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The influence of electrodeposition potential, pH, composition and temperature of the electrolytic
bath on the structure of cobalt nanowires arrays electrodeposited into anodic aluminum oxide
(AAO) porous membranes is reported. XRD, SEM, and TEM analysis were employed to character-
ize structural (crystal phase, crystallographic texture, and grain size), and morphological nanowire
properties. It was confirmed that at pH 2 the electrodeposition potential has not influence on the
preferred crystallographic orientation of the electrochemically grown Co nanowires. At pH 4 the
electrodeposition potential controls the growth of cobalt nanowires along some preferential crystal-
lographic planes. The electrolytic pH bath modulates the fcc or hcp phase exhibited by the cobalt
nanowires. Single crystalline nanowires with a hcp phase strongly oriented along the (2021) crys-
tallographic plane were obtained at pH 4 and at −1.1 V (vs. Ag/AgCl), a result not previously
reported. High electrolytic bath temperatures contributed to improve the single crystalline charac-
ter of the cobalt nanowires. The presence of chloride anion in the electrolytic bath also influenced
on the structural properties of the resulting cobalt nanowires, improving their crystallinity. The opti-
cal reflectance of the samples shows a structure in the UV-blue region that can be assigned to
the two-dimensional morphology arising in the shape of the almost parallel nanowires. Magnetic
measurements showed that different electrodeposition potentials and electrolytic bath pH lead to
different magnetic anisotropies on the nanowire array samples.

Keywords: Cobalt, Nanowires, Electrodeposition, Magnetic Properties.

1. INTRODUCTION

In the last years, fabrication of nanowire arrays, prin-
cipally magnetic nanowires, has become the subject of
intensive study and research.1–6 Magnetic nanowires have
attracted attention because their distinctive properties are
of great interest in theoretical physics and solid-state
science.1–6 Their potential applications in high-density
magnetic recording devices,1–6 giant magnetoresistance7

and spintronics are also of high interest.8�9 For instance,
magnetic nanowire arrays as high-density magnetic stor-
age material can achieve recording densities of more than
100 Gbit/in,2 which is beyond the projected thermal limit
of 40 Gbit/in2 for continuous magnetic films.10�11

∗Author to whom correspondence should be addressed.

Cobalt (Co) is an important ferromagnetic material with
large coercivity and high Curie temperature (1400 K) that
has two kinds of phases: Hexagonal close-packed (hcp,
�-Co) phase at low temperatures and face-centered cubic
(fcc, �-Co) phase at high temperature, both presenting
different properties.8�12 Furthermore, nanoscaled Co struc-
tures particularly often crystallize in the fcc �-Co phase.13

Among the different magnetic nanowires (Fe, Co and Ni),
Co has been focus of attention motivated by its large crys-
tal anisotropy when the material is in the hcp structure.14

Particular interest arise in cobalt nanowire (CoNW) arrays
because Co is a hard magnetic material whose magnetic
properties can be engineered through variation of the struc-
tural parameters, such as, crystallinity, shape, and grain
size.15
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Different fabricating methods of one-dimensional
nanowires have been explored in recent years. Among
these, the template-based electrochemical method is
widely used because it is simple, inexpensive technique,
fast and operating at near room temperature.2�3�16–19 In
addition, the ability to “tailor-make” properties (i.e.,
preferred crystallographic orientation) by controlling depo-
sition conditions, and uniform growth makes electrode-
position an attractive synthesis method.20 Arrays of NWs
are obtained by electrochemically filling a porous tem-
plate that contains a large number of straight cylindri-
cal holes with a controllable narrow size distribution. The
filling of the pores is gradually produced from the bot-
tom to the template surface, and the amount of mate-
rial can be easily controlled through the charge recorded
during the nanowires growth. This makes possible the
preparation of highly ordered nanostructures with specific
dimensions and properties.2�3�16–19 Two types of templates
have been mainly used: porous anodic aluminum oxide
(AAO) and etched ion track polycarbonate membranes.21

AAO template, which possesses a uniform and parallel
hexagonal porous structure,22–23 is widely used as tem-
plate for the assembling of high-quality nanowire arrays.
An advantage of the AAO membranes is the possibil-
ity to control their morphological features by adjusting
the anodizing parameters, i.e.,: surface treatment of alu-
minum, potential and time of anodizing, nature and com-
position of electrolyte.22�24�25 A variety of metallic NWs
such as Fe,26 Ni,27�28 Cu,28–30 Ag,28�31�32 and Au28�33 have
been fabricated in a single bath using a template-based
electrochemical method. Furthermore, Co nanowires have
been electrodeposited into the porous of AAO templates
by DC,15�34�35 AC,36�37 multistep AC38 and pulsed poten-
tial methods.12�39 However, the dependence of their crys-
tal structures with the experimental conditions is still
controversial.37

