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Abstract: The Ni, Fe, Co and Cu single and multilayer nanowire arrays to make perpendicular magnetic recording media were
fabricated with nanoporous anodic aluminum oxide (AAO) templates from Watt solution and additives by the DC electrodeposition.
The results show that the diameters of Ni, Fe, Co and Cu single and multilayer nanowires in AAO templates are 40—80 nm and the
lengths are about 30 um with the aspect ratio of 350—750. The magnetic properties of the prepared nanowires are different under
different electrodepositing conditions. The remanences (B,) of Ni/Cu/Fe multilayer nanowires are lower than those of others
multilayer nanowires, and coercivity (H.) of Ni/Cu/Fe multilayer nanowires are lower than those of others multilayer nanowires.
These are compatible with the required conditions of high density magnetic media devices that should have the low coercivity to
easily success magnetization and high remanence to keep magnetization after removal of magnetic field.
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1 Introduction

After MASUDA and FUKUDAJ1] reported an
ordered pore arrangement in an anodic aluminum oxide
(AAO), it has been widely accepted that the AAO
template is an ideal mold because it possesses many
desirable characteristics, including tunable pore
dimensions, good mechanical property, and good thermal
stability. Moreover, especially for metal nanowires, the
AAO template has been proved to be a cheap and high
yield technique to produce large arrays of metals
nanowires by the electrodeposition[2—5]. This oxide has
ordered hexagonal cells, of which every cell contains a
cylindrical pore at its center. The pore diameter, cell size
and barrier layer thickness can be controlled by
anodizing voltage and the depth of pore by anodizing
time.

The earlier investigations indicate that the magnetic
nanowire arrays filled in AAO pores. These magnetic
nanowire arrays offer great potential for recording media
because they can achieve a recording density of more

than 15.50 Gbit/cm® and also beyond the projected
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thermal limit of 6.20 Gbit/cm® in continuous magnetic
film[6—7].

The objective of this work is to study the use of
AAO template to grow well aligned Ni, Fe, Co and Cu
single and multilayer nanowires by the electro-
deposition[8—10]. AAO nanoporous templates were
prepared with dissimilar solutions by two-step anodizing
method. The new modified equipment was used for
fabrication of metals nanowire in Fig.1[11]. Highly
ordered Ni, Co, Fe and Cu single and multilayer
nanowire arrays stand freely on the metal substrate in
AAO nanoporous templates. The ordered Ni, Fe, Co and
Cu single and multilayer nanowire arrays under different
electrodepositing conditions were characterized by field
emission scanning electron microscope (FE-SEM) and
vibrating sample magnetometer (VSM).

2 Experimental

Commercial AA 1050 Al sheet (low purity 99.8% Al
alloy) with a thickness of 0.4 mm was cut into 60
mm X 60 mm size. These specimens were degreased with
acetone for 10 min and annealed at 550 “C for 3 h to stop
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Fig.1 Equipment drawing for AAO nanotemplate fabrication
[11]

the surface oxidation. Pre-treated Al samples were
electropolished in a mixture of solution of phosphoric
and sulfuric acids (7:2 in volumetric ratio of H3PO, to
H,SO,) to remove surface roughness and irregularities
like a mirror plane. A constant current of 7.0 A was
applied between the cathode and the anode for 13 min,
and the solution temperature was maintained at 80—85
‘C during electropolishing.

The specimen was used as an anode while a Ti rod
was used as a cathode. A highly ordered nanoporous
anodic aluminum oxide layer on the Al surface was
produced by two-step anodizing method using two
dissimilar solutions in equipment systems of Fig.1[11].
The first step of anodizing process was carried out in a
0.3 mol/L oxalic acid solution at 5 ‘C for 3 h. The holes
interval of porous anodic alumina, in other words, the
cell size, was controlled by the applied voltage in
anodizing. The AAO layer was then removed by using
the specimen in a mixture of 1.8% (mass fraction)
chromic acid and 6% (mass fraction) phosphoric acid at
30 C for 200 min. The second anodizing step continued
in the same conditions (temperature and anodizing
voltage) of the first step by using 10% phosphoric acid
for 20 min.

Pd/Au was coated on AAO template with PVD
process and then electrodeposited Cu seed layer with DC
(0.5 A) for 10 min as a working cathode. After removal
of aluminum and barrier layer on back side of AAO
template, electroplating of nanowires was carried out at
room temperature and current density of 10-20 mA/cm?
using the same metal rods for each nanowire as an anode.
Electrodeposition of nanowires was done by using the
electrolytic ~ solutions containing the following
compositions: Co (CoSO,7H,0, 332 g/L; H;BO;, 30
g/L), Ni (NiSO46H,0, 300 g/L; NiCl,'6H,0, 45g/L;
H;BO;, 45 g/L), Fe (FeSO,7TH,0, 120 g/L; H3BO;, 45

g/L), and Cu (CuSO45H,0, 125 g/L; H,SO,4, 100 g/L)
with saccharin as an additive. Under these experimental
conditions, Co/Ni/Fe nanowires can be obtained in a
wide range of elemental component ratios.

