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An epitaxial Ni(4.5 nm – 100 nm)/Cu nanostructure has been fabricated on a Si(001) substrate by
using nanoporous anodic aluminum oxide (AAO) as a mask during evaporation. Both the nanosized
Cu and Ni layers have (001) surfaces with a Ni <110> // Cu <110> // Si <001> in-plane relation.
The Ni nanostructure is found to be less strained than the film at the same Ni thickness, which
plays a crucial role in determining the magnetic anisotropy of the nanostructure. Combining a
self-assembled AAO mask with a conventional evaporation method can be a potential technique,
instead of traditional lithography, for the growth of various epitaxial metal nanostructures.
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successful in producing epitaxial nanostructures in a controlled way because it is not easy to maintain a clean
substrate surface. This is a huge disadvantage because
the magnetic properties of ferromagnet are very sensitive
to the structure, and artificial ferromagnetic structures
are often made by epitaxial growth [10].
This paper reports the fabrication of an epitaxial
Ni/Cu nanostructure on a Si(001) substrate by using
AAO as a mask during evaporation. There are obvious merits in fabricating an epitaxial Cu(001) nanostructure on Si(001) because many epitaxial metal layers, including artificial structures, can be formed on
Cu(001)/Si(001) [11, 12]. In addition, the magnetic
anisotropy of Ni/Cu(001) is strongly influenced by the
strain in the Ni film [13–16]. An ion-irradiation experiment also indicated that even the same thicknesses of Ni
films can have different magnetic anisotropies depending
on the strain in the Ni layer [17].

I. INTRODUCTION

A magnetic nanostructure has many advantages in applications such as high density recording media and spintronics. Due to the shape dependence caused by limited lateral size, its magnetic properties may be different
from the bulk characteristics. The traditional approach
of fabricating a nanostructure is combining film growth
technology with lithography. Self-assembly is also an
effective method in fabricating nanostructures. The advantages for using this method are its low cost, the rapidity of the process, and the capability of large-area
fabrications. There are two different approaches for selfassembly. The first one is fabricating a self-assembled
nanopattern under special conditions. This process allows the study of structural and magnetic properties of
high-quality epitaxial nanostructures [1, 2]. The second
method is the use of self-assembled nanoporous materials, such as anodic aluminum oxide (AAO) and blockcopolymer, as a mask or template during evaporation
[3–9]. However, the second approach has not yet been
∗ E-mail:

II. EXPERIMENTS
The AAO mask was prepared by anodizing an 800 nm
thick Al film on Si in two steps [4, 18]. The first an-
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Fig. 1. SEM image of the isolated Ni(4.5 nm)/Cu(150 nm)
nanostructure on Si(001) with different diameters. The inset
shows a three-dimensional view of a Ni/Cu nanodot.

odization was carried out at 3 ◦ C in 2 M oxalic acid
(C2 H2 O4 ) at 150 V for 75 sec. The produced alumina
layer was removed by using a mixed solution of 6 % phosphoric acid (H3 PO4 ) and 6 % chrome acid (CrO3 ). The
second anodization was carried out for 140 sec under
the same conditions as the first one. 0.2 M phosphoric
acid was used to increase the pore diameter. Then the
AAO was carefully removed from the Si substrate and attached to the HF-treated Si(001), which was larger than
the AAO mask. A 150 nm thick Cu film was thermally
deposited onto the AAO mask/Si at a deposition rate of
0.1 nm/sec, followed by Ni at a deposition rate of 0.03
nm/sec. The pressure was 1 × 10−8 Torr during evaporation. Then, the AAO mask was removed, which resulted
in an isolated Ni/Cu nanostructure and a film on the
same Si(001) substrate. Three nanostructures and films
with different Ni thicknesses (tN i = 4.5, 6.5 and 10 nm)
were made.
The Ni/Cu nanostructures were monitored by using
a field emission scanning electron microscope (FESEM:
JEOL 6500F). The detailed structural information was
obtained by observing high-resolution X-ray diffraction
(XRD) with λ = 1.5425 Å at the 10C1 beamline of the
Pohang Light Source in Korea. The magnetic hysteresis
loops were measured by using the magneto-optic Kerr
effect (MOKE).

