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The morphology and magnetic behaviour of isolated, template-patterned electrodeposited Ni0�8Fe0�2

and Ni nanowires deposited from a dilute suspension are investigated using scanning electron
microscopy and magneto-optic Kerr effect (MOKE) magnetometry. Statistical distributions of diam-
eter and length are presented. Wire morphology varied from smooth cylindrical structures to more
complex surface features and branching structures. MOKE magnetometry showed hysteresis loops
with high remanence and sharp switching for individual and clusters of nanowires, indicating an easy
axis along the wire axis. A distribution of switching fields was obtained for all wires. The switching
fields were found to depend upon the interactions between nanowires. For both Ni and NiFe sam-
ples the switching fields depended upon the separation between the wires; in tightly bunched wires
the switching was reduced for larger numbers of wires, while for widely spaced and poorly aligned
nanowires the switching field was more variable, depending on the details of the assemblage.
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1. INTRODUCTION

Ferromagnetic nanowires have become the focus of exten-
sive studies over the past two decades as they have a
range of potential applications in magnetic memory,���

sensors4 and they present the opportunity to explore the
fundamental physical properties.1–11 There are two main
approaches for fabricating these structures; lithographic
patterning of vapour phase deposited thin-films and multi-
layers by electron beam lithography1�5�7�8�11 and focused
ion beam milling2–3 which creates planar nanowires where
the thickness is of the order of ten nanometres and the
width is ∼100–500 nm. These planar nanowires have
been the focus for studies of magnetization behaviour
of individual nanowires and are more readily compatible
with the production processes needed for device applica-
tions. The other important technique that has been widely
used to create nanowires is electrochemical deposition
of ferromagnetic materials from solution into nanoscale
porous templates, often made from alumina, mica or track
etched polycarbonate.9–19 In contrast to lithographic pat-
terning, this technique produces circular cross-sectioned
nanowires with diameters from ∼5 nm up to hundreds of
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nanometres.17–19 By controlling the deposition conditions
or templates parameters, this technique can produce nano-
tube structures.20–22 This technique is powerful, as it can
produce large numbers of nanowires relatively quickly and
at a low cost. In contrast to lithographic patterning in which
the nanowires lie parallel to the substrate plane, template
deposited nanowires are orientated orthogonal to the sub-
strate and are attached to a conducting base layer. With
this technique single composition,10–19 alloys23–27 or com-
positionally modulated multi-layered23–25 nanowires can be
prepared.
The magnetic properties of as-deposited arrays of tem-

plated nanowires have been investigated widely using
different techniques including; vibrating sample mag-
netometry (VSM),12 super conducting quantum inter-
ference device (SQUID),19 torque magnetometry and
anisotropic magnetoresistance (AMR).8�11 These stud-
ies have produced significant insights into the physical
behaviour of arrays of nanowires10–27 which averaged over
many hundreds or thousands of nanowires. For scien-
tific study and also for potential applications of individ-
ual nanowires, understanding the magnetic properties of
template deposited cylindrical nanowires is a significant
and demanding issue. In order to understand the intrin-
sic magnetic behaviour of the individual nanostructures,
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isolated nanowires have been studied by using templates
with low density of wires.28–32 However, these studies
can still be ambiguous due to the magneto-static inter-
actions between these wires. Therefore, researchers have
attempted to investigate isolated nanowires by releasing
them from the templates using a suitable chemical solution
to dissolve the template without damaging the wires.33–38

The focus of these studies has been nanowires of the small-
est diameters that are likely to display single domain states
and simpler magnetic behaviour compared to larger diam-
eter nanowires that can support more complex domain
structure. However, most of these studies are accom-
panied by magneto-transport measurements and few by
micro-SQUID.35–37

Magneto optical Kerr effect (MOKE) magnetometry has
been widely used to examine thin films, arrays of nan-
odots and planar nanowires.1�5�7�39–40 However, due to the
difficulties arising from; locating the position of the nano-
structures within the MOKE illumination, the very small
size of these structures with respect to the laser spot size,
and the curved surfaces of these wires which leads to
the scattering of the reflected light in various directions
may have contributed to the lack of measurements of
individual template deposited nanowires using this tech-
nique. However, such MOKE measurements are poten-
tially interesting,42 as they provide a very sensitive probe
that is proportional to the change in the magnetization,
dependent upon the rotation of polarization of a linearly
polarized light upon reflection, and hence is sensitive to
the surface magnetization, to a depth of the order of the
skin-depth of the material.40–42

Thus, this article describes the diameter distribution,
length distribution and morphology of template patterned
electrodeposited Ni0�8Fe0�2 (permalloy) and Ni nanowires
that have been released and deposited onto oxidised sil-
icon substrates using high resolution scanning electron
microscopy analysis. The paper goes onto present the
results from MOKE measurements of isolated individ-
ual, bundles (closely packed wires) and clusters (sepa-
rated wires) of permalloy and Ni cylindrical nanowires
deposited onto pre-patterned oxidised silicon substrates.