Given that it has been demonstrated that the nanowires
(NWs) properties depend strongly on the crystallographic
orientation,12 controlling the growth orientation is essential
for many of their proposed applications. As the magnetic
property of bulk Co differs greatly along the different
crystalline orientations,34 one feasible route to control the
magnetic properties of Co NWs is to modulate the crys-
tallographic orientation. Although some groups tried to
control the orientation of Co nanowires, it is still a con-
siderable challenge to do it rationally. Moreover, the NWs
structure needs to be precisely controlled because the mag-
netic properties are also structure related.
The interest in Co NW immersed in a dielectric

matrix is not only reduced to its magnetic and magneto-
optic properties,40 but also to its optical properties. The
optical properties of metal-dielectric composite materi-
als, with cobalt as the corresponding metal, have been
recently studied in detail for cobalt spherical and elon-
gated nanoparticles.41–43 In the past, Co-Al2O3 composite

were studied for their application as solar selective surface
in photothermal energy conversion of solar energy.44 More
recently, the interest has grown because of its potential
application of their surface plasmon renonances,43�45 which
in conjunction with the magnetic properties can lead to
versatile hybrid magneto-optic and optoelectronic devices.
The study of the surface plasmon resonance of Co NW46

and their non-linear optical properties47 were studied in
suspension in liquid solutions. For Co NW arrays in Al2O3

the optical properties were studied in the infrared region.48

The current paper reports the growth of Co NW
arrays with controllable orientation and phase structure
by potentiostatic electrodeposition into AAO templates.
The influence of electrodeposition potential, electrolytic
bath acidity, bath temperature and the presence of chlo-
ride anion in the electrolytic bath on the crystal phase,
crystallographic texture, and grain size of the resulting Co
NWs have been studied and reported. Also, the optical
properties in the visible and near UV region of Co NWs
inside the alumina template are studied and interpreted
using an effective medium numerical approach. Finally,
the influence of electrodeposition conditions (electrodepo-
sition potential and electrolytic bath pH) in the magnetic
behavior of the samples (associated with the influence of
these parameters in the mechanism of nanowire growth) is
also discussed.

2. EXPERIMENTAL DETAILS

Anodic aluminum oxide (AAO) membranes were pre-
pared from a 99.99% aluminum foil (0.13 mm thickness,
SIGMA-ALDRICH) by the two-step anodization tech-
nique as described in a previous paper.32 To facilitate the
electric contact, a very thin Au-Pd layer was sputtered on
one side of the membrane followed by the electrodeposi-
tion of a thicker cobalt layer for achieving the full pore
sealing.
The electrochemical experiments were performed with

an IM6e BAS-ZAHNER potentiostat controlled through a
PC. The electrochemical cell consisted in a three electrode
arrangement with the AAO/Co layer as working electrode,
a platinum foil as counter-electrode, and Ag/AgCl(sat) as
reference. All the potentials in the text are referred to this
reference electrode. The cobalt nanowires were deposited
under potentiostatic control at room temperature in an
unstirred electrolyte solution containing 0.4 M CoSO4 and
0.28 M H3BO3 at pH= 2 and pH= 4, the pH was adjusted
by adding H2SO4 or NaOH. To study the effect of chloride
ions 0.4 M CoSO4, 0.08 M CoCl2 and 0.28 M H3BO3,
pH 2 plating solution was used.
The morphological characterization of the AAO was

made with an Atomic Force Microscope (AFM, Nano-
scope IIIa, Digital Instrument, contact mode). X-ray
diffraction analyses were conducted with a Philips
PW3 710 diffractometer using the CuK� radiation.

3900 J. Nanosci. Nanotechnol. 11, 3899–3910, 2011
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A JEOL 5900 LV apparatus was used for SEM
measurements. Transmission electron microscopy (TEM)
observations were carried out on a JEOL 2010F elec-
tron microscope operated at 200 kV coupled with an
energy dispersive spectrometer Princeton Gamma Tech-
nology system. A 1 nm diameter probe was used for the
microanalysis. Samples were prepared by crushing sam-
ples in an agate mortar and ultrasonically stirring them in
butanol. The smallest particles were then collected in the
supernatant liquid using a holey C-coated copper grid.
The optical properties of the samples were studied by

