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Fabrication of Epitaxial fcc Co/Cu Nanostructures/Si(001)
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Isolated epitaxial Co(5 nm ≤ tCo ≤ 30 nm)/Cu nanostructures have been fabricated on a Si(001)
substrate by using a nanoporous anodic aluminum-oxide (AAO) film as a mask during evaporation.
The structural and the magnetic properties of the nanostructures are compared with those of asgrown films. The results of X-ray diffraction confirm that both the film and the nanostructure have
a fcc structure with a (001) surface and a Co[110]//Cu[110]//Si[001] crystallographic relation in
the plane. The nanostructures with tCo ≥ 10 nm show clear four-fold symmetry of the remanent
magnetization in the plane, but due to dipole interactions among nanodots, their values are smaller
than those of films. The nanostructure with tCo = 5 nm shows isotropic hysteresis loops while the
film with the same thickness shows a four-fold symmetry.
PACS numbers: 75.30.Gw, 73.61.Tm, 75.60.Ej
Keywords: Epitaxial, Nanostructures, Anisotropy

I. INTRODUCTION
Fabrication of ordered nanostructures has recently received a great deal of attention due to their potential applications in various fields, such as electronic, photonic,
magnetic, and biochemical devices [1–5]. The traditional
approach is to pattern a continuous film into a nanostructure by using electron-beam lithographic techniques,
focused ion-beam etching, and/or scanning-probe-based
writing. While these methods offer flexibility and controllability in generating arbitrary patterns, they have intrinsic drawbacks of low throughput and high equipment
cost. Self-assembly is another powerful method because
it is low cost and quick and offers large-area fabrication.
One way of using self-assembly is to use a self-assembled
material, such as anodic aluminum oxide (AAO) [6–8],
as a template or a mask during the fabrication process.
The nanoporous AAO is obtained by anodizing Al foil.
The pore channels of AAO are uniform, parallel, and
perpendicular to the membrane surface [9–11]. It is an
ideal template for fabricating nanowires because of its
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extreme high aspect ratio (ratio of length to diameter).
The AAO obtained by anodizing Al film deposited on the
desired substrate would potentially offer much broader
application than AAO foils [12].
Epitaxial magnetic films have been extensively studied because their magnetic properties are very sensitive
to the structure and the surface. Since a extremely clean
surface is required, most epitaxial magnetic films are
prepared in an ultra-high vacuum chamber, and epitaxial magnetic nanostructures are fabricated by patterning
them into nanosizes [13,14].
In this paper, we report the fabrication of an isolated
epitaxial Co/Cu(001) nanostructure on a Si substrate by
using self-organized nanoporous AAO as a mask while
evaporating Co and Cu in vacuum. The structural and
the magnetic properties are compared with those of simultaneously prepared films. There are obvious advantages 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)
[15,16].
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Fig. 1. (a) Top view and (b) three dimensional view of the
SEM image of an isolated Co (tCo = 10 nm)/Cu (150 nm)
nanostructure on Si (001).

II. EXPERIMENTS
An 800 nm thick Al/Si was anodized in a 2-M phosphoric acid (H3 PO3 ) at 150 V for 75 s. The produced
alumina layer was removed by using a mixed solution of
6 % phosphoric acid and 6 % chronic acid (H2 CrO4 ).
Then, the second anodization was carried out under the
same conditions as the first one. The temperature was
maintained at 3 ◦ C during the anodization process. 0.2M phosphoric acid was used to increase the pore diameter
[20]. The aspect ratio of the AAO is controlled through
this process, which is crucial in fabricating the structure
within a nanopore. After the second anodization, the
AAO was removed from the Si and carefully attached
to HF-treated Si(001). 150-nm-thick Cu was thermally
deposited onto AAO mask/HF-treated Si(001) at a deposition rate of 0.1 nm/sec, followed by Co (tCo = 5, 10,
15, 25, 30 nm) with a deposition rate of 0.01 nm/sec.
Finally, the Cu capping layer (5 nm) was evaporated.
Then, the AAO mask was removed, which resulted in
an isolated Co/Cu nanostructure on the Si. The Si substrate was large enough that only part of it was covered
by the AAO mask. Therefore the nanostructure and film
were fabricated simultaneously on the same substrate.
The pressure of the chamber was 1 × 10−8 Torr during
the evaporation. The nanostructures were monitored by
using a field-emission scanning electron microscope (FESEM: JEOL 6500F). The structural and magnetic properties were analyzed by using X-ray diffraction (XRD)
with λ = 1.5425 Å at the beamline 10C1 of the Pohang
Accelerator Laboratory and by using the magneto-optic
Kerr effect (MOKE).

