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Abstract

Co nanowires were produced by deposition in porous alumina templates using different electrolytic bath acidities, in order to study the effect

on their magnetic properties.

Room temperature FMR measurements and SQUID measurements as a function of temperature showed that the properties of the nanowires are
dependent of the bath pH. The results show that the easy magnetization axes change with both temperature and bath acidity.

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

Magnetic metallic nanowires are an interesting physical
system, with many potential applications, for example in high-
density magnetic recording and as sensors [1-4].

It is known that for metals of group 9 and 10 (Co, Ni, and
Rh) they always show polycrystalline structures, and the textures
are insensitive to the depositing parameters. The polycrystalline
growth of metallic nanowires appears to proceed in the typical
three-dimensional (3D) nucleation coalescence manner [5,6].

Relative to noble metals, groups 9 and 10 metals have smaller
atomic volumes and higher effective electron numbers resulting
in a smaller critical dimension for 2D nucleation.

However, Co has much higher melting point and higher bind-
ing energy and thus favors the aggregation of atoms into small
3D clusters. The diffusion of electrodeposited atoms along the
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surface is inhibited by the high cohesive energy of these metals,
resulting in the nucleation, growth, and coalescence of many 3D
grains during deposition.

Thus the 3D grains, which form the cobalt nanowire, can have
the c-axis orientation either parallel or perpendicular relative to
the long axis nanowire.

In this study, we have shown systematic changes in the struc-
ture of the electrodeposited Co by adjusting these parameters
leading to the deposition of Co nanowires with a c-axis orienta-
tion either parallel or perpendicular to the wires. These changes
lead to modifications in magnetic properties due the rotation of
the hep c-axis from perpendicular to parallel to the wires.

2. Materials and methods
2.1. Pre-treatment of aluminum foils

The electrochemical cell used in this work for electropolishing and
anodizing aluminum, and electrodepositing cobalt, consists of a 600-mL single-
compartment glass vessel, an aluminum working electrode and a platinum
counter electrode placed in the electrolyte vessel. The distance between the
aluminum electrode and platinum electrode was kept at 1 cm.

The current and voltage were monitored throughout the electrochemical
process.

Anodic alumina oxide (AAO) films were grown on 99.997% aluminum foil
(Vetec) pretreated in a 5% NaOH solution at 60 °C for 60s, neutralized in 1:1
HNO:; for 30's, washed in purified Milli-Q water and etching in HNOs.
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The reaction product at the polished Al sheet anode was aluminum oxide,
according to the following Eqgs. (1) and (2):

anode : 2Al(s) + 3H,0 — a-AlLO3(s) + 6H+(aq) + 6e” (1)

cathode : 6HT(1 M) + 6~ — 3H,(g) @

2.2. Alumina template

The polished Al sheet was anodized at a constant potential (25 'V, in 15 wt%
H,S04 at 283 K) and the oxide film formed was dissolved in 1% H3PO4 at 333 K
for 20 min. The solution could completely dissolve the oxide film, but it did not
react with the Al substrate. The partial oxide dissolution in acid is given by Eq.

3):
AL O3(s) + 6HT — 2AI**(aq) + 3H,0 3)

The Al sheet was then reanodized for 120h to create the desired long-range
ordering. The oxide film was removed in 1% H3PO,4 for 6 min and the Al sheet
anodized again for 30 min.

After anodization, each sample was washed thoroughly with distilled water
and dried with an air jet.

2.3. Electrodeposition of cobalt in alumina template and
nanowire growth

Cobalt was deposited in the pores of AAO films at two different currents
densities (50 mA cm~2 and 5 mA cm~2) in an electrolyte consisting of 400 g1~
of CoSO4-7H20 and 40 g 1! of H3BOj3 in the electrolyte vessel at 25 °C.

The solution had typical pH values in the range 3.2-3.9, which can be lowered
gradually to 2.0 by addition of diluted HySO4, or increased up to 6.0 by addition
of NaOH (0.1 M).

The current and voltage were recorded throughout the electrochemical pro-
cess using a computer interfaced to an Autolab Potenciostat/Galvanostat Model
PGSTAT?30 data aquisition/switch unit.