2. EXPERIMENTAL DETAILS

Electrodeposition was used to create nanowires with com-
positions of Ni0�8Fe0�2 and Ni with nominal length ∼20 �m
and diameters of ∼200 nm and ∼300 nm, respectively
within a ∼60 �m thick alumina templates (Anodisc
Whatman Inc.) with nominal pores separation distances of
∼35 nm. The fabrication process was carried out using
a conventional three-electrode arrangement. The reference
electrode was Ag/AgCl, which has a standard potential
of about 0.22 V, while a platinum electrode was used as
a counter electrode. A layer of gold film with a thick-
ness of ∼100 nm was deposited by sputtering on one side

of the template to serve as a working electrode in the
electrochemical cell. Ni was deposited using a solution
of ∼0.57 M of NiSO4 and ∼31 g/l of H3BO3 whereas
the NiFe (with a composition around Ni0�8Fe0�2� was pre-
pared using ∼1.3 M of NiSO4 and ∼0.151 M of FeSO4

along with boric acid. The pH of the solution was con-
trolled to be in the range ∼3.5–4. The deposition voltage
applied between the counter and the working electrodes
was fixed at −0.9 V following linear sweep voltametry
results. Further details of nanowires preparation are pre-
sented elsewhere.9–15

The templates were dissolved and removed after
∼48 hours in ∼2 M NaOH solution at room tempera-
ture leaving the nanowires attached to the Au layer. The
nanowires were washed successively with distilled water
and isopropanol (IPA), finally the wires were sonicated for
a various periods of times in IPA to separate the nanowires
from the Au and create a suspension of nanowires. The
suspended nanowires were transferred onto clean ther-
mally oxidized silicon substrates by applying a drop of the
suspension onto the substrate, then allowing it to dry nat-
urally by evaporation. This produces nanowires that were
randomly orientated on the substrate. The orientation can
be controlled to some extent using a magnetic alignment
method43–44 and electromagnetic field was used here. How-
ever, this process creates clusters or chains of aligned wires
on the substrate.
The template released nanowires allow a detailed study

of the diameter and length distribution of nanowires and
provides an opportunity to observe the nanowire mor-
phology. In order to measure and analyze the pore sizes
and the dimensions of the nanowires, a detailed series of
scanning electron microscopy imaging and measurements
were performed using high-resolution field emission scan-
ning electron microscope column on a FEI-Helios Nanolab
dual beam FIB/SEM system with electron beam energy of
∼10 keV. For each sample more than five hundred indi-
vidual structures were studied. EDX analysis was used to
confirm the composition of these wires.
To locate individual or clusters of nanowires for

MOKE measurements and analysis, the substrate was pre-
patterned with gold microstructures of several microns by
electron beam lithography and lift off techniques. Select-
ing, locating and imaging of the isolated wires relative to
the gold patterns were then carried out using optical and
scanning electron microscopy.
The magnetic analysis of the isolated nanowires was

performed using a highly sensitive MOKE magnetometry
in the longitudinal configuration. In this setup, the laser
spot was focused to a diameter of ∼5 �m, which became
an elliptical spot when incident at ∼45� on the substrate.
The change in the polarisation angle of the laser light after
reflection from the sample was proportional to the longitu-
dinal component of the wire magnetization. The reflected
light passed through an analysing prism and the inten-
sity detected using a silicon photodiode connected to a
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high- bandwidth amplifier and a ∼1 GHz-bandwidth oscil-
loscope. An AC electromagnet with a maximum field of
±450 Oe was used to switch the magnetisation of wires
at a frequency of ∼21 Hz.

3. RESULTS AND DISCUSSION

Figure 1(a) shows the distribution of pore diameters mea-
sured for an alumina template with nominal pore diameters
of ∼200 nm, while Figure 1(b) shows the distribution of
nanowire diameters measured for NiFe structures grown
in the same type of template. Both distributions are sym-
metrical about the peak and are reasonably represented
by a Gaussian distribution. The distribution of wire diam-
eters is similar to the template pore size distribution.
Figure 1(c) shows the distribution of diameters for Ni
nanowires grown in alumina template with a nominally
pore size ∼300 nm. In this case the distribution is not
symmetrical about the peak but skewed to smaller diame-
ters. It is clear from Figure 1 that the diameters of NiFe
wires grown in templates with ∼200 nm nominal pores
size range from ∼125 to ∼275 nm, while the diameter
of Ni nanowires grown in templates with nominal pores
diameter of ∼300 nm range from ∼180 to ∼400 nm. This
variation in the nanowire diameter would make it diffi-
cult to fully describe the magnetization behaviour of two
dimensional arrays of nanowires.
The surface morphology on a range of Ni and