diffuse reflectance spectroscopy. The experimental setup is
similar to the one used for the optical characterization of
other metallic nanowires in this template.31 In the present
case, however, the samples under studied were the metal-
dielectric nanostructures consisting in the cobalt nanowires
immersed in the template (nanoporous alumina). The light
source consisted of a 1000 W electric power Xe lamp
(ORIEL 6271). The unpolarized light output reached the
sample after being chopped with an SRS SR540 chopper
and monochromated with an ORIEL 77250 monochroma-
tor. The reflected light was detected normally to sample
surface (with quasi-normal incidence) with an UDT 11-09-
001-1 (100 mm2 wide area UV enhanced unbiased silicon
detector). A first lock-in amplifier (SRS SR530) extracted
the signal from the detector while a second lock-in ampli-
fier (EG&G 5209) was used to measure the variation of
the optical source amplitude. A PC controlled the whole
process (monochromator movement and GPIB communi-
cation with the lock-in). For the present study the Xe white
light was used as reference for reflectance determination.
The magnetization measurements were performed in

a VSM (vibrating sample magnetometer) and a SQUID
(superconducting quantum interference device) at 300 K.

3. RESULTS AND DISCUSSION

3.1. Morphological Study of the AAO Membrane
Template and Co Nanowires

Figure 1 shows a top view AFM micrographs of the
AAO template with the typical self-ordered cell configura-
tion which was formed under the most appropriate condi-
tions in oxalic acid solution at room temperature (20 �C).
An almost ideal arranged hexagonal cell configuration is
observed with monodomain size of up to several square
micrometers (Fig. 2(a)), a pore density of 1010 pores/cm2,
an average pore’s radius of of 25 nm, and an interpore
spacing, Dint, of 100 nm.
The cross-sectional SEM view of the membrane in

Figure 2(b), showed that the pores are cylindrical, open
at one end, propagated through the entire thickness of the
membrane (∼6 �m). They are also straight, parallel per-
pendicular to the surface, and not connected to each other.
Figure 3, panels (a and b), are SEM images of Co

NWs prepared on the home made AAO template with

(a)

(b)

Fig. 1. AFM top view of a highly ordered home made AAO template at
low- and high-magnification: (a) 1�00×1�00 �m2, and (b) 500×500 nm2.

a pore diameter of 50 nm, after partial or total disso-
lution of the alumina membrane. The SEM observations
show Co NWs with a high aspect ratio that are indepen-
dent and parallel to each other, continuous, and densely
packed. They exhibited an average length of 6 �m which
is equivalent to the thickness of the AAO prepared mem-
branes. Figure 4 shows typical Co NWs TEM images. The
images reveal that the nanowires have a uniform diameter
of about 50 nm, which is equal to the pore size of the
AAO template.

3.2. Effect of the Electrodeposition Potential and
Electrolyte pH Bath on the Structure of the Co
Nanowire Arrays

The X-ray diffraction technique was used to investigate
the crystallographic phase, the overall crystalline quality,
and the possible texture of the cobalt nanowire (CoNW)
arrays. Figure 5 shows typical X-ray diffraction scans for
cobalt nanowire arrays embedded in the alumina template
that were grown at different electrodeposition potentials
at pH = 2, at room temperature. Irrespective of the elec-
trodeposition potential, only a predominant single peak is
observed at 2�= 75�9�. This diffraction peak is difficult to
index, because the Bragg reflection angle of 2� = 75�868�

J. Nanosci. Nanotechnol. 11, 3899–3910, 2011 3901
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(a)

(b)

Fig. 2. SEM (a) top view and (b) cross section (×30.000) of a home
made AAO template.

for Co fcc(220) lies close to that of 75.891� for Co
hcp(1120) (JCPDS 89-4307 and JCPDS 89-4308, respec-
tively). It should be noted that, in spite that at room tem-
perature the stable phase for bulk Co is only hcp (see
above), the fcc phase can also appear in nanostructures or
very thin films.13�50�51 Additionally, it has been reported
that the bath pH significantly affects the structure of
Co formed by elctrodeposition.13�50�51 Actually, a solu-
tion with low pH (<2�5) favours fcc Co, whereas higher
pH values (>2�5) favours the formation of hcp Co.13�50�51