2.4. Characterization

Scanning electron microscopy (SEM) was used to obtain morphological
information of the AAO film as well as the size of the pores and interpores
distance.

A portion of a partially dissolved AAO sample (dissolved for only 10 min)
was mounted on aluminum supports, coated with a film of gold and submitted
to EDX analysis.

Then, the alumite film was completely dissolved in 50 mL of 1.25M NaOH
solution (Eq. (4)), in order to free the cobalt particles from the AAO and obtain
a very soluble aluminate, Al(OH)63~.

a-Al03(s) + 3H,0(l) + 60H(aq) — 2AI(OH)s>~ (aq) @)

After complete dissolution, a drop was put on a silicon substrate and the mor-
phologic measurements of the Co nanowire were performed using a Topometrix
TI® atomic force microscopy, and Jeol Noran scanning electron microscope.

The crystallographic structure of electrodeposited nanowires was investi-
gated by X-ray diffraction analysis (XRD) using a Miniflex diffractometer with
a dwell time of 1° min~', in the #—26 Bragg—Brentano geometry.

Magnetic hysteresis curves were obtained using SQUID (Quantum Design,
Model MPMS) with the external field applied parallel and perpendicular to the
nanowires long axis (perpendicular and parallel to the AAO template) in the
temperature range 5-300 K. For all the measurements, the SQUID was operated
with the superconducting magnet in the dc mode. M—H and ZFC/FC curves were
measured. The nanowires were not removed from the alumina membrane prior
to measurement.

FMR spectra were recorded at 9.52 GHz with the magnetic field applied
parallel (0°) to the wires in a series of samples using Varian Model E-9. The
samples, with 0.5 cm? kept inside the resonance cavity and the measurements
were carried out in other directions, to evaluate the magnetic anisotropy of the
samples.

Fig. 1. SEM image of the porous alumina film prepared by two-step anodization
with 20 nm diameter pores at 3000 x.

3. Results and discussion

3.1. Formation of anodic aluminum oxide films on
aluminum

The hexagonally ordered porous alumina templates have
been prepared via a two-step anodization process, which was
described in detail.

Fig. 1 shows representative SEM images of the pore mor-
phology produced by anodizing aluminum.

As can be seen in Fig. 1, the interpore separation and pore
diameter for this sample are about 50 and 20 nm, respectively.
A highly ordered aluminum oxide pore structure was obtained
in a second anodization step by reanodizing for 30 min.

3.2. Electrodeposition of cobalt into pores of anodic
aluminum oxide films

The electrodeposition was carried out at constant current den-
sity, in order to that the deposition process could be monitored
from the potential response. Cobalt metal is deposited during
the cycle as can be confirmed by SEM image in Fig. 2.

Fig. 2. SEM image of cobalt nanowires into alumina template pores at 15,000 x.
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Fig. 3. XRD pattern of Co nanowire arrays obtained in AAM template at pH value of (a) 3.5 and (b) 5.5.

Fig. 4. SEM micrograph of Co nanowires in partially dissolved alumina mem-
brane (1.25M NaOH/10 min) at 3000 x.

The XRD pattern for the Co nanowires obtained in the pores
of AAO is shown in Fig. 3.

According to the XRD pattern (Fig. 3(a)), for pH 3.5, the exis-
tence of (1 00) peak indicates that the predominant hcp grains
have their c-axis oriented perpendicular to the axis.
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Fig. 6. EDX analysis of cobalt nanowires.

For pH 5.5 (Fig. 3(b)), the (002) peak corresponds to a
change in preferred crystallographic c-axis to parallel to the wire
axis, but the (10 0) reflection peak are still present.

After dissolving the AAM template in 1.25mol L~! NaOH
for 10 min, the cobalt nanowire array was put on a silicon sub-
strate and could be seen partly from the template as shown in
Fig. 4.

When the dissolving process is complete, after 120 min in
NaOH, the visible length of the nanowires becomes longer,
3 wm, as can seen in Fig. 5.

