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Abstract

Co nanowires with a preferred orientation were fabricated by direct current electrodeposition into the pores of porous anodic alumina

membrane, and the structure of Co nanowires was studied by X-ray diffraction and high-resolution transmission electron microscopy

with selected-area electron diffraction. It is found that the crystal structure of Co nanowires lies on the deposition potential. When

electrodeposition is performed far from equilibrium conditions, i.e., at a high potential, face-centered cubic Co nanowires are deposited,

while hexagonal close packing Co nanowires are formed at the low potential. The experimental results indicate that the orientation of the

nanowires has effects on the coercivity for both hexagonal close packing (hcp) and face-centered cubic (fcc) Co.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic nanowires have attracted much interest in
recent years for their potential applications in high-density
magnetic recording devices [1,2]. To realize these applica-
tions, the structure and the growth direction of nanowires
need to be controlled precisely because the magnetic
properties are related to these. The synthesis and control
of the magnetic nanostructure on a large scale is a
challenging issue in the field of material science. One of
the solutions is the method to combine electrodeposition
with template. Electrodeposition method has several
advantages over dry processes [3], for example, the
deposition parameters can be easily adjusted. These
parameters, such as pH value, deposition potential and
temperature, are responsible for the control of the
structure. Several researchers have reported that the pH
value of the bath solution significantly affects the structure
e front matter r 2007 Elsevier B.V. All rights reserved.
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of Co film formed by electrodeposition. A solution with a
low pH value (o2.5) was reported to favor face-centered
cubic (fcc) Co film [4–6], whereas a high pH value (42.5)
or a high temperature system favored the formation of
hexagonal close packing (hcp) Co film [7]. For Co
nanowires, several reports said that the acidity or pH
value of electrolyte has effects on the structure of Co
nanowires [8–11]. That is to say, the hcp and fcc Co
nanowires can be obtained by adjusting pH value of
electrolyte. However, Co nanowires with the fcc structure
prepared by adjusting pH value were polycrystalline [9].
It is of interest to fabricate Co nanowire arrays with a
preferred orientation and to investigate their magnetic
properties, because the nanowires with a preferred orienta-
tion exhibit excellent magnetic properties, such as
large anisotropy, large coercivity, high remanence, and so
on [12].
Co nanowires have been electrodeposited into the pores

of porous anodic alumina membrane (PAAM) [1,9–11] and
polycarbonate [13–16]. Nevertheless, the PAAM template
is commonly used because of its excellent properties, such
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Fig. 1. FE-SEM images of Co nanowires after partly etching the PAAM:

(a) top view and (b) cross-sectional view.
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Fig. 2. XRD patterns of Co nanowire arrays prepared under the different

conditions: (a) the potential of �1.45V and (b) the potential of �3V.
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as corrosion resistance and decorative properties, and
nanopore regularity. Highly ordered Co nanowire arrays
with uniform diameter are essential for studying their
properties and application in the high-density magnetic
recording devices in future. So, in this work, we fabricated
Co nanowire arrays with a preferred orientation in the
pores of the PAAM, and obtained the different structures
(fcc and hcp) by adjusting the deposition potential. The
magnetic properties of the fcc and hcp Co nanowires have
also been investigated.

2. Experiment

The PAAM templates were prepared by a two-step
anodization process as described previously [17,18]. We
have modified the procedure to improve the nanopore
regularity of the PAAM template [19]. To be brief, prior to
anodizing, high-purity aluminum foils (99.999%) were
annealed in a vacuum of 10�3 Pa at 500 1C for 5 h to
remove the mechanical stress and obtain homogenous
structure. The two steps of anodization were performed in
0.3M oxalic acid under 40V and 5 1C. After the second
anodization, the remaining aluminum was etched by
saturated SnCl4 solution. The alumina barrier layer was
then dissolved in 5wt% H3PO4 solution at 30 1C. Finally, a
layer of Au film (about 200 nm in thickness) was sputtered
onto one side of the PAAM template to serve as the
working electrode in a two-electrode plating cell. The
electrolyte used in this work contained 200 g/L Co-
SO4 � 7H2O and 40 g/L H3BO3. According to the previous
reports [9–11], the pH value of solution was adjusted to 5.5
with 1M H2SO4. Direct current (DC) electrodeposition
was performed at the potentials of �1.45 and �3V, which
are the potentials between graphite anode and Au film
cathode on the PAAM in a common two-electrode plating
cell, at room temperature.