Therefore, current results are in line with the relevant liter-
ature involving low-dimensional CoNWs and low pH elec-
trodeposition of Co. Based on previously reported work, it
can be asserted that the single peak in Figure 5 originates
either from pure fcc or a combination of the hcp and fcc
phases.
The sharp and narrow diffraction peaks indicates that the

nanowires have highly preferential orientation, not depen-
dent on the electrodeposition potential. However, the rela-
tively small signal/noise in the CoNW diffraction patterns
reveals that they are not single crystals but rather consist of
oriented polycrystals. The dimensions of the crystallites, of
which the cobalt nanowires are composed, were estimated
from the FWHM of the principal diffraction peaks using
the Scherrer formula.52 When the term “crystallite size” is
used, we are referring to the dimensions of the coherent
diffracting domain. The equation is applicable to samples

where lattice strain is absent. Nanowires can posses some
strains, which could also be a factor contributing to the
peaks width, thereby affecting the estimation of the crys-
tallite nanowires size. Moreover, the crystallite sizes of the
cobalt nanowires estimated from the X-ray diffraction peak
width (and using Scherrer’s formula), were in some cases
greater than 45 nm. Thus, crystallite sizes were larger
than the maximum accurate size value acceptable that can
be deduced from these XRD measurements. Therefore,
the size of the crystalline domains determined from the
XRD peak widths is used only as a comparative measure
among samples. The crystallite sizes (along the nanowire
axis) of Co nanowires grown at different electrodeposi-
tion potentials are presented as an inset in Figure 5(c).
A marked increase in crystallinity is observed as the
electrodeposition potential is made more cathodic. This
behavior is consistent with previously published results
for Ni53–55 and Co36 nanowires in which the growth of
single-crystal nanowires under high deposition overpoten-
tial was observed. Moreover, a very good understanding
of the single-crystal growth of Ni and CoNWs under high
deposition overpotentials has been recently presented.56

A higher deposition overpotential promotes a selective sur-
face adsorption of H ions onto the intrinsic high-energy
crystal face lowering its surface energy, even lower than
that of the previously intrinsic low-energy crystal face.
Consequently, the formation of the crystalline nucleus
favors the growth of single-crystal nanowires along the
normal direction of the intrinsic high-energy crystal face.56

(a)

(b)

Fig. 3. SEM micrographs of the exposed Co nanowires after the alu-
mina template membrane was partial or total dissolved away.

3902 J. Nanosci. Nanotechnol. 11, 3899–3910, 2011
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(a)

(b)

Fig. 4. TEM micrographs of cobalt nanowires that have been grown at
−0�900 V, inside a 50 nm AAO template.

Figure 6 displays the XRD patterns of CoNW arrays
grown at pH= 4 at two electrodeposition potentials (−0.9
and −1.1 V), at room temperature. Figure 6(a) shows the
X-ray diffractogram corresponding to CoNWs fabricated
at −0.9 V. All the peaks can be indexed as the Co hcp
phase. The intensity of the diffraction peak correspond-
ing to hcp(1010) plane is very strong indicating that the
c-axis is perpendicular to the CoNWs axis direction. The
XRD pattern for the CoNW arrays grown at −1.1 V shown
in Figure 6(b), exhibits only one predominant diffraction

40 50 60 70 80 90 100

(a)

fcc(220)/hcp(1120)

fcc(220)/hcp(1120)

fcc(220)/hcp(1120)
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(b)
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Fig. 5. X-ray diffraction patterns of cobalt nanowire arrays embedded
in the home made AAO template. The cobalt nanowires have been grown
at different electrodeposition potentials: (a) −0.9 V, (b) −1.0 V and
(c) −1.1 V. Bath temperature: 20 �C, and pH = 2. Inset of Figure 3(c)
shows a plot of the crystallite sizes (along the nanowire axis) of Co
nanowires grown at different electrodeposition potentials.

peak at 2� = 94�6�, corresponding to (2021) plane of hcp
Co. To the best of our knowledge, it is the first time that Co
nanowires with a very strong hcp (2021) preferred crys-
tallographic orientation, as in the present case, has been
reported. Significant differences of crystal structures are
observed between CoNW grown at pH = 2 (see Fig. 5)
and those grown at pH= 4 (see Fig. 6), indicating that the
crystal structure of CoNWs depends strongly on the pH
value of the electrolytic bath. For pH 2.0 (Fig. 5), they
crystallize in a mixture fcc and hcp structures. Instead,
at pH 4.0 (Fig. 6), CoNWs crystallize in the hcp struc-
ture. This behavior is consistent with previously published
results.38

During the electrodeposition of Co the hydrogen evo-
lution reaction (HER) occurs as a side reaction. The

J. Nanosci. Nanotechnol. 11, 3899–3910, 2011 3903
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Fig. 6. X-ray diffraction patterns of cobalt nanowire arrays embedded
in the home made AAO template. The cobalt nanowires have been grown
at room temperature, in an electrolytic bath with pH = 4, and at two
different electrodeposition potentials: (a) −0.9 V and (b) −1.1 V.