The diameter of a nanowire is determined by the pore diam-
eter, and the length is determined from the quantity of the
electrodeposited material.

It is seen from the EDX spectrum, Fig. 6, that the nanowires
contain only cobalt and oxygen. Al peaks are due to the support,

20000x HV =20000V Photo 501807

Fig. 5. SEM micrographs of cobalt nanowires, after complete dissolution of alumina membrane.
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and the Au peaks to the gold film sputtered on the surface of the

sample.

3.3. Magnetic properties of cobalt nanowires (500 A m=?

and pH 3.5)

The hysteresis curves were measured parallel and per-
pendicular to the wire axis at different temperatures. Fig. 7

B/B,

shows the results for a current density of 500 Am~2 and
pH 3.5.

Both orientations show only a small hysteretic behavior,
resulting in small remanence and coercive field, and suggest
that the sample is magnetically hard parallel to the long axis,
which is an unusual behavior.

This behavior can be explained considering that the Co depo-
sition proceeds in the 3D nucleation mechanism, which leads to
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Fig. 7. Hysteresis loops of the array of Co nanowires obtained at pH 3.5, at different temperatures.
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Fig. 8. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves at
H=39.79kA m~! for nanowires obtained at pH 3.5.

the coalescence into 3D grains. There are two types of grains in
the nanowire: the first type has the axis randomly oriented in a
plane perpendicular to the long axis of the wire and, the second
type has the axes parallel to the long axis. This result agrees with
the XRD pattern showed in Fig. 3, which indicated the existence
of two types of grains for the sample.

The SQUID results suggest that the first type of grains is the
predominant one for pH 3.5; as consequence, the easy axis is
perpendicular to the nanowire long axis.

On the other hand, Fig. 8 shows zero-field-cooled (ZFC) and
field-cooled (FC) M-T data for the same sample measured at
39.79kAm~!. The ZFC and FC curves diverge substantially
at low temperatures. This behavior suggests the presence of
magnetic nanoparticles in the sample.

The total field acting on each wire is the sum of the applied
field and the demagnetizing field of the 2D array. The demagne-
tizing factor perpendicular to the film plane is 1 for a fully dense
infinitely extended film. Taking into account a packing density
P = (dy/d:)*/2+/3 x 100 of 5%, where dy, is the wire diameter
and d. is the center-to-center spacing, the demagnetizing factor
is reduced to 0.5 [7-9].

Moreover, in the range 5-20 K, there is a rise in the ZFC/FC
curves, which can be attributed to the presence of extremely
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Fig. 9. Magnetization curves at different temperatures plotted as function of
HIT.
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Fig. 10. Coercivity (H.) of Co nanowires as function of temperature.

small clusters [10,11]. The absence of a clear peak in ZFC
curve, with increasing temperature, indicates that the Co clus-
ters in the nanowires have a range of blocking temperatures, as
a consequence of range of diameters.

For superparamagnetic samples, the magnetization curves
measured above the blocking temperature (7g) are expected to
fall on each other when plotted as a function of H/T. In Fig. 9,
the magnetization curves measured at 7>50K clearly merge
one another, confirming the occurence of superparamagnetism
above 50K. From the measured T, it is possible to estimate
the particle size of the superparamagnetic clusters by using the
relation:

KAV =25kgTg 5

where kg is the Boltzmann constant. Assuming that the super-
paramagnetic particles are of metallic cobalt, we estimate the
particle diameter, D, to be ~4 nm, corresponding to 7g =50 K.

In Fig. 10, we observe that the coercive fields (H.) become
larger as the temperature (7) decreases with folds both parallel
and perpendicular to the long axis.
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Fig. 11. FMR measurements of Co nanowires performed at room temperature.
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Fig. 12. Angular-dependent FMR lines of Co nanowires.
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This behavior confirms that the effects of the temperature only
shift the whole graphs and, consequently, the higher temperature
usually give smaller coercivity [12] as can be observed in Fig. 10.