The phase structures of Co nanowire arrays were
characterized by X-ray diffraction (XRD, Philips X’Pert)
with Cu Ka1 radiation (l ¼ 0.154056 nm). The morphol-
ogies of Co nanowire arrays were observed with field-
emission scanning electron microscopy (FE-SEM, FEI,
Sirion 200), and the morphology of the single Co nanowire
was characterized with high-resolution transmission elec-
tron microscopy (HRTEM, JEOL-2010) with selected-area
electron diffraction (SAED). A Physical Property Mea-
surement System (PPMS, Quantum Design) was used to
measure the magnetic properties of the samples at room
temperature.

3. Results and discussion

The morphologies of Co nanowire arrays are shown in
Fig. 1. It can be seen from Fig. 1(a) that a large number of
Co nanowires were liberated from the PAAM template and
bundled together after partly dissolving the PAAM. Fig.
1(b) is the cross-sectional SEM image of Co nanowire
arrays. As shown in Fig. 1(b), Co nanowires have the
uniform diameter because of the finite effects of the pores
of the PAAM.
In Fig. 2 are shown the XRD patterns of as-prepared Co

nanowire arrays. Fig. 2(a) shows the typical XRD pattern
of the sample fabricated under the condition of the
potential of �1.45V. It can be seen that all peaks can be
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Fig. 3. TEM images and SAED of Co nanowires: (a) hcp structure and

(b) fcc structure.

Fig. 4. HRTEM image and corresponding SAED of Co nanowire with fcc

structure.
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indexed to the hcp phase, and match well with the standard
diffraction peaks of Co (JCPDF 89-4308). The intensity for
ð1 0 1̄ 0Þ planes is very strong and higher than others, which
indicates that the c-axis is perpendicular to the axis
direction of nanowires. The XRD pattern for the sample
fabricated under the condition of the potential of �3V is
shown in Fig. 2(b). A predominant XRD peak at
2y ¼ 75.81 has been observed in Fig. 2(b). It is well known
that the standard diffraction of hcp Co (JCPDF 89-4308)
and fcc Co (JCPDF 89-4307) both have the peaks at
2y ¼ 44.21, 75.81. So, it is difficult to judge the structure of
the sample fabricated at the potential of �3V from the
XRD pattern shown in Fig. 2(b) for there is only one peak
appearing.

TEM image and SAED are performed to further confirm
the structure of the samples fabricated under the different
conditions. Fig. 3(a) shows a typical TEM image of a single
Co nanowire fabricated at the potential of �1.45V. It can
be seen from Fig. 3(a) that the diffraction pattern which is
corresponding to the area signed by the circle can be
indexed to hcp structure, and Co nanowire has a preferred
orientation along the ½1 0 1̄ 0� direction. This is in accord
with the result of XRD shown in Fig. 2(a). In Fig. 3(b) is
shown a typical image of a single Co nanowire fabricated
at the potential of �3V. According to SAED which
corresponds to the area signed by the circle in the inset of
Fig. 3(b), it is found that the structure of the nanowire is
fcc. Meanwhile, the preferred orientation of the nanowire is
along the [1 1 0] direction. HRTEM was used to further
prove the fcc structure of Co nanowires (Fig. 4). It can be
seen from the lattice fringe and the corresponding SAED in
Fig. 4 that Co nanowire fabricated at the potential of �3V
has the fcc structure.
Hcp structure is universal for electrodeposited Co. It is

well known that Co with fcc structure, which is stable at
temperatures above 422 1C, can be obtained from electro-
deposition at lower pH value [9]. Our experiments show
that the DC electrodeposition process at the low potential
(�1.45V), i.e., small current density would result in the hcp
structure of Co nanowires (see Figs. 2(a) and 3(a)).
However, the fcc structure of Co nanowires has been
obtained at the potential of �3V (see Figs. 2(b) and 3(b)).
In this condition, the process of electrodeposition is far
from the equilibrium because the current density is big at
the high potential. Meanwhile, at the high potential, the
adsorption of hydrogen from the acidic solution on the
electrode surface will happen, and will induce a thermo-
dynamic to kinetic transition during the electrodeposition
[20]. It has been reported that the fcc structure of
electrodeposited Co film was formed at a high potential
[21]. Nakahara and Mahajan [6] suggested a mechanism for
the formation of Co with fcc structure at low pH value.
According to their opinions, the formation of fcc Co,
which is actually metastable Co hydride (fcc), is promoted
by the electrodeposition of atomic hydrogen. We think that
the mechanism proposed by Nakahara and Mahajan can
also be applied to the formation of Co nanowires with fcc
structure in our case. The formation of a metastable Co
hydride (fcc) is possible at the high potential because the
evolution of hydrogen is greatly increased with an
increasing potential. Therefore, at the high deposition
potential, the fcc structure of Co nanowires can be formed.
At the high potential, Co nanowires with fcc structure

