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Influences of deposition time and pH on magnetic NiFe
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bstract

In this work, NiFe nanowires were grown into highly ordered porous anodic alumina oxide (AAO) templates by dc electrodeposition at various
eposition times and pH values. During the deposition process some electrochemical bath parameters such as ion content, deposition voltage, and
emperature of solution were kept constant. The morphological properties of the nanowire arrays were studied by scanning electron microscopy

SEM) and transmission electron microscopy (TEM), the chemical composition was determined by examination of the energy dispersive X-ray
EDX) spectra, and the magnetic behavior of the arrays was determined by vibrating sample magnetometer (VSM).

2008 Elsevier B.V. All rights reserved.
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. Introduction

There has been an explosive growth of nanoscience and nan-
technology in the last few years, primarily because of the
vailability of new strategies for the synthesis of nanomate-
ials and new tools for characterization and manipulation [1].
t has been reported that low-dimensional nanoscale materials,
hich have a large surface area and possible quantum con-
nement effects, exhibit distinct optical, chemical and thermal
roperties [2]. Much progress has been made in the preparation
f low-dimensional nanomaterials by conventional lithography
ombined with techniques such as molecular beam epitaxy [3–5]
nd chemical vapor deposition [6]. However, lithographic tech-
iques have some technological and economic limitations in
he fabrication of ordered high-density nanoarrays. Template
ynthesis based on ordered anodic aluminum oxide (AAO) has
ttracted much interest because of the wide application in fab-

icating nanodot, nanowire and nanotube arrays [1–9]. So far,
i, Fe and Co nanowires have been produced in ordered Al2O3

ubstrates with template synthesis methods, and their electrical
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nd magnetic properties have been studied [9–15]. Permalloy
s used extensively in the construction of magnetic recording
eads, inductors and microrelays [16–20]. The mechanism of
ermalloy electrodeposition has been studied widely, but the
roduction of nanowires of permalloys with various deposition
imes has not been investigated in detail.

Here, we have produced self-assembled arrays of NiFe
anowires in an AAO template with various deposition times.

. Experimental details

The following procedure was used to synthesize AAO templates and
agnetic nanowires inside them. The AAO templates were prepared by the

onventional two-step anodic oxidation procedure [21] as shown in Fig. 1. Alu-
inum foil (99.99% purity) was used as the anode with an exposed area of
cm2. The Al foil was cleaned with HCl, rinsed with distilled water and ace-

one, and then annealed at 500 ◦C for 2 h. The first anodization was performed
n 0.3 M oxalic acid at various constant anodizing voltages (30–200 V) at room
emperature. The template was immersed in a mixture of 6.0 wt.% H3PO4 and
.8 wt.% H2CrO4 at room temperature to remove alumina. A second anodic oxi-
ation and wet etching was done under the first-step conditions. Any remaining

l was removed with saturated HgCl2. Different times of anodic oxidation and
et etching were investigated to find conditions suitable for the production of
rdered high-density nanopores of various diameters.

A three-electrode cell was used for the electrochemical experiments. The
olume of the electrochemical bath was approximately 85 ml. An Ag/AgCl
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f the anodic oxidation process.
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Table 1
Bath contents and electrodeposition conditions for production of NiFe nanowires

Chemicals Concentration

Ni(SO4)2·6H2O 0.1 M
Fe(SO4)2·7H2O 5 mM
H3BO3 0.2 M
NaCl 35 mM
Saccharin 7 mM
Sodium lauryl sulfate 0.1 g/l

Operating conditions
Bath pH 2, 2.6
Bath temperature Room temperature
Deposition duration 30–230 min
Deposition potential −2 V vs. Ag/AgCl
A

F
1

Fig. 1. A representation o

lectrode (BAS, 3 M NaCl, and −35 mV versus SCE at 25 ◦C) was used as
he reference electrode. AAO templates with approximately 200 nm diameter
ores were coated with Au/Pd to a thickness of 5 nm. These templates were
sed as the cathode with an exposed area of approximately 1 cm2. A platinum
lectrode approximately 5 times larger than the cathode was used as an auxiliary
lectrode. The bath contents are given in Table 1. All solutions were prepared by
issolving reagent-grade chemicals in distilled water. The bath pH was adjusted
o the required value by adding 0.1 mM HCl or 0.1 mM NaOH monitored with

Jenway 3520 pH meter. The deposition was performed for 30–230 min to
roduce nanowires of various lengths. The electrodeposition was controlled by
omputer-controlled electrochemical workstation made in-house [22].

The morphology of the templates and nanowire arrays was investigated by
canning electron microscopy (SEM; LEO-EVO-40 instrument). The quantita-
ive chemical analyses of the alloys were performed by energy dispersive X-ray
EDX) spectroscopy. Magnetic measurements of the arrays as a whole were
erformed with a vibrating sample magnetometer (VSM; Lake Shore 7407).