consequences are: a current efficiency reduction, a pH
change at the interface and a modification in the kinetics
Co ions electroreduction. According to Matsushima et al.57

an hydrogen rich phase is formed during cobalt reduction
(Eq. (1)). They assume that an electrochemical desorp-
tion and diffusion process of adsorbed hydrogen molecules
from the electrode surface can be associated with the dis-
solution of hydrogen rich cobalt phase (Eqs. (2 and 3)) as:

H3O
++ e−+Co→ CoH�ads	+H2O (1)

H3O
++CoH�ads	+ e− → H2��ads	+H2O+Co (2)

H2��ads	 → H2�g	 (3)

This assumption agrees with our experiments because we
observed bubbles formation over the electrode for deposits
obtained at pH 2.
At pH 4.1, the same authors57 detected the simultaneous

deposition of Co and Co(OH)2 (see Eq. (4)). They assumed
that the formation rate of cobalt hydroxide in the vicinity
of the electrode decreases and the remaining current is
used in the direct discharge of Co2+ ions. The absence of
hydroxide species can be related to the decreasing amount
of free OH− ions reacting with Co2+ in the vicinity of the

electrode surface, leading to direct Co deposition (Eq. (5)),

Co2+�aq	+2OH−
�aq	 → Co�OH	2��s	 (4)

Co2+�aq	+2e− → Co�s	 (5)

Nakahara51 suggested a mechanism for the formation of
fcc cobalt at low pH, which is actually metastable cobalt
hydride, promoted by the codeposition of atomic hydro-
gen. The formation of hcp Co probably occurs at higher
pH (>3), where the current is largely used for the reduc-
tion of metals ions, although a delay in the reduction rate
due to hydroxide adsorption can occurs.

3.3. Effect of Bath Temperature on the Structure of
the Co Nanowire Arrays

Figure 7 shows the XRD patterns of CoNW arrays grown
at −1.1V at two different electrolytic bath temperatures:
20 �C and 40 �C, pH= 2. Irrespective of the bath tempera-
ture, the presence of only one diffraction peak correspond-
ing to the fcc(220)/hcp(1120) plane is observed. It must
be concluded that for this high electrodeposition potential
the bath temperature has no effect on the preferred crys-
tallographic orientation of the CoNWs over this temper-
ature range. However, the diffraction peaks of nanowires
grown at the higher temperature are more intense and
present a narrow full width at high maximum when com-
pared with those corresponding to samples obtained at the

40 50 60 70 80 90 100

(b)

(a) fcc(220)/hcp(1120)

fcc(220)/hcp(1120)In
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ity
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Fig. 7. X-ray diffractograms of home made AAO/Co nanowire arrays.
The cobalt nanowires have been grown at −1.1 V, pH= 2; at two different
bath temperatures: (a) 20 �C; and (b) 40 �C.
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lower temperature, demonstrating a better crystalline struc-
ture and a superior single crystal quality. On the basis of
Scherrer’s equation, crystallite size values of 76 nm and
80 nm along the nanowire axis have been obtained for the
CoNWs grown at 20 �C and 40 �C, respectively. Then, the
increase of temperature benefits the crystalline structure
of the CoNWs. Higher temperature promotes the surface
diffusions of atoms and favors the re-growing and coales-
cence of pre-existing grains.

3.4. Effect of Chloride ion in the Electrolytic Bath on
the Structural Properties of Co Nanowire Arrays

Figure 8 shows the XRD patterns of CoNW arrays that
have been electrochemically grown at −1.1 V, pH = 2,
at room temperature, in the absence (Fig. 8(a)), and in
the presence of chloride ions (Fig. 8(b)) in the electrolytic
bath. For both cases, only a predominant single peak is
observable at 2� = 75�9�, corresponding to Co fcc(220)/
Co hcp(1120). On the other hand, crystallite size values
obtained for CoNWs grown without and with the presence
of chloride anions at 20 �C, are 76 nm and 84 nm along the
fcc [110] direction, respectively. Therefore, the presence
of chloride anion in the electrolytic bath also improves the
crystallinity of the resulting CoNWs.
There are not references in the literature regarding the

specific rol played by chloride ions on the cristallinity

40 50 60 70 80 90 100

(b)

(a)
fcc(220)/hcp(1120)
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Fig. 8. X-ray diffractogram of home made AAO/Co nanowire arrays.
The cobalt nanowires have been grown at −1.1 V, 20�C, pH = 2, in
electrolytic baths: (a) In the absence, and (b) in the presence of chloride
anion.

improvement of Co NW. However, some explanations have
been given in the case of Co thin films electrodeposi-
tion. It is possible that something similar could happen
with Co NW. It has been suggested that two-dimensional
nucleation could change when hydrogen is simultaneously
discharged and certain foreign additives are adsorbed on
the cathode.58�59 It is known that Cl− affects the metal
deposition by specifically adsorbing on the cathode.60 Fur-
thermore, especially during electrodeposition of iron-group
metals, it is also reported that an intermediate MOH−

ad

(M: Fe, Ni or Co) complex was formed during the reduc-
tion of simple hydrated iron-group metal ions and Cl−,
changing the structure of the intermediate to the more
easily reducible MCl−ad. It is possible that these ionic
species adsorbed on the cathode affected the nucleation
and growth of the specific plane of the deposited Co.58

However, in current work we have only studied one elec-
trodeposition potential, therefore a wider potential inter-
val need to be considered in order to validate these
assumptions.

