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1. Introduction

One-dimensional nanowires with a large aspect ratio have received much attention due to
their unique shape anisotropy and extremely large surface area. Metallic nanowires such as
Au, Ag and Cu nanowires [1-3] and semiconductor nanowires [4-9] would show unique
electron transport properties which are not observed in bulk metals. Ferromagnetic nano-
wires such as Ni, Co and Fe alloy nanowires as well as Co/Cu multilayered nanowires
would be best candidate materials for magnetic field sensors with anisotropic magnetore-
sistance (AMR) and giant magnetoresistance (GMR) effect. Nanowires can be fabricated by
manipulating metallic atoms one by one using scanning tunneling microscopy (STM) or cat-
alyst-assisted wet chemical etching technique [10], while they can be also prepared by elec-
trochemically depositing metallic atoms into a nanochannel template with numerous
nanochannels [11]. Nanochannel templates such as polycarbonate membrane films or ano-
dized aluminum oxide films with high density of nanochannels (about 103~10"® cm™) can be
used in the template synthesis technique [12].

Using polymer membrane filters, ferromagnetic metal nanowires have been synthe sized so
far. Whitney et al. reported that the arrays of Ni and Co nanowires were electrodeposited in
polymer templates with the nanometer-sized pores prepared by nuclear track etching tech-
nique [13]. They found that the preferred magnetization direction is perpendicular to the
film plane and enhanced coercive force as high as 680 Oe. Piraux et al. reported that the ar-
ray of Co/Cu multilayered nanowires with GMR response was electrodeposited in nanopo-
rous polymer template [14]. Blondel et al. also reported that Co/Cu and Ni-Fe/Cu
multilayered nanowires with GMR response was demonstrated [15]. They synthesized the
multilayered nanowires with length of 6 um, diameter of 80 nm and each layer thickness of
5~10 nm into the nanochannels of ion track-etched polycarbonate membrane filters. In the
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report, GMR of 14% for Co/Cu and of 10% for Ni-Fe/Cu was demonstrated at ambient tem-
perature in the current perpendicular to the layers. Ohgai ef al. reported that magneto-sensi-
tive nickel nanowires with AMR response could be fabricated into multi- and single-ion
track templates with nanochannels using electrode position technique [16,17].

On the contrary, using anodized aluminum oxide pores on the surface of metallic alumi-
num substrates, Ni, Co and Fe homogeneous ferromagnetic nanowires have been also electro-
deposited and characterized in terms of their magnetization properties. Kawai et al. reported
that magnetic properties of Ni, Co, Fe, Co-Ni, Fe-Ni and Fe-Co alloy nanowires with the co-
ercive force ranging from 0.5 to 3.2kOe were electrodeposited into the nanopores of an ano-
dic oxide coating films on aluminum [18-20]. Tsuya et al. also reported that the alumite films
containing Fe nanowires were fabricated as an application to perpendicular magnetic record-
ing medium [21,22]. Huysmans et al. reported that the magnetization curling process in per-
pendicular direction was investigated using Fe nanowire arrays in alumite media [23]. Cheng
et al. also reported that the magnetic anisotropy of electrodeposited Co nanowires on alu-
mite substrate [24]. Zhang et al . reported that the influence of the packing density on the mag-
netic behaviour was investigated using alumite media containg magnetic nanowires [25].
AlMawlawi et al. reported that the coercive force of Fe nanowires electrodeposited into ano-
dic aluminum oxide pores increased up to around 2.1 kOe with increasing the aspect ratio of
the nanowires [26]. Nielsch et al. reported that the uniform Ni nanowires array was synthe-
sized into the ordered alumina pores by pulsed electrodeposition technique [27]. Evans et al.
reported that the current perpendicular to plane giant magnetoresistance (CPP-GMR) was
found using the multilayered nanowires electrodeposited in a commercially available ano-
dic aluminum oxide membrane filter [28]. Ohgai et al. reported that the Co/Cu multilay-
ered nanowires with spin-valve effect and GMR response were synthesized in self-
organized anodized aluminum oxide nanopores grown at the surface of bulk aluminum. They
also reported that the pore bottom oxide layer was removed by a chemical etching techni-
que using aluminum oxide template with pore-length as short as 2000 nm. In their report,
20% of GMR was demonstrated in Co/Cu multilayered nanowires at room temperature, while
the typical resistance switching of spin-valves was also demonstrated in Co/Cu/Co tri-lay-
ered nanowires [29-32]. Wu et al. reported that the Ni nanodot and nanowire arrays could be
prepared using a porous alumina layer on a bulk silicon as a template without a conduc-
tive interlayer [33]. Chu et al. reported that the integrated ultra high-density Fe-Pt alloy nano-
wires array was synthesized in a porous alumina layer on an ITO-glass template [34]. Wang
et al. reported that the Ni nanowires with different diameters were prepared by direct-cur-
rent electrodeposition into the pores of porous anodic alumina membrane [35]. Friedman et
al. reported that the optimal parameters were found for synthesis of magnetic nanowires in
porous alumina templates [36].