III. RESULTS AND DISCUSSION
Figure 1 shows the SEM image of the Ni/Cu(001)
nanostructure with a Ni thickness (tN i ) of 4.5 nm, including a 3-dimensional view of a single nanodot. The
diameter of the nanostructured area is 1 cm, the similar
patterns are observed for the whole area. The average
diameter (Davg ) of the dots is estimated to be 150 nm,
based on AFM measurements, and the separation between dots is 250 nm.
The epitaxial relationship of the Ni/Cu nanostructure (tN i = 10 nm) to the Si(001) substrate was de-

Fig. 2. Azimuthal angle scans of the Cu(111), Ni(111)
reflections and the (202) reflection of the Si substrate. The
in-plane momentum transfer of the Ni< 110 > direction is
parallel to the Si< 100 > direction.

termined by using azimuthal angle scans of the Ni(111),
the Cu(111) and the Si(202) reflections. Figure 2 shows
distinct four-fold symmetries of the Ni and the Cu reflections, indicating that the nanostructure is epitaxial
to the Si substrate. Figure 2 shows the < 110 > direction of Ni and Cu is parallel to the < 100 > direction
of Si, which is the same relationship as that of a fcc
Ni/Cu(001) film on Si(001) [13].
Figure 3(a) shows X-ray diffraction profiles taken from
the film and the nanostructure of the epitaxial Ni(10
nm)/Cu structure. Each profile shows two obvious
peaks, which correspond to Cu(002) and Ni(002) peaks,
indicating that both structures have (001) surfaces. Another interesting point is the position of the Ni(002)
peak. The positions of the bulk Cu(002) and Ni(002)
peaks are marked as long straight lines for reference. The
Cu(002) peaks for both structures are very close to that
of the bulk. The overlying Ni layer is under tensile stress
due to the lattice mismatch between Cu and Ni, which
results in a contraction of the out-of-plane lattice spacing. This causes the Ni(002) peak to occur at a higher
angle in the θ-2θ scan than the Ni bulk peak, but the position of the Ni(002) peak of the nanostructure is closer
to the bulk value than that of the film even with the same
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Fig. 3. (a) X-ray diffraction pattern of the Ni/Cu(001) films and nanostructures. The broad humps near 52◦ represent
Ni(002) reflections. The peak positions of Ni(002) marked as short lines are obtained from a curve-fit program. (b) Variation
of the perpendicular spacing (d⊥ ) of the Ni film and the nanostructure.

Ni thickness, which implies that the nanostructure is less
strained than the film. The perpendicular spacing of Ni
is found from the peak position of Ni(002). Figure 3(b)
shows the variation of the perpendicular spacing (d⊥ )
for the nanostructure and the film with increasing tN i .
The Ni(002) peak was not detected for the nanostructure with tN i = 4.5 nm. The diffraction intensity at this
thickness might be under the detection limit. In general,
the nanostructure is less strained than the film at the
same Ni thickness, and the strain relaxation is enhanced
for the nanostructure for the same variation of tN i .
Figure 4 shows the magnetic hysteresis loops measured
in the polar MOKE configuration. The magnetic field
is applied perpendicular to the sample surface. As observed by many groups, all three Ni films show strong
perpendicular magnetic anisotropy (PMA), though the
remanent magnetization of the film with tN i = 10 nm
decreases to 75 % of the saturation value. Increasing
tN i further will cause the magnetization to lie in the
plane because of the dominant shape anisotropy [12–14].
However, the magnetic anisotropy of the nanostructure
shows a dramatic change for the same Ni thickness range.
Though the PMA is dominant at tN i = 4.5 nm, the
magnetic anisotropy of the nanostructure shows a rapid
change such that it becomes a hard axis loop at tN i =
10 nm.
The magnetic anisotropy energy is expressed as Ean
= −K ef f cos2 θ, where K ef f is the effective magnetic
anisotropy constant, and θ is the angle between the magnetization and surface normal. The direction of the magnetic easy axis is determined by K ef f , which contains all
relevant anisotropy energy density contributions: K ef f

Fig. 4. Hysteresis loops of the continuous Ni/Cu film and
isolated nanostructures measured in the polar MOKE configuration.