3.5. Optical Study

The metal-dielectric samples (Co nanowires immersed in
the porous alumina) are dark black with a bluish hue
in some samples. The dark color of moderately packed
nanowires has been reported to arise in an enhanced
absorption due to multireflection effect in the composite
structure.61�62 Figure 9 shows typical diffuse reflectance
spectra for two samples. Optical transmittance measure-
ment was not possible because of the back contact cobalt
layer present in all of them. The spectra of Figure 9
have some characteristic features: structures appear in the
blue-UV region superimposed to an almost smooth back-
ground. The most prominent peaks of the samples shown
in Figure 9 appear at ∼370 nm (for sample prepared at
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Fig. 9. Optical diffuse reflectance for two representative samples pre-
pared at different conditions: E = −1�0 V and pH = 2 (full line) and
E =−1�1V and pH= 4 (dashed line).
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Fig. 10. Results of numerical simulation in for different cases: (a) and (b) d = 2, (c) and (d) d = 3; while 
d = 2�25 for (a) and (c) and 
d = 3�10 for
(b) and (d). In each case for representative cases of different metal volume fractions fm are shown: 2% (short dashed line), 8% (full line), 14% (dotted
dashed line) and 20% (dashed line).

E = −1�0 V and pH = 2) and at ∼430 nm (for sample
prepared at E =−1�1 V and pH= 4).
The optical properties of Co nanowires in different liq-

uid solutions (water, ethanol, and methanol) have been
previously studied.47 In these cases an absorption peak
appears at wavelength lower than 300 nm, which is inter-
preted as transverse surface plasmon according to the
Gans theory.63 As the cobalt nanowire under study are
immersed in a dielectric template, the spectral position
of this resonance strongly depend on the template dielec-
tric constant, 
d. For dielectric constant higher than the
previous mentioned liquid solutions, it is expected that the
corresponding resonance peak would shift into the vis-
ible region. However, a quantitative account with Gans
theory does not allow interpreting the observed peaks
in Figure 9. For this reason a model based on effec-
tive medium theory was used for a proper interpretation
of the present experimental result. The model is similar
to the one previously used to understand optical prop-
erties of Ag nanowires in porous alumina template32�64

and Ni–dielectric nanostructures.65 In this model the
reflectance is calculated as in Ref. [66], with Fresnel coef-
ficients calculated by the usual relations.66–68 Experimental
data from the literature was used.60�70 The complex dielec-
tric constant of the composite material, is calculated by
Bruggeman’s effective medium approximation.64�65�71 The
latter has been proved useful for the unfilled porous alu-
mina template72 and can be applied to the present samples

morphology: Co nanowires in a dielectric matrix. The
parameters needed in this approximation are the metal vol-
ume fraction (fm), the dimensionality (d	 of the system
under consideration (d = 3 for spherical inclusions, while
d = 2 for the cylindrical symmetry of the present case)
and the dielectric constant (
d	 of the alumina.63�71�73

Figure 10 shows the results of the numerical simulations
for different relevant values of the parameters. Figures 10(a
and b) are for a dimensionality d = 2 while Figures 10(c
and d) are for d = 3. Different values for the alumina
dielectric constant 
d were used: Tabulated data for crys-
talline Al2O3 for Figures 10(b and d),74 and reported data
for porous alumina obtained by aluminum anodization for
Figures 10(a and c).71 In each case curves are shown
for representative values of the metal volume fraction fm.
Results that have more resemblance with the experimen-
tal data of Figure 9 are those shown in Figure 10(a)
(
d = 2�25, d = 2) for the curves corresponding to the
lower metal filling fraction. In these cases, a peak in the
reflectance appears at ∼380 nm (for fm ∼ 2%) which
shifts to the red as fm increases, reaching ∼500 nm (for
fm ∼ 14%). For high fm (∼20%) the curves have a smooth
shape with no peak at all in the visible region. The peak
is also present in the case of Figure 10(b) (
d = 3�10,
d = 3) for low fm, shifting also to the red as fm increases,
however it disappears at a value higher than fm ∼ 14%.
Notwithstanding, in the case of Figure 10(b), the curves
are smoother and the structure assignable to the peak less
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prominent than in Figure 10(a). Independently of the 
d