III. RESULTS AND DISCUSSION
Figure 1(a) shows the top view of the SEM image of
the Co (tCo = 10 nm)/Cu(001) nanostructure. The average diameter of the dots is estimated to be 200 nm.
The size-uniformity and ordering can be improved by
pre-patterning the Al film [12,21–23]. Figure 1(b) shows
the three-dimensional view. The flat surface of a nanodot suggests that the nanostructure has been successfully fabricated with the desired thickness, which is pos-

Fig. 2. Powder diffraction profiles of (a) Co (tCo = 30
nm)/Cu (150 nm) film and the (b) nanostructure in the surface normal direction. The sharp and broad peaks in (a)
correspond to Cu(002) and fcc Co(002), respectively. (c) and
(d) are the scattering profiles along the [2.455 Å−1 0 l] direction. The weak peak near 1.85 Å−1 in (d) originates from the
fcc Co(111) reflection. (e) ∼ (g) are azimuthal angle scans of
the Si(202), Cu(111) and Co(111) reflections The scattering
intensities of (f) and (g) are plotted on a semilog scale to
emphasize the weak Cu(111), and Co(111) reflections. The
in-plane momentum transfer of the Co[110] direction is parallel to the Si[100] direction.

sible by adjusting the aspect ratio of nanoporous AAO
via two-step anodization.
Figures 2(a) and (b) represent the XRD profiles of the
film and the nanostructure with tCo = 30 nm in the surface normal direction. The profile of the Co film shows
sharp and broad peaks, which correspond to fcc Cu(002)
and fcc Co(002) peaks, illustrating that the Co/Cu film
has a (001) surface. However, the fcc Co(002) peak for
the nanostructure could not be clearly measured because
the diffraction intensity was close to the detection limit
due to the relatively poor crystalline order of the Co
nanostructure. We suspect that the asymmetric line
shape on the high-angle side to be attributed to the weak
fcc Co(002) peak. To clarify the atomic structure of the
Co layer, we investigated the asymmetric diffraction profile in the [2.455 Å−1 0 l] direction in reciprocal space,
keeping the in-plane momentum transfer of the Cu(111)
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Fig. 3. (a) Magnetic hysteresis loops of Co (tCo = 15 nm)/Cu (150 nm) film and the nanostructure, measured in the
longitudinal MOKE configuration. (b) Variation of the normalized remanent magnetization (mr = Mr /MS , Mr = remanent
magnetization, MS = saturation magnetization) of the Co (tCo = 15 nm)/Cu film and nanostructure for various field directions
in the plane. The theoretical variation of mr is shown as line.

peak because it is sensitive to the atomic stacking sequence. Figures 2(c) and (d) depict the diffraction profiles from the Co film and the nanostructure. As Figure
2 (d) shows, the Co (tCo = 30 nm) nanostructure has an
additional weak peak peaks near 1.85 Å−1 that originates
from the fcc Co(111) reflection. From the in-plane and
the out-of-plane diffraction profiles of the Co nanostructure and film, both Co layers have fcc (001) surfaces.
The epitaxial relationship of the Co/Cu nanostructure
and the film to the Si (001) substrates was determined by
using the azimuthal angle scans of the Si(202), Cu(111)
and Co(111) reflections, as shown in Figures 2(e)∼2(g).
The distinct four-fold symmetries of the Co and the Cu
Bragg reflections reflect the nanostructures being epitaxially grown on the Si substrate and the continuous film.
From the coincidence of the azimuthal angle positions,
the in-plane Cu[110] and Co[110] directions are parallel
to the Si[100] direction.
Figure 3(a) shows magnetic hysteresis loops of the Co
(tCo = 15 nm)/Cu film and nanostructure, measured
in the longitudinal MOKE configuration. The magnetic
field is applied parallel to the sample surface. Both structures have an easy axis in the plane. The Co[110] is the
magnetic easy direction, and the Co[010] is the hard direction, which has been observed in fcc Co films by many
groups [15–19]. While the film shows sharp switching,
the nanostructure does not. The normalized remanent
magnetization (mr = Mr /MS ) of the nanostructure is
small compared with the film, and the coercive field of
the nanostructure shows a dramatic variation for various
field directions. Moreover, the saturation field is much
higher than that of the film. Figure 3(b) shows the vari-