Electrodeposition of metallic nanowires into the as anodized aluminum template can be car-
ried out using an alternating current or a pulsed current in order to reduce the charging up
effect of the barrier layer at the interface between the anodized aluminum oxide layer and
the metallic aluminum substrate. However, this resistive barrier layer makes it difficult to
achieve good electric contacts at the pore bottom and well-controlled layered structure of
electrodeposited nanowires. In this chapter, fabrication process of anodized aluminum ox-
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ide template without the barrier layer and the magnetoresistance properties of electrodepos-
ited Ni, Co alloy nanowires and Co/Cu multilayered nanowires were investigated to
synthesize novel functional ferromagnetic devices with anisotropic magnetoresistance
(AMR) effect and giant magnetoresistance (GMR) effect.

2. Fabrication of Anodized Aluminum Oxide Nanochannels Templates

2.1. Barrier Layer Thinning by Chemical Etching Technique

Aluminum sheets with thickness of 500 um were used as a starting material to prepare ano-
dized aluminum templates. First, the aluminum sheets were electrochemically polished in a
ethanol solution containing 25 vol% of perchloric acid to achieve a mirror like surface. Dur-
ing the electrochemical polishing, the cell voltage was kept at 8 V for 10 min at room tem-
perature. Then, the polished aluminum sheets were anodized in an aqueous solution
containing 0.3 mol/L oxalic acid to obtain a nanoporous aluminum oxide layer on the sur-
face. During the anodization, the cell voltage was kept at 50 V for 10 min at room tempera-
ture. Subsequently, the anodized aluminum sheets were immersed in an aqueous solution
containing 5 vol% of phosphoric acid for 50 min to widen the pores, and to thin the oxide
layer at the pore bottom. These processing parameters give pores 2 um long with a diameter
of 60 nm.
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Figure 1. Time dependence of current density on fabrication of self-organized nanoporous anodized aluminum tem-
plates. Anodization was conducted under 50 V in aqueous solution containing 0.3 mol/L oxalic acid.
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Figure 1 shows the time dependence of current density on the fabrication of self-organized
nanoporous anodized aluminum templates. Anodization was conducted under 50 V in
aqueous solution containing 0.3 mol/L oxalic acid. At the beginning of anodization, the cur-
rent density is very high due to oxygen evolution at the surface of aluminum as shown in
Figure 1(a). Then, the current density rapidly decreases due to the formation of a highly re-
sistive oxide layer as shown in Figure 1(b). Next, the current density gradually increases due
to self-organized formation of nanopores in the oxide layer as shown in Figures 1(c), (d). Fi-
nally, the current density reaches a constant value due to a stable growth rate of the porous
oxide layer as shown in Figure 1(e).

Cross Sectional View

ALO,

Figure 2. SEM image of a cross section view of an anodized aluminum template. Anodization was conducted under
50 V for 10 min. The anodized aluminum oxide layer has a typical porous columnar structure and the pore length is
approximately 2um. The pore diameter is approximately 60 nm.