values, there is no peak present for the curves with d = 3,
Figures 10(c and d), (except in the case of 
d = 2�25 and
fm = 2% where the curve is almost flat).
A first conclusion that can be extracted is that the peaks

observed for the experimental optical characterization are
a structure due to the morphology of the metal-dielectric
composite. Effectively, the fact that the peaks only appears
in the numerical result for the case where d = 2, which
corresponds to a two-dimensional system, is compatible
with the morphology of the samples consisting in almost
parallel cylindrical nanowires with their axes perpendicular
to the surface substrate. Moreover, the case of Figure 10(a)
corresponds also with an intermediate value for the dielec-
tric constant of the porous alumina 
d = 2�25. This value,
obtained from experimental determinations of the optical
properties of the porous alumina,72 is closer to the val-
ues that would correspond to the liquid dielectric media in
which optical properties of Co nanowires were previously
studied.47 Finally, the difference in spectral shape of the
reflectance for different samples (as observed in Fig. 9)
and the exact position of the peak, can be assigned to dif-
ferent metal volume fractions as consequence of the prepa-
ration conditions. A comparison of the theoretical results
of Figure 10(a) with the experimental measurements of
Figure 9 allows to assign a higher filling fraction to the
sample prepared at E =−1�0 V and pH= 2 than the one
prepared at E =−1�1 V and pH= 4. In spite of the change
in structure with pH, this is consistent with the observa-
tion that there is an increase in crystallinity with elec-
trodeposition potential (compare with Figs. 3(a) and 4(b)).
Therefore the observed optical properties are a direct con-
sequence of the morphology of the samples and there is a
correlation with their cristallinity.

3.6. Magnetic Properties

Magnetic measurements have been performed in arrays
of nanowires that are inmersed in the pores of the AAO
membrane, so that the order and the distance between
nanowires are kept constant. Figure 11 shows the hystere-
sis curves with the external field H , parallel (H ��) and per-
pendicular (H⊥	 to the nanowire axis, for a sample with
length of L = 4 �m, at room temperature. For this sam-
ple the coercivity measured with the external field along
and perpendicular to the axis of the nanowires changes
from H �

c = 770 Oe to H⊥
c = 150 Oe respectively. The dif-

ference between the parallel and perpendicular hysteresis
curves defines the uniaxial anisotropy; the coercivity and
remanence in the parallel configuration are larger than in
the perpendicular configuration, indicating that the mag-
netic easy axis lies along the nanowire axis. Thus, the
magnetic properties presented in this work are very suit-
able for applications in information storage media.74�75

The magnetic behavior of magnetic nanowire arrays is

Fig. 11. Hysteresis curves with the external magnetic field parallel
(H ��) and perpendicular (H⊥	 to the nanowire axis, for a nanowires
array with a nanowire length of 4 �m, 50 nm diameter, 100 nm interpore
distance, E =−0�9 V, and pH= 2. The inset shows the amplification of
the perpendicular hysteresis curves.

strongly dependent on the magnetic anisotropies (mainly
the shape and crystalline anisotropy) and the dipolar inter-
action between nanowires. In longer nanowires, the strong
shape anisotropy will induce a magnetic easy direction par-
allel to the nanowire axis, as can be observed in Figure 11.
We have also investigated the effect of the electrodeposi-

tion potential, E, and pH on the magnetic properties of the
samples. Figure 12 shows the influence of pH at the elec-
trodeposition potentials of (a) −0.9 V and (b) −1.1 V. For
the sample fabricated at E = −0�9 V the coercivity mea-
sured at the pH 2 and 4 changes from to 770 to 650 Oe,
and the squareness (Mr/M0	 changes from 0.44 and 0.15
respectively. For the sample fabricated at E =−1�1 V the
coercivity measured at pH 2 and 4 changes from to 690 to
575 Oe, and the squareness changes from 0.28 and 0.21
respectively. Hence it is evident that a change in pH leads
to different magnetic anisotropies on the samples, due to
the dependence of crystal structures on pH (see Figs. (3
and 4)). Figure 13(a) shows the influence of the electrode-
position potential for electrolytic bath pH of 2.0. The coer-
civity measured at the E =−0�9 and −1.1 V changes from
to 780 to 570 Oe, and the squareness changes from 0.44
to 0.22 respectively. Therefore, due to the dependence of
the crystallinity as a function of potential, the crystalline
anisotropy is also affected by electrodeposition potential
(Fig. 3). Figure 13(b) shows the influence of the elec-
trodeposition potential for an electrolytic bath pH of 4.0.
In this case the coercivity measured at the E = −0�9 and
−1�1 V changes from to 660 to 580 Oe, and the squareness
changes from 0.22 to 0.15 respectively. From the above
mentioned results one can infer that the different electrode-
position potentials lead to different magnetic anisotropies,
due to the different crystal structures, in correspondence
with Figure 4. Figure 14 summarizes the influence of the
electrodeposition conditions on the coercivity and square-
ness for these samples.