After the fabrication of nanowires, these nanowire
arrays were investigated with FE-SEM and analyzed
with EDS. The basic magnetic properties (coercivity,
saturation field, saturation magnetic moment) were
measured by a vibrating sample magnetometer (Lake
Shore 7400 Series VSM System Software) after chemical
removing of AAO template.

3 Results and discussion

Fig.2 shows FE-SEM images of AAO anodized in
different solutions by two-step anodizing method using
the Ist, oxalic acid and the 2nd, phosphoric acid with
similar conditions for anodizing step. Prior to FE-SEM
imaging, the alumina template was mechanically broken
in Fig.2(a) and the image of cross sectional barrier layer
was investigated. It can be found that these AAO
nanopore images show highly ordered and uniform holes
in Fig.2(b), showing that it is also possible to make
anodizing of Al with two kinds of solution to prepare
AAO template.

Fig.2 FE-SEM images of AAO anodized with dissimilar
solutions by two-step anodizing method: (a) Cross sectional
barrier layer; (b) Top view
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Fig.3 shows FE-SEM images of (a) Co, (b) Ni/Cu/
Fe, (¢) Cu/Ni/Fe and (d) Cu/Ni single and multilayer
nanowires on Cu substrate after AAO template removal.
The length(L) and diameter(D)of nanowires are as
follows: (a) L=730 nm, D=78 nm, A(Co)=730 nm; (b)
L=3 200 nm, D=103 nm, A(N1)=605 nm, A(Cu)=1 082 nm,
AFe)=1 512 nm; (c) L=1 220 nm, D=93 nm, A(Cu)=
230 nm, A(Ni)=510 nm, A(Fe)=480 nm; (d) L=438 nm,
D=90 nm, A(Cu)=219 nm, A(Ni)=231 nm. EDS (energy
dispersive spectrometer) mapping images of metal
nanowires are shown in Fig.4. The electrodeposition
process can be used to fabricate a large array of uniform
and continuous nanowires. The length and chemical
compositions of the nanowires can be controlled by
electrodeposition time and solution composition.

One of the main interesting fields in these
nanowires is the magnetic properties, the saturation flux
density, B, the coercivity, H,, and remanence, B,. This
study is related to perpendicular magnetic recording
media. The perpendicular magnetic recording media
devices should have low coercivity to easily success
magnetization and high remanence to keep
magnetization after removal of magnetic field. The
properties of coercivity and remanence of nanowires
were compared with those of Co, Ni/Cu/Fe, Cu/Ni/Fe
and Cu/Ni nanowires. The magnetic properties of nano-

wires were characterized using a vibrating sample
magnetometer (VSM). The results of the VSM
measurements of Co, Ni/Cu/Fe, Cu/Ni/Fe and Cu/Ni
nanowires are shown in Fig.5. Fig.5 shows the saturation
flux density (B;), coercivity (H.) and remanence (B,) in
easy (parallel to nanowires growth direction) and hard
(perpendicular to nanowires growth direction) axis with
different nanowire arrays: (a) B~4.5 pA-m’, B=0.85
nAm’, H=19 586 A/m; (b) B=15.9 pAm’, B~=1.40
nAm? H=19 905 A/m; (c) B=1.1 pAm?, B=0.12
pA'm’, H=19 905 A/m; (d) B=0.28 pA-m’ B=0.041
pnAm?, H=29 856 A/m. Every nanowire array shows
strong anisotropy properties with the easy and hard axis.
Fig.5 shows different nanowire arrays saturation flux
densities, coercivities and remanence ratios. From these
of Ni/Cu/Fe
nanowires are higher than those of other multilayer

results, the remanences multilayer
nanowires, and coercivities of Ni/Cu/Fe multilayer
nanowires are lower than those of other multilayer
nanowires in Fig.5.

It is attributed to the GMR effect of Cu insulation
metal in Ni/Cu/Fe multilayer nanowires in spintronics.
Therefore, it can be concluded that these Ni/Cu/Fe

multilayer nanowires are suitable for making magnetic

memory devices and GMR devices.

Fig.3 FE-SEM images of Co/Ni/Fe multilayer nanowires on Cu substrate after removal of AAO template: (a) Co; (b) Ni/Cu/Fe;

(¢) Cu/Ni/Fe; (d) Cu/Ni
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Fig.4 EDS mapping images of various nanowires: (a) Co; (b), (b") Ni/Cu/Fe; (c), (¢') Cu/Ni/Fe; (d), (d) Cu/Ni

from sulfate electrolytes.
4 Conclusions 3) The magnetization curves of Ni, Fe, Co and Cu
single and multilayer nanowires are different from the

1) Fabricated AAO nanopores show highly ordered types of nanowire metals.

and uniform holes. 4) The remanences of Ni/Cu/Fe multilayer nano-
2) Ni, Fe, Co and Cu single and multilayer wires are higher than those of other multilayer nanowires,
nanowires with different lengths and diameters are and coercivities of Ni/Cu/Fe multilayer nanowires are

electrochemically deposited on AAO pores template lower than those of others multilayer nanowires.
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Fig.5 Hysteresis loops of single and multilayer nanowire arrays on Cu substrate: (a) Co; (b) Ni/Cu/Fe; (c) Cu/Ni/Fe; (d) Cu/Ni
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