Figure 2 shows SEM images of a cross section view of an anodized aluminum template. The
oxide layer has a typical porous columnar structure and the pore length is approximately
2um as shown in Figure 2. The pore diameter is approximately 60 nm and the order of pore
density is 10" pores/cm? as shown in Figure 2. It is well known that an anodized aluminum
template has a resistive oxide layer (barrier layer) at the interface between the anodized alu-
minum oxide film and the metallic aluminum substrate. Figure 3 shows SEM images of a
pore top planar view (a) and a pore bottom back side view (b) of an anodized aluminum
template. For observation of pore bottom back side (barrier layer), the massive metallic alu-
minum substrate was dissolved in hydrochloric acid containing traces of cupric ions. The
pore diameter is approximately 60 nm and the order of pore density is 10" pores/cm? as
shown in Figure 3(a). The existence of a barrier layer is made obvious by looking at the pore
bottom of anodized aluminum oxide layer (Figure3(b)).This resistive barrier layer makes
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well-controlled electrodeposition of layered structures difficult and lowers their AMR and
GMR performance. Electrodeposition of metals into the pores of an anodized aluminum sur-
face is usually carried out using alternating current or a pulsed current technique [37-40] in
order to reduce the charging up effect of the barrier layer. To remove this barrier layer, the
massive metallic aluminum backing is usually dissolved in an aqueous solution containing
HgCl, prior to thinning the barrier layer [41-45]. However, this aluminum substrate dissolv-
ing technique can be applied to thick aluminum oxide layers with the thickness of several
tens micro meters. On the contrary, when this barrier layer is removed or thinned without
removing the aluminum backing, anodized aluminum templates with short pores length
can be obtained. Since the thickness of the barrier layer is about several tens of nanometres,
this layer can be removed or thinned using a chemical etching technique from the pore side
direction [46]. Therefore, after the anodization process, to remove or thin this barrier layer
without dissolving the metallic aluminum backing, the anodized aluminum templates were
subsequently immersed in an aqueous solution containing phosphoric acid prior to the elec-
trode position process.

Al Aluminum Etching | 1 SEM

Figure 3. SEM images of pore top plan view (a) and pore bottom plan view (b) of an anodized aluminum template.
Anodization was conducted under 50 V for 10 min. The metallic aluminum substrate was dissolved in the hydrochloric
acid aqueous solution containing small amount of cupric ions.

2.2. Barrier Layer Thinning by Anodization Voltage Controlling

Figure 4 shows experimental apparatus and time-dependence of applied voltage to synthe-
size an anodized aluminum oxide membrane filter. Anodized aluminum oxide thick films
with numerous nanochannels were exfoliated mechanically by the pressure of hydrogen gas
generated at the interface between an oxide layer and a metallic aluminum during the subse-
quent cathodic reduction process after the growing of anodic aluminum oxide layer. At first,
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70 V was applied to growing aluminum oxide long nanochannel. Then, the anodization volt-
age was decreased gradually down to 0 V for thinning the pore bottom oxide layer (barrier
layer). Finally, cathodic voltage was applied to exfoliate an anodized aluminum oxide mem-
brane film from the metallic aluminum rod due to the hydrogen evolution. Figure 5 shows sur-
face appearance of anodized aluminum oxide membrane filters exfoliated from a metallic
aluminum rod. These membrane filters were obtained by anodizing at 50 V (Figure 5(a)) and
70 V (Figure 5(b)). The membrane filter anodized at 70 V had round and disc shape with the
diameter of 10 mm (Figure 5(b)) while that anodized at 50 V had several cracks (Figure 5(a)).

Bipolar Power Supply Anodization & Pore Bottom H, Gas
Nanochannel Oxide Layer Evolution &
- Growing Thinning Exfoliation
80
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A1 Thza
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2H* + 2e" — H,
T T T T
50 100 150 200 250
Time / min

Figure 4. Experimental apparatus and time-dependence of applied voltage to synthesize an anodized aluminum ox-
ide membrane filter.

Figure 5. Surface appearance of anodized aluminum oxide membrane filters exfoliated from a metallic aluminum rod.
These membrane filters were anodized at 50 V (a) and 70 V (b).