J. Nanosci. Nanotechnol. 11, 3899–3910, 2011 3907
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Fig. 12. Hysteresis loops of Co nanowire arrays embedded in the home
made AAO template in function of the electrolytic bath pH, for two
electrodeposition potentials V: (a) −0.9 v and (b) −1.0 v. All samples
have the same geometric parameters (L = 4 �m, 50 nm diameter, and
100 nm interpore distance). The external magnetic field is applied parallel
to the nanowire axis.

The effective magnetic anisotropy of the nanowire
arrays is determined by four contributions:
(i) the shape anisotropy, which will induce a magnetic
easy axis parallel to the nanowire axis,
(ii) the dipolar interaction between nanowires, which
will induce a magnetic easy axis perpendicular to the
nanowire axis,
(iii) the crystalline anisotropy and
(iv) the magnetoelastic anisotropy, due to stress between
the template and the nanowires, that induce a magnetic
easy axis parallel or perpendicular to the stress direction.
In Co nanowires the contribution of the magnetoelas-
tic anisotropy at ambient temperature is negligible com-
pared to other anisotropies terms.76�77 Thus, the effective
anisotropic field of a Co nanowire array is

Hk = 2�M0−6�3�M0r
2L/D3+Hcris (6)

where M0 is the saturation field, r is the radius of
nanowires, D is the separation between nanowires, and L is
the nanowire length.78 The first term in Eq. (9) is the shape
anisotropy field, the second term is the dipolar field acting
on one nanowire due to all other nanowires in the array,
and the third term is the crystalline anisotropy field that is

Fig. 13. Hysteresis loops of Co nanowire arrays embedded in the home
made AAO template in function of the electrodeposition potentials, for two
electrolytic bath pH: (a) 2 and (b) 4. All samples have the same geometric
parameters (L= 4�m,50nmdiameter, and 100 nm interpore distance). The
external magnetic field is applied parallel to the nanowire axis.

dependent on the growth conditions of the nanowires (elec-
trodeposition conditions). This expression predicts that Hk

depends directly of the crystalline anisotropy as our exper-
imental results demonstrate. Changes in the coercivity and
remanence due to contribution of the crystalline anisotropy

pH

Fig. 14. Coercivity and squarennes in function of: pH and electro-
deposition potential E, corresponding to Figures 12 and 13, respectively.

3908 J. Nanosci. Nanotechnol. 11, 3899–3910, 2011
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are usually small since the shape anisotropy and dipolar
interaction between nanowires are predominant, as pre-
dicted by Eq. (9).

4. CONCLUSIONS

Cobalt nanowires with controllable orientation and phase
structure have successfully been grown by the potentio-
static electrodeposition technique within the pores of AAO
templates. It has been found that the proper selection of
the deposition potential and pH value is very important
in controlling the crystallographic orientation and phase
structure of the cobalt nanowires. Cobalt nanowires with
hcp and fcc phase structure have been prepared. At pH= 4
and at −1�1 V (vs. Ag/AgCl) single crystalline nanowires
with a hcp phase with a strong (2021) orientation, so
far not reported, were obtained. High temperatures con-
tributed to improve the single crystalline character of the
cobalt nanowires. The presence of chloride anion in the
electrolytic bath has also a very important influence on
the structural properties of the resulting cobalt nanowires,
improving their crystallinity. The obtained nanowires have
average diameters of 50 nm and lengths of 6 �m which
is equivalent to the pore size and thickness of the AAO
membranes. The optical properties reveal a peak in the
reflectance between 370 nm and 430 nm. These structures
can be interpreted by a numerical simulation that account
for the properties of the composite material by means of
Bruggeman’s effective medium approximation. The results
of these simulations allow to assign the peaks to the
two dimensional morphology of the samples consisting in
almost parallel cylindrical nanowires with it axes perpen-
dicular to the substrate surface. Finally, in Co nanowire
array samples the magnetic anisotropy is dependent of the
electrodeposition potential and the electrolytic bath pH.
Therefore, the magnetic properties of interest (coercivity
and remanence) can be adjusted by controlling the pH and
potential.
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