= K Sh + K M E + K N /t; shape anisotropy, magnetoelastic (ME) coupling energy, and surface/interface
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Fig. 5. Changes in surface (∆H Sh ), linear (∆H M E,B ) and
nonlinear (∆H M E,D ) ME anisotropy fields as the Ni changes
from a film to a nanostructure.
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for the shape (∆H Sh = 2∆K Sh /MS ) and the linear and
nonlinear coupling terms (∆H M E,B = 2∆K M E,B /MS
and ∆H M E,D = 2∆K M E,D /MS ) as the Ni changes from
a film to a nanostructure. The ∆H M E,B tends to cause
the magnetization to lie in the plane while the ∆H Sh
and the ∆H M E,D prefer a perpendicular magnetization
for both thicknesses. However, their sum prefers an inplane magnetization. It can be concluded that the linear
ME coupling energy is the main factor for causing the
in-plane magnetic anisotropy as the Ni changes from a
film to a nanostructure.
In addition to these changes, the surface/interface energy term, which prefers perpendicular magnetization
[14], also decreases because the lateral area of nanostructure is not negligible compared to its area. Therefore, the
change in the total anisotropy field will decrease further.

IV. CONCLUSION
anisotropy. As Ni changes from a film to a nanostructure, these contributions change. The shape anisotropy
constant is expressed as
K Sh =

1
(Nk − N⊥ )MS2 ,
2

(1)

where Nk (N⊥ ) is the demagnetizing factor along the
direction parallel (perpendicular) to the plane and MS
is the saturation magnetization. The shape anisotropy
field, which is given as H Sh = 2K Sh /MS , changes from
–6.08 kG to –5.21 kG as Ni changes from a film to a
nanostructure with Davg = 150 nm and tN i = 10 nm, if
an oblate spheroid is assumed.
According to earlier reports [14–16], the ME coupling
term in a thin film is different from that in a bulk material and can be expressed as


2C12
εk
K M E = B1bulk 1 +
C11


2C12
+D1 1 +
ε2k = K M E,B + K M E,D ,
(2)
C11
where B1bulk (= 9.4 × 107 erg/cm3 ) is the bulk ME coupling, D1 (= –234 × 107 erg/cm3 ) is the nonlinear ME
coupling term, and εk is the biaxial in-plane strain [16].
While B1bulk prefers a perpendicular magnetization in a
strained Ni film, D1 plays a major role in causing an
in-plane magnetization in a highly strained ultra-thin Ni
film [14]. The in-plane strain is determined by the parallel spacing (dk ), which is calculated from the perpendicular spacing by using the relation
dk = d0 + (d0 − d⊥ )(1 − ν)/2ν .

(3)

Here, d0 is the undistorted (002) spacing of Ni, and ν(=
0.31) is the Poisson ratio [11]. For the film and nanostructure, εk is 1.3 % and 0.53 % at tN i = 10 nm, respectively. Figure 5 shows the changes in the anisotropy fields

We have fabricated an isolated epitaxial Ni/Cu(001)
nanostructure on Si(001) by using AAO as a mask during
evaporation. The nanostructure is less strained than the
film, which directly affects the magnetic anisotropy of
this system. Our results indicate that many structuresensitive properties of an epitaxial nanostructure can be
different from those of a film. By using similar technique,
various epitaxial metal nanostructures can be fabricated
on a large area.
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