Ferromagnetic resonance has been used in order to obtain
complementary information on the magnetic properties of these
nanowires. Fig. 11 presents the absorption derivative, measured

on
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at a frequency of 9.52 GHz, while sweeping the magnetic field

parallel to the wires.

FMR studies supplies information about fundamental mag-
netic magnitudes as spontaneous magnetization, gyromagnetic
factor, but also on magnetic anisotropy, another factor of interest

in this study.

17 T T T
| 5K 4
w
@ 3
a? ﬁ
H £ 4
& —e— Perpendicular
i ﬁ —o— Parallel 1
- O L | L 1
- 800 - 400 0 400 800
H (kA/m)
1T T T
L 20K ]
ncan L J
E D
1 f 1 L L 1 L 1
- 800 - 400 0 400 800
H (kA/m)
1 T T T T Tt~
[ 100 K { 1
L ] 4
i
g !
oo

B/Bs

- 800 - 400 0 400 800
H (kA/m)

Fig. 13. FMR measurements and hysteresis loops of the array of Co nanowires obtained at pH 5.5.



304 V.R. Caffarena et al. / Materials Chemistry and Physics 107 (2008) 297-304

As can be seen from Fig. 11, the results of the FMR mea-
surements agree with those from the SQUID measurements,
indicating that the easy axis is perpendicular to the wire axis.

The FMR spectra show in detail (Fig. 12), exhibit consider-
able anisotropic behavior as the field is rotated both in the sample
plane and from the film plane towards the film normal direction.

As can be seen from figure, the hard axis of the surface
anisotropy is parallel to the nanowire axis. The lowest reso-
nance field is measured at 90°, while the maximum resonance
field is observed at 0° (parallel to the nanowires). This behavior
is consistent with Co grains having their c-axis perpendicular to
the wires.

3.4. Magnetic properties of cobalt nanowires (500 A m=?
and pH 5.5)

The pH was increased gradually up to 5.5 by addition of
NaOH 0.1 M and the electrodeposition was carried out using
this solution and the same current density employed in the first
condition (500 A m—2).

The FMR and SQUID measurements (Fig. 13) suggest that
as the pH is varied, the preferential structural phase, hcp grains
with their c-axis oriented perpendicular to the wires, changes to
a disordered structural phase.

These results indicate the increase in the fraction of grains
having their c-axis parallel to the wires. However, for this value
pH of the fraction of Co grains with c-axis perpendicular still
dominates and, consequently, the easy axis is perpendicular to
the long axis.

When the temperature decrease the parallel axis becomes
the easy one, as can be seen in Fig. 13. At temperatures below
50K, the hard axis is the perpendicular axis and this behavior is
different in relation to the sample obtained at pH 3.5.

May thus concluded that the fraction of Co grains with the
c-axis parallel to the wire axis increases for pH 5.5 and there are
superparamagnetic grains blocked above 50 K.

The FMR absorption peaks at 90° and 0° indicate that the
magnetic anisotropy decreases with pH increase. A substantial
increase in the coercive field (H ) is observed at high pH solution,
which favors a c-axis parallel to the wires.

4. Conclusions

We have prepared cobalt nanowires with diameter of about
20nm and length of 3 wm, using the electrodeposition method
and developed a systematic study of the influence of temperature
and electrolytic acidity on this magnetic properties.

The XRD, SEM and EDX analysis were used to characterize
them. Morphologic observations indicate that the nanowires are
uniform in size and shape, which confirms that electrodeposition
is a good procedure to make these 1D nanostructures.

FMR and SQUID measurements show that, depending on
the choice of pH and current density, different magnetic prop-
erties can be obtained. The control of these properties in cobalt
nanowires should be useful in their potential applications in
perpendicular recording media.

The magnetization curves and the FMR properties show that
the anisotropy properties of Co nanowires depend on the pH
of the solution due to the induced changes in the microstruc-
ture. At pH 3.5, a considerable fraction of grains are grown
with their c-axis aligned perpendicular to the wire axis, whereas
an increase of pH (5.5) seems to favor the deposition of c-
axis aligned parallel to the wires. Then, very different magnetic
properties can be obtained simply changing the electrolytic bath
acidity.
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