. Results and discussion
The anodic oxidation steps and wet etching conditions
etermine characteristics of the array such as pore diameter,
nterpore distance and ordering degree of pores, and length of
he nanopores. It was found that the applied voltage could con-

t
F
3
p

ig. 2. SEM images of ordered nanopore arrays prepared by two-step anodic oxida
00 V. The second etching time was 100 min.
gitation paddle 5 cycles/s

rol pore size as well as pore separation, as reported [23,24].

ig. 2 shows SEM images of ordered porous anodic alumina for
0, 40 and 100 V anodic oxidation voltages, and it is clear that
ore diameter increases with increasing anodizing voltage. An

tion conducted at different anodic oxidation potentials: (a) 30 V; (b) 40 V; (c)
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at high pH values. Thus, it can be assumed that the process of
nanowires filling the pores occurred slowly at pH 2.6.

As already reported [18,19,28,29], at the first stage of
current–time transient curve (Fig. 4), the porous deposition is
ig. 3. SEM images of ordered nanopore arrays prepared by two-step anodic o
c) 40 min, and (d) 140 min.

verage pore diameter of 35–50 nm was obtained for anodic oxi-
ation at 30 V (Fig. 2a). When the second wet etching time was
00 min, the average pore size was approximately 50–65 nm for
0 V and 75–105 nm for 100 V, as shown in Fig. 2b and c.

It can be seen from Fig. 3 that pore size increases with
ncreasing time of the second wet etching with constant anodic
xidation at 30 V: a typical pore diameter was about 30–40 nm
or 25 min (Fig. 3b) and 40–50 nm for 40 min (Fig. 3c). After
econd etching for 140 min, the ordered porous structure was
estroyed as shown in Fig. 3d. It was noted also that the anodic
xidization procedure leads to homogeneous pore density on the
emplate.

The amount of electrochemical reaction at the cathode is pro-
ortional to the quantity of electric charge (Q) passed through
he Au/Al2O3 template. It follows that the thickness of the elec-
rodeposited layer will be proportional to the deposition time
hen the other plating parameters, such as plating voltage and
H, are constant. The deposition time was varied from 30 to
30 min to produce NiFe nanowires with different lengths on
he Al2O3 template.

Fig. 4 shows the current behavior as a function of pH dur-
ng the deposition of nanowires. Electrodeposition curves were
btained in a stirred electrolyte at a constant potential of −2 V
ersus Ag/AgCl. The current versus time plot shows that growth

f the nanowires was often not a steady-state process, and it
ppears that there was significant current oscillation as volt-
ge was applied to the cathode. The current increased suddenly
hen the pores were empty, and dropped gradually with filling

F
s
t

on (3 h + 1 h) at 30 V for different second etching times: (a) 5 min, (b) 25 min,

f the pores at pH 2, but there was a broad peak overlapping
he decaying current at pH 2.6. In our previous works [25–27],
e observed that electrodeposited NiFe average grain sizes and

hickness of the plated layer were smaller at low pH values than
ig. 4. Current transients curve of NiFe electrodeposition solution at −2 V con-
tant deposition potential for 230 min vs. Ag/AgCl. Inset shows low deposition
ime region.
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Fig. 6. NiFe ratio vs. deposition time obtained by EDX analysis.
F.E. Atalay et al. / Journal of Alloy

elieved to be due to the side reactions occurring in the metal
eposition. Firstly, hydrogen from the side reactions may be
ncluded in the deposit. Secondly, metal hydroxide can precipi-
ate at a high pH resulting from the side reactions. This ‘crispy’
art of the deposit is weak and cannot be sustained during elec-
rodeposition. This effect is apparently reflected as a fluctuation
n current transient curves at first 60 min.

The average composition of the alloy nanowires was evalu-
ted by EDX microanalysis (Fig. 5). The NiFe nanowire sample
lectrodeposited at pH 2 for 120 min showed a Ni/Fe ratio of
2:28. The sample deposited at pH 2.6 for 230 min had a Ni/Fe
atio of 79:21. The increase of the Ni/Fe ratio with increasing
eposition time for both pH values is shown in Fig. 6. The vari-
tion of the alloy composition with deposition parameters can
e explained by well-known anomalous codeposition effect in
ermalloys [30]. Among the hypotheses found in literature to
xplain this anomaly [31–35], the most wide spread one, is the
o-called ‘hydroxide suppression mechanism’ (HSM) [33–35].
his model, initially proposed by Dahms and Croll [32] for the
iFe system, suggests that the precipitation of a less noble metal
ydroxide at the cathode is able to inhibit the deposition of the

ore noble metal. Based on this theory, deposition conditions

hat can cause surface pH increase would enhance the anoma-
ous codeposition [33–35]. The abrupt increase of current after

ig. 5. EDX point analysis for NiFe nanowire arrays electrodeposited at −2 V
or (a) pH 2 for 120 min and (b) pH 2.6 for 230 min.