Figure 6 shows SEM images of barrier layer side (plan view (a), cross section (b)) and sur-
face side (plan view (c), cross section (d)) of an anodized aluminum oxide membrane filter
exfoliated from a metallic aluminum rod. The anodization was conducted at 70 V. The aver-
age channel diameter at the surface side was around 60 nm while that at the barrier layer
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side was ca. 20 nm. The oxide layer has a typical porous columnar structure and the channel
length was ca. 60 um while the channel density was around 10® channels / cm?.
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Figure 6. SEM images of barrier layer side (plan view (a), cross section (b)) and surface side (plan view (c), cross section
(d)) of an anodized aluminum oxide membrane filter exfoliated from a metallic aluminum rod. The anodization was
conducted at 70 V.

Figure 7 shows the effect of anodization voltage on the growth rate of anodized aluminum
oxide layer. The oxide layer thickness was determined by observing the cross sectional SEM
images. With increasing the anodization voltage V ,(V), the oxide layer thickness was in-
creased exponentially. The average growth rate R ; #*“(nm/sec) of anodized aluminum oxide
layer can be expressed by the following equation (1).

logR, "™ = 0.017V,—0.34 (1)

According to the equation (1), if V , equal to 70 V, R ; 4 is estimated to be around 7.1 nm/
s. Ohgai et al. [31] have reported that the average growth rate of the anodized aluminum ox-
ide layer depends on the anodization voltage and the growth rate R* ; “** (nm/sec) increas-
es exponentially with increasing the anodization voltage V , (V) as shown in the following
equation (2).

logR*,"™ = 0.03V,-0.78 )

According to the equation (2), if V , equal to 70 V, R* ; 4 is calculated to be around 21 nm/s
which is ca. 3 times larger than that obtained from the equation (1). It is well known that the
real time growth rate of the anodized aluminum oxide layer R ; ** decreases with increase
in the oxide layer thickness. In the equation (1), range of the oxide layer thickness is from 50
to 200 um while the range is from 1 to 60 um in the equation (2). Therefore, R ; “*calculated
from the equation (1) would be smaller than that obtained from the equation (2). [1]
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Figure 7. Effect of anodization voltage on the growth rate of anodized aluminum oxide layer.

Figure 8 shows the relationship between film thickness of anodized aluminum oxide layer
and anodization time. The anodization was conducted at 70 V. The film thickness y (um) in-
creased with increasing the anodization time x (hour) according to a parabolic low as shown

in the following equation (3).
y= 44.7x"" (3)

Therefore, the real time growth rate of the anodized aluminum oxide layer R ; * can be ex-

pressed by the following equation(4).

RS =dy/dx= 212x"*(mm/hour) = 5.9x** (nm/sec) 4)

Consequently, R . * decreases with increase in the anodization time x and the oxide layer
thickness y. Ohgai et al. [30] have reported that the film thickness y*(um) of anodized alumi-
num oxide layer increases linearly with increasing the anodization time x (hour) as shown in

the following equation (5).
y=>50x ®)

Therefore, the real time growth rate of the anodized aluminum oxide layer R* ; ** would be

constant as shown in the following equation (6).
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R *GReal — dy / dx — So(mm/hour) = 14(1]1’1’1/SCC) (6)

As mentioned previously, the real time growth rate of the anodized aluminum oxide layer R
¢ R decreases with increase in the oxide layer thickness. In the equation (4), range of the
oxide layer thickness is from 50 to 200 um while the range is from 0.2 to 50 pm in the equa-
tion (6). Therefore, R ; ®calculated from the equation (4) would be smaller than that ob-

tained from the equation (6).
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Figure 8. Relationship between film thickness of anodized aluminum oxide layer and anodization time. The anodiza-
tion was conducted at 70 V.

