturation
field and the magnetization at remanence of the nanostructures are ∼ 2 kOe and ∼ 0.3MS , respectively, which
indicate that their magnetic properties are so strongly influenced by their shape that some of the nanostructures
have a perpendicular component of the magnetization.
The magnetization does not lie in the plane any more.
The coercivity of the nanostructure is ∼ 300 Oe.
The fact that the Ni continuous film is magnetically
isotropic in the plane means that it possesses a polycrystalline structure. It is conceivable that the demagnetizing field will affect the hysterectic behavior of the
nanostructure with the assumption that the nanostruc-

In summary, magnetic nanostructures were prepared
on a Si substrate by evaporating Ni in vacuum. The
nanoporous alumina prepared by anodizing Al film on a
Si substrate was used as a mask for nanoscale deposition
during evaporation. The magnetization of the nanostructure at remanence was not confined to the plane while
the continuous film with the same thickness had an easy
magnetization direction in the plane. It is concluded that
the hysterectic behavior along the cone axis is strongly
affected by the demagnetizing field rather than by the
interaction among nanostructures.
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