Fig. 7. SEM images of ordered NiFe nanowire arrays electrodeposited at pH
2 after etching in 1 M NaOH for 5 min. The deposition time was (a) 30 min,
and (b) 120 min. The insets are SEM images of the Ni–Fe nanowires taken at a
higher magnification.
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Fig. 8. TEM images of ele

0 min in Fig. 4 is connected with depletion of Fe species by dif-
usion. By increasing the deposition time, anomalous of Ni and
e electrodeposition was established, which allow the increase
t the Ni/Fe ratio for obtaining the composition of Ni80Fe20. A
teady-state value of high current was reached after 230 min,
hich corresponds to the filling of the pores.
The morphology of the NiFe nanowires obtained in the pores

f the Al2O3 template is shown in Fig. 7, after the partial disso-
ution of the membrane in 1 M NaOH for 30 min and for 120 min
f deposition. A clear morphological elongation was observed

n the electrodeposited nanowires as a function of deposition
ime. The length of the nanowires was approximately 4–5 and
–10 �m with deposition times of 30 and 120 min, respectively
Fig. 7a and b). The nanowires deposited inside the nanopores

o
o
b

ig. 9. Magnetic hysteresis loops of NiFe nanowire arrays. (a) Nanowires deposited
b) Nanowires deposited for various times at pH 2, magnetic field is applied to parall
d) Nanowires deposited for 230 min at pH 2 and 2.6; magnetic field is applied to par
eposited NiFe nanowires.

f the AAO template are parallel, aligned regularly and densely
istributed. The average diameter of the nanowires corresponded
losely to a pore diameter of 185–195 nm. This result was sup-
orted by transmission electron microscope (TEM) images of
iFe nanowires electrodeposited for 30 min (Fig. 8). For the
EM images, the sample was kept in NaOH, to remove the AAO

emplate, dissolve the alumina and liberate the nanowires, which
ere then suspended in hexane. It was observed clearly that the
uration of deposition affects the length of the nanowires but
ot the diameter.
The reduced hysteresis curves of the NiFe nanowire arrays
btained with the AAO template are shown in Fig. 9. It is
bserved from the reduced hysteresis curves, that the magnetic
ehavior of the NiFe nanowire arrays was strongly dependent on

for various times at pH 2.6, magnetic field is applied to parallel to wire length.
el to wire length. (c) Magnetization loops of 230 min deposited wire at pH 2.6.
allel to wire length.
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eposition time and pH of solution. The coercivities of the NiFe
anowire arrays obtained in the AAO template with a deposition
ime of 230 min at pH 2.6 were 90 and 71 G for the applied field
erpendicular to and parallel with the nanowire arrays, respec-
ively. The magnetization loops of the 60 and 120 min deposited
ires could not reach the saturation at 10 kG. The magnetiza-

ion loops of nanowire arrays deposited for 60 and 120 min at
H 2.6 showed perpendicular anisotropy, which could be a con-
equence of the geometry of the nanowire arrays [36]. Fig. 9
lso indicates that the magnetic anisotropy decreases with the
ncreasing deposition time. Assuming that nanowires are in the
hape of a uniform cylinder, when the sample length increases
ith the increasing deposition time, the demagnetization fac-

or and therefore demagnetization energy decreases leading to a
ecrease in the total magnetic anisotropy.

It can be seen that the nanowire arrays deposited for 230 min
t pH 2 and 2.6 were saturated when the magnetic field applied
long the length of the nanowires. In contrast, when the field
as applied perpendicular to the nanowires, the magnetization
id not reach saturation at a magnetic field of 10 kG. That is to
ay, the easy axis of magnetization of nanowires deposited over
30 min at pH 2.6 is close to the long axis of the nanowires.
t was found that the nanowires produced at pH 2.6 have softer
agnetic properties than the samples produced at pH 2 (Fig. 9d).
he comparison of Fig. 6 with Fig. 9 clearly indicate that there

s a relation between time dependence of composition with the
hape of magnetization loops, where the increase of Ni content
ould be partly the cause for the increase of permeability.

. Conclusion

Ordered NiFe nanowire arrays were produced by electrode-
osition with AAO as the template. SEM observations indicate
hat ordered NiFe nanowire arrays are parallel, regularly aligned
nd densely distributed within the AAO template. The magnetic
roperties of nanowire arrays can be improved by optimizing
he deposition time and pH of the solution. It was found that the
anowires produced at pH 2.6 have softer magnetic properties
han the samples produced at pH 2.
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