3. Electrodeposition and Magnetoresistance of Ni and Co Nanowires

Array

3.1. Electrodeposition of Ni and Co Nanowires Array

Figure 9 shows experimental apparatus and a nanochannel template for electrodeposition of
nanowires array. The exfoliated anodized aluminum oxide nanochannels were used as tem-
plates for growing nanowires. On surface of the membrane filter, a gold layer was sputter-de-
posited to cover the pores and make a cathode. A gold wire and Ag/AgCl electrode were used
as an anode and a reference electrode. For example, aqueous solution containing NiSO, (120

g/L) and H;BO; (45 g/L) was used as electrolyte for electrodeposition of Ni nanowires.
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Figure 9. Experimental apparatus and a nanochannel template for electrodeposition of nanowires array.
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Figure 10. Cathode polarization curves for Ni and Co electrodeposition from aqueous solution containing Ni?* or Co?*
jons.

Figure 10 shows cathode polarization curves for Ni and Co electrodeposition from aqueous
solution containing Ni** or Co*ions. According to Nernst equation, the equilibrium poten-
tials of Ni/Ni** and Co/Co* are estimated to be around —0.46 and -0.48V (vs. Ag/AgCl). As
shown in Figure 10, the cathodic currents occur at around -0.2V which is more nobler poten-
tial region than the equilibrium potential of Ni and Co. Therefore, this cathodic current
would be mainly caused by the reduction current of hydrogen ions. With increasing the
cathodic current density, at around 2A/m?, the potential polarizes significantly to the less
noble region. This polarization would be caused by the diffusion limit of hydrogen ions. At
around -0.8V which is less nobler potential region than the equilibrium potential of Ni and
Co, the cathodic current increases again. It is well-known that the electrodeposition of iron-
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group metals such as Ni, Co and Fe is accompanied by the over potential due to the rate
determination of multi-step reduction process even in the form of their aqua ions. Therefore,
in the present work, Ni** and Co*" ions would electrodeposit with accompanying the over-
potential even in simple aqueous solutions containing sulfuric and boric acid. Consequently,
this cathodic current would be mainly caused by the reduction current of Ni** and Co*".
These characteristics are identical to those obtained with the pores in nanochannel polycar-
bonate templates with metallic gold cathode. This result supports the observation that the
barrier layer at the pore bottom of an anodized aluminum template is well removed by the
exfoliation process from a metallic aluminum rod and the nanowires growon metallic gold
cathode. Using the polarization curves, the optimum electrodeposition potential range for
growing Ni and Co nanowires are determined to be from -1.0 to -1.2V (vs. Ag/AgCl) which
is the potential region more nobler than the diffusion limit of each metal ions.
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Figure 11. Effect of cathode potential on the time-dependence of cathode current during the electrodeposition of Ni
nanowires and Co nanowires.

Time dependence of cathode current was monitored during the electrodeposition to investi-
gate the growing process of nanowires. Ni nanowires and Co nanowires were potentio-stati-
cally electrodeposited. Figure 11 shows the effect of cathode potential on the time-
dependence of cathode current during the electrodeposition of Ni nanowires and Co
nanowires. During the electrodepostion, cathode potentials were fixed to -0.8, -0.9, -1.0, 1.1
and -1.2 V. If the potential was kept to 1.0 V for Ni deposition, the cathode current reached
up to ca. 1 mA at the beginning of electrolysis within several tens of minutes. Then, the cur-
rent rapidly decreased to be ca. 0.4 mA and kept the constant current until around 1000 sec.
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During this process, electrodeposition of Ni proceeds in the nanopores. At the initial stage of
the electrodepostion, large cathode current was observed in each cathode potential. The con-
centration of metal ions in the nanopores will decrease with increasing the electrodeposition
time due to the reduction of metal ions, while the metal ions will be provided from the bulk
solution to the nanopores, where the metal ions are consumed on the cathode due to the
electrodeposition process. Finally, as shown in Figure 11, the cathode current rapidly in-
creases at the deposition time more than 1000 sec. At this stage, electrodeposited nanowires
reach the surface of the membranes and large hemispheric Ni deposits are formed. Growth
rate of Ni nanowires can be estimated from dividing channel length by the filling time. For
example, growth rate of Ni nanowires can be estimated as ca. 6 nm/sec at the cathode poten-
tial of 1.0 V. Time-dependence of cathode current for Co deposition also showed similar
behavior as well as Ni deposition. Growth rate of the nanowires increases up to ca. 30nm/sec
with increasing the cathode potential up to-1.2 V.