ations of mr of the film and the nanostructure with tCo
= 15 nm for different field directions in the plane. Both
structures show clear four-fold symmetry. This is magnetic confirmation for an epitaxial nanostructure. The
maxima and the minima of mr for both structures occur
at the same field direction, which is a magnetic confirmation of the XRD azimuthal scan shown in Figure 2(c).
i.e. the in-plane crystallographic direction of nanostructure is the same as that of film. The absolute value of
mr of the nanostructure is much smaller than that of film
for all field directions. The theoretical angular variation
of mr is shown as a line for reference. The above trends
are observed for nanostructures with tCo > 10 nm.
The differences in the magnetic properties can be explained by using the dipole interaction among nanodots
[24, 25]. From the hysteresis loop and from the shape
anisotropy argument, it is clear that each nanodot has
in-plane magnetization. The dipolar field from a nanodot affects the magnetization of the nearest nanodots,
which can be treated as magnetic dipoles. This dipoledipole interaction decreases mr of the nanostructure because the dipolar field from a nanodot tends to reverse
the magnetization of the nearest nanodots, depending on
their relative positions. If nanostructures are to be saturated magnetically, the applied field must overcome this
dipole-dipole interaction, which results in an increased
saturation field for the nanostructure. The dipole-dipole
interaction affects the switching behavior of the magnetization such that some nanodots reverse earlier and others
reverse later as the field is sweep, which results in a continuous switching of the magnetization and an increased
coercive field in nanodots, though the size variation of
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Fig. 4. Variation of mr of the Co (tCo = 5 nm)/Cu nanostructure for various field directions in the plane.

the nanodots also has an effect.
Figure 4 shows the variation of mr for a 5-nm-thick Co
film and nanostructure for various field directions in the
plane. The mr of the nanostructure decreases because
of the dipole-dipole interaction. Though the film shows
four-fold symmetry following an ideal curve, the nanostructure shows little change. The anisotropy energy may
not be strong enough to maintain four-fold symmetry for
a nanostructure of this thickness.

IV. CONCLUSION
We have successfully fabricated isolated epitaxial fcc
Co/Cu(001) nanostructures on Si(001). The Cu and the
Co layers in the nanostructure and the film have fcc (001)
surfaces with a Co[110]//Cu[110]//Si[001] in-plane relation. The nanostructures with tCo ≥ 10 nm and the
films show four-fold symmetry of mr , which is magnetic
confirmation of an epitaxial fcc structure. The dipoledipole interaction among nanodots strongly affects the
magnetic properties in the nanostructure. Our result
suggests that various epitaxial metal nanostructures can
be fabricated by using Cu(001)/Si as a substrate.

ACKNOWLEDGMENTS
This work was partly supported by a Korea Research
Foundation grant No. KRF-2004-015-C00170, and by
grant No. R01-2004-000-10715-0 from the Basic Research Program of the Korea Science & Engineering
Foundation, and by the R&D Program for NT-IT Fusion Strategy of Advanced Technologies.

[1] W. Liang, K. T. Tsen, D. K. Ferry, M. C. Wu, C. L. Ho
and W. J. Ho, Appl. Phys. Lett. 83, 1438 (2003).
[2] W. I. Park, G.-C. Yi and H. M. Jang, Appl. Phys. Lett.
79, 2022 (2001).
[3] R. P. Cowburn and M. E. Welland, Science 287, 1466
(2000).
[4] F. J. Himpsel, J. E. Ortega, G. J. Mankey and R. F.
Willis, Adv. Phys. 47, 511 (1998).
[5] T. E. McKnight, A. V. Melechko, G. D. Griffin, M. A.
Guillorn, V. I. Merkulov, F. Serna, D. K. Hensley, M. J.
Doktycz, D. H. Lowndes and M. L. Simpson, Nanotechnology 14, 551 (2003); S.-Y. Kwon, H. J. Kim, H. Na,
Y.-W. Kim, H.-C. Seo, H. J. Kim, Y. Shin, E. Yoon,
Y. Sun, Y.-H. Cho, J.-W. Yoon and H. M. Cheong, J.
Korean Phys. Soc. 46, 130 (2005).
[6] R. Naik, C. Kota, J. S. Payson and G. L. Dunifer, Phys.
Rev. B 48, 1008 (1993); Mun Ja Kim, Y. W. Kim, Jin
Seung Lee, Ji-Beom Yoo, Chong-Yun Park, Che Jin Bae
and J.-G. Park, J. Korean Phys. Soc. 47, 313 (2005).
[7] Y. Z. Wu, H. F. Ding, C. Jing, D. Wu, G. L. Liu, V.
Gordon, G. S. Dong and X. F. Jin, Phys. Rev. B 57,
11935 (1998).
[8] S. Subramanian, X. Liu, R. L. Stamps and R. Sooryakumar, Phys. Rev. B 52, 10194 (1995).
[9] H. Masuda and K. Fukuda, Science 268, 1466 (1995).
[10] F. Li, L. Zhang and R. M. Metzger, Chem. Mater. 10,
2473 (1998).
[11] O. Jessensky, F. Müller and U. Gösele, Appl. Phys. Lett.
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