NiFe nanowires was investigated. An interesting feature
was observed. Figure 2 shows example micrographs of
∼300 nm isolated Ni nanowires deposited in the same
template. Many of the wires are highly uniform (see
Fig. 2(a)), whilst there are some wires which do not have
constant diameters (varying from ∼240 to ∼360 nm).
From the same deposition, some of wires can be observed
to be highly irregular with high surface features and
the appearance of protrusions and branches, as shown in
Figures 2(b)–(d). This variation in the surface morphol-
ogy more likely reflects the variation or defects that exist
in the internal surfaces of the pores within the template
itself, or in some cases may be associated with trapped
air pockets within the pores during the nanowire growth.10

Significantly, the existence of these defects on the wire
surfaces may again lead to variable magnetic behaviour of
the nanowires in an array.
Imaging of the deposited nanowires revealed the pres-

ence of; individual, small grouping, clusters and chains
of nanowires. In addition, bundles of nanowires were
observed after sonication for a period of ∼10 minutes as
demonstrated in the scanning electron microscopy micro-
graphs shown in Figure 3. These bundles consist of many
wires of the same length that are aligned and tightly
packed. The uniformity of the alignment in these bun-
dles suggests that they are begin to form by electro- or
magneto-static forces between the wires after the removal

Fig. 1. (a) Distribution of measured pore diameters in a nominally
200 nm pore template, (b) Measured distribution of diameters for
NiFe nanowires grown in nominally 200 nm pore template, and
(c) Measured distribution of diameters for Ni nanowires grown in a nom-
inally 300 nm pore diameter template. Gaussian curves have been fitted
to the distributions.

of alumina template. Increasing the sonication time up
to ∼60 minutes did not significantly break-up these bun-
dles, indicating strong interactions among these wires,
although some of the wires become bent or broken by
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Fig. 2. Scanning electron microscopy images showing examples of the
range morphologies of Ni nanowires with ∼300 nm diameter obtained
from deposition in the same template.

increased sonication time, rather than separating the wires,
see Figures 3(b)–(d).
As mentioned in the previous section, the length of the

as-grown nanowires was ∼20 �m. This was controlled by
selection of the current density and growth time. Results
show that such growth creates nanowires with very sim-
ilar lengths in the templates. However, it was found that
the length of the nanowires deposited onto silicon sub-
strates differed from the as-grown nanowires. Figure 4(a)
shows the length distribution of NiFe nanowires deposited

Fig. 3. Examples of scanning electron microscopy micrographs show-
ing (a) clumped Ni nanowires stacked to each other to form bundles as
a result of the effect of electro or magneto static forces, (b), (c) and (d)
bent and broken nanowires resulting from increasing the sonication time
during the release from the template.

Fig. 4. Distributions of nanowire length showing the effect of sonica-
tion time on the wire length (a) ∼10 minutes for NiFe wires, (b) and
(c) more than ∼60 minutes for ∼200 nm NiFe and ∼300 nm Ni wires,
respectively. The lines represent best fit Gaussian and exponential curves
to (b) and (c), respectively.

on oxidised silicon after sonication of the suspension for
∼10 minutes. The nanowire lengths were found to range
widely from ∼500 nm up to ∼20 �m, indicating that the

                                                                                                       sonication process used to separate the nanowires from
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the gold substrate causes the nanowires to break in dif-
ferent places and hence produce the wider distribution
observed. This is supported by further tests involving an
increased sonication time of more than ∼60 minutes for
both NiFe and Ni nanowires, where the distribution broad-
ens further and shifts to the shorter lengths as shown in
Figures 4(b)–(c), respectively.

Fig. 5. Normalised hysteresis loops and the corresponding switching fields distribution histograms of isolated NiFe as; (a–b) an individual nanowire,
(c–d) a bundle of ∼3 nanowires, and (e–f) a bundle of ∼7 nanowires obtained using a longitudinal MOKE setup by applying the field parallel to the
nanowire axis within ±3�. The insets are the scanning electron microscopy micrographs of the measured wires.

Figure 5 shows examples of normalised hysteresis loops
obtained from MOKE measurements of dispersed NiFe on
oxidised silicon substrates as; an individual nanowire, a
bundle of ∼3 nanowires and a bundle of ∼7 nanowires,
while Figure 6 shows normalised hysteresis loops obtained
from measuring Ni nanowires as; an individual nanowire,
a broad cluster of chains of nanowires and a poorly aligned
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Fig. 6