3.2. Structure of Ni and Co Nanowires Array

After the growing nanowires, anodized aluminum oxide membrane filters were dissolved in
aqueous solution containing sodium hydroxide and the remains consisted of nanowires and
a gold layer was served as a sample for scanning electron microscope (SEM) and transmis-
sion electron microscope (TEM) observation. Figure 12 shows SEM images of Ni nanowires
separated from the anodized aluminum oxide templates. Diameter (60 and 300 nm) and
length (6 and 30um) of the nanowires corresponds well to that of nanopores and the cylin-
drical shape was precisely transferred from the nanopores to the nanowires. Aspect ratio of
the nanowires reaches up to around 100.

Figure 12. SEM images of electrodeposited Ni nanowires separated from anodized aluminum oxide membrane filters
with the pore diameters of ca. 300nm (a),(b) and ca. 60nm (c),(d).
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TEM bright field images and electron diffraction patterns of electrodeposited Ni and Co
nanowires were also investigated as shown in Figure 13. According to TEM bright field im-
ages, shape of the nanowires was almost cylindrical and the electron diffraction patterns are
composed of spots, which suggests a nanowire consists of a crystalline phase with preferen-
tial orientation.

(b)

Figure 13. TEM bright field images and electron diffraction patterns of Ni and Co nanowires electrodeposited in
nanochannel membrane filters.

3.3. Magnetic Properties of Ni and Co Nanowires Array

Magnetization and anisotropic magnetoresistance (AMR) of Ni alloy and Co alloy nano-
wires were measured using a vibrating sample magnetometer (VSM) and LCR meter with
increasing the magnetic field up to 10 kOe. Figure 14 shows magnetic hysteresis loops of
pure Ni, Ni-1.5%Co, Ni-0.8%Fe, pure Co, Co-0.9%Ni and Co-0.1%Fe alloy nanowires elec-
trodeposited into anodized aluminum oxide templates with channel-diameter of 60 nm.
Magnetic field was applied to in-plan direction and perpendicular direction to the mem-
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brane film plan. The perpendicular direction to the membrane film plan corresponds to the
parallel direction to the long axis of nanowires. These nanowires were hardly magnetized in
in-plan direction and the magnetization reached to saturation at more than 5 kOe as shown
in Figure 14. On the contrary, these nanowires were easily magnetized in perpendicular di-
rection and the coercive force reached up to around 1 kOe. These magnetization curves re-
vealed that the electrodeposited nanowires have a typical perpendicular magnetization
behaviour due to the uni-axial shape anisotropy.
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Figure 14. Magnetic hysteresis loops of pure Ni, Ni-1.5%Co, Ni-0.8%Fe, pure Co, Co-0.9%Ni and Co-0.1%Fe alloy
nanowires electrodeposited into anodized aluminum oxide templates with channel-diameter of 60 nm. Magnetic
field was applied to in-plan direction and perpendicular direction to the membrane film plan. The perpendicular direc-
tion to the membrane film plan corresponds to the parallel direction to the long axis of nanowires.

Figure 15 shows magnetoresistance curves of pure Ni, Ni-1.5%Co, Ni-0.8%Fe, pure Co,
Co0-0.9%Ni and Co-0.1%Fe alloy nanowires electrodeposited into anodized aluminum oxide
templates with channel-diameter of 60 nm. Magnetic field was applied to in-plan direction
and perpendicular direction to the membrane film plan. The perpendicular direction to the
membrane film plan corresponds to the parallel direction to the long axis of nanowires. Here,
the anisotropic magnetoresistance (AMR) ratio is defined by the following equation:

AMR(%) = 100 ><(lzmax - Rmin) /Rmin (7)