have a preferred orientation along the [1 1 0] direction. As
is well known, the growth of nanowires is a result of a
competitive mechanism after the nucleation. It was
reported that the competition between the adsorption
and desorption of hydrogen ions exists along with the
growth of metallic nanowires [22]. For the deposition of Co
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nanowires with fcc structure, the adsorption of hydrogen
ions on the cathode stabilizes the (1 1 0) face [23]. In our
case, the high deposition potential may make much
hydrogen ions accumulate on the cathode, so the growth
of (2 2 0) plane is favorable with the aid of the hydrogen
ions adsorption for Co nanowires with fcc structure.
Therefore, Co nanowires have not only the fcc structure
but also a preferred orientation along the [1 1 0] direction.

The magnetic properties of Co nanowire arrays em-
bedded in the PAAM are closely related to the structure.
The magnetic hysteresis loops were measured at room
temperature for Co nanowire arrays with hcp and fcc
structures, where the applied field is parallel and perpendi-
cular to the nanowire’s axis (Fig. 5). It is worth mentioning
that bigger coercivity and squareness will occur when the
applied field is parallel to the nanowire’s axis for Co
nanowire arrays with both hcp and fcc structures (Fig. 5).
However, the coercivity and squareness of fcc Co nanowire
arrays are larger than those of hcp Co nanowire arrays
when the applied field is parallel to the nanowire’s axis.

It is well known that ferromagnetic material has an easy
magnetization direction. In the case of hcp Co, the easy
magnetization direction is along the c-axis [24]. In our
experiments, the c-axis is perpendicular to the axis
direction of Co nanowires with hcp structure. When the
applied field is parallel to the nanowire’s axis, hcp Co
fcc
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Fig. 5. Magnetic hysteresis loops of Co nanowire array embedded in the

PAAM: (a) hcp structure and (b) fcc structure. (—K—) Denotes field

applied parallel to nanowire’s axis and (—J—) denotes field applied

perpendicular to nanowire’s axis.
nanowire arrays have a coercivity of 520Oe in our
experiments. This result is almost the same as the reported
values of the coercivity for hcp Co nanowires with the c-
axis perpendicular to the nanowire’s axis [8,10,25], and
lower than the reported values of the coercivity for hcp Co
nanowires with the c-axis parallel to the nanowire’s axis
[10,26,27]. Some works [8,9,27] have reported that the
effective anisotropy of the magnetic nanowire arrays comes
from the competition between the magnetocrystalline
anisotropy and the shape anisotropy. Magnetocrystalline
anisotropy of the hcp Co nanowires will make the magnetic
moment arrange along the c-axis, i.e. perpendicular to the
nanowire’s axis in our experiments, but the shape
anisotropy tends to arrange the magnetic moment along
the axis of the nanowires [9]. So, the competition between
magnetocrystalline anisotropy and shape anisotropy re-
sults in a relatively weak effective anisotropy along the
nanowire’s axis, which leads to the low coercivity [9].
Comparing the reported results [10,26,27] with our value,
we can see that the orientation of the hcp Co nanowires has
effects on the coercivity. For the fcc Co nanowires with the
orientation along the [1 1 0] direction, the coercivity is
about 1260Oe in our experiments, which is lower than the
result of fcc Co nanowires with the orientation along the
[1 1 1] direction obtained by Li et al. [9]. This further
indicates that the orientation of Co nanowires has effects
on the coercivity.

4. Conclusions

In summary, we have fabricated Co nanowire arrays
with hcp and fcc structures by adjusting the potential
during the DC electrodeposition. At the potential of
�1.45V, Co nanowire arrays with hcp structure were
formed, while Co nanowire arrays with fcc structure were
obtained at the potential of �3V. The results of magnetic
measurements show that the orientation of the nanowires
has effects on the coercivity for both hcp and fcc Co.
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