The magnetoresistive hysteresis of the Ni alloy and Co alloy nanowires depended strongly
on the direction of the magnetic field as shown in Figure 15. In the magnetic field direction
of 0° (the long axis of nanowires is parallel to the magnetic field), the AMR ratio was almost
zero, while a maximum AMR ratio was observed in the magnetic field direction of 90° (the
long axis of nanowiresis perpendicular to the magnetic field). Resistance of the nanowires
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decreased with increase in the magnetic field and the AMR ratio reached 1.0-3.2% with the
Ni alloy nanowires. The saturation field of the Ni nanowires was estimated to be about 7
kOe. Ferre et al. [47] reported on the magnetoresistance of Ni and Co nanowires electrode-
posited in ion-track etched polycarbonate templates. In their report, the magnetoresistance
curves obtained from Ni nanowires showed typical AMR behaviour (1.4% of AMR ratio)
over a wide range of the diameter in the nanowires, which corresponds well with the results
obtained in this study. On the contrary, AMR ratio of the Co alloy nanowires was only 0.6—
0.8%. The range of applied magnetic fields was not enough to measure the saturation mag-
netic field of Co nanowires. Since the magnetic field was insufficient to saturate the magneti-
zation of Co nanowires, the AMR value was not actual full value.
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Figure 15. Magnetoresistance curves of pure Ni, Ni-1.5%Co, Ni-0.8%Fe, pure Co, Co-0.9%Ni and Co-0.1%Fe alloy
nanowires electrodeposited into anodized aluminum oxide templates with channel-diameter of 60 nm.Magnetic field
was applied to in-plan direction and perpendicular direction to the membrane film plan. The perpendicular direction
to the membrane film plan corresponds to the parallel direction to the long axis of nanowires.

4. Electrodeposition and Magnetoresistance of Co/Cu Multilayered
Nanowires

4.1. Electrodeposition of Co/Cu Multilayered Nanowires

For growing Co/Cu multilayered nanowires, the exfoliated anodized aluminum oxide nano-
channels were used as templates. Aqueous solution containing CoSO, (120 g/L), CuSO, (1.6
g/L) and H;BO; (45 g/L) was used as electrolyte for electrodeposition of Co/Cu multilayered
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nanowires. A cathode polarization curve was measured over a wide range of cathode poten-
tial to determine the optimum potential for Cu and Co deposition. Figure 16 shows cathode
polarization curves for electrodeposition of Cu and Co from the mixed solution (containing
Cu?* and Co? ions) and the solution containing only Co* ions. The equilibrium potentials of
Cu/Cu* and Co/Co?*" are estimated to be around +0.05 V and —-0.48 V (vs.Ag/AgCl) on the
basis of Nernst equation.The cathode current occurs at the potential region close to the equi-
librium potential of Cu as shown in Figure 16. It is well-known that Cu* ions begin to elec-
trodeposit without accompanying overpotential from the aqueous solution. Therefore, this
cathode current corresponds to the deposition current of Cu. With increasing cathode cur-
rent, at around 10?A, the potential significantly polarizes to the less-noble region. This po-
larization would be caused by the diffusion limit of Cu*" ions. In the potential region which
is less-nobler than the equilibrium potential of Co, the cathode current increases again at
around —0.7 V. It is also well-known that the electrodeposition of iron-group metals such as
Ni, Co, and Fe is accompanied by the overpotential due to the rate determination of multi-
step reduction process. Therefore, this increase in cathode current would be mainly caused
by the reduction current of Co** ions.
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Figure 16. Cathode polarization curves for electrodeposition of Cu and Co from the mixed solution (containing Cu?*
and Co?" ions) and the solution containing only Co?* ions.

Growth rates of nanowires were estimated by the channel filling time, which was deter-
mined from the time dependence of deposition current at each potential. Figure 17 shows
the effect of cathode potential on the time dependence of cathodic current during the elec-
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trodeposition of Co nanowires. The cathode potentials were fixed to -0.80,-0.85, -0.90, -0.95
and -1.0 V. To determine the nanowire growth rate, the channel-filling time was estimat-
ed by monitoring the deposition current. When the nanowires reach the membrane sur-
face, the current will increase drastically due to the formation of hemispherical caps. The
growth rates were calculated dividing the channel length by the channel-filling time. For ex-
ample, at —1.0 V, the channel-filling time is around 40 s and the deposition rate is estimat-
ed to be ca. 150nm/s. On the basis of the results shown in Figure 16 and Figure 17, the
optimum deposition potentials of Cu and Co are determined to be about -0.4 and -1.15 V
(vs. Ag/AgCl) which is the potential region nobler than the diffusion limit potential of each
metal ion. Typical deposition rates of Cu and Co were roughly 10 nm/s (at —0.4 V) and 200
nm s (at -1.15 V).
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Figure 17. Effect of cathode potential on the time dependence of cathodic current during the electrodeposition of Co
nanowires.

Co/Cu multilayered nanowires were synthesized alternatingly switching cathode poten-
tial from -0.4 V (for Cu layer) to -1.15 V (for Co layer) as shown in Figure 18. Accord-
ing to this figure, when the potential is switched from -1.15 V to -0.4 V, anodic current
is observed. This is resulting from the dissolution of electrodeposited Co, because -0.4V
is more nobler than the equilibrium potential of Co. At this potential, it is estimated that
the Cu deposition and Co dissolution will proceed simultaneously. According to the time-
dependence of cathodic current during electrodeposition of Co/Cu multilayered nano-
wires as shown in Figure 19, filling time was around 3500 s and the deposition rate was

estimated to be about 17 nm/s.
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Figure 18. Growing process of Co/Cu multilayered nanowires synthesized alternatingly switching cathode potential
from -0.4 V (for Cu layer) to -1.15 V (for Co layer).
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Figure 19. Time dependence of observed-current during the electrodeposition of Co/Cu multilayered nanowires.

4.2. Structure of Co/Cu Multilayered Nanowires

TEM bright field images of electrodeposited Co/Cu multilayered nanowires were investigat-
ed as shown in Figure 20. Shape of the nanowires was almost cylindrical and the multilay-
ered structure was also observed as shown in this images. In the structure, several stacking
faults were also observed. There would be significant strain energy in the interphase boun-
dary between Co and Cu layer. The strain energy could be stored as the stacking fault ener-
gy. It is well known that the stacking fault structure is usually observed in fcc crystals such
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as Au, Ag, Cu, Ni, Al, etc. Therefore, the stacking fault structure would be introduced to the
Cu layer from the interface between Co and Cu layer.

400 nm

stacking fault

100 nm

Figure 20. TEM bright field images of Co/Cu multilayered nanowires electrodeposited in nano-channel membrane fil-
ters.

4.3. Magnetic Properties of Co/Cu Multilayered Nanowires

Typical perpendicular magnetization behavior was observed from the magnetic hysteresis
loops of electrodeposited Co/Cu multilayered nanowires with diameter of 60 nm and length
of 60um as shown in Figure 21-(a). Coercive force of Co/Cu multilayered nanowires was ca.
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1 kOe. This is resulting from the shape anisotropy of nanowires with super large aspect ratio
of ca. 1000. The magnetoresistance curves revealed that 10.5 % of GMR effect was obtained
in the multilayered nanowires with Co layer 10nm, Cu layer 10 nm and 3000 bi-layers as

shown in Figure 21-(b).
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Figure 21. Magnetic hysteresis loops (a) and magnetoresistance curves (b) of Co/Cu multilayered nanowires electro-
deposited into anodized aluminum oxide templates with channel-diameter of 60 nm. Magnetic field was applied to
in-plan direction and perpendicular direction to the membrane film plan. The perpendicular direction to the mem-
brane film plan corresponds to the parallel direction to the long axis of nanowires.
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5. Summary

Anodized aluminum oxide films with the thickness ranging from 2um to 200 um were syn-
thesized using a bipolar continuous electrolysis process with anodic oxidation and cathodic
exfoliation as well as barrier layer thinning process using chemical etching technique. 3.2 %
of AMR effect was observed in Ni-1.5at.% Co alloy nanowires with diameter of 60 nm and
length of 60pum. Co/Cu multilayered nanowires with Co-10 nm, Cu-10 nm and 3000 bi-layers
were synthesized using a pulsed current electrodeposition technique. 10.5 % of GMR effect
was observed in Co/Cu multilayered nanowires electrodeposited into anodized aluminum
oxide template with super large aspect ratio of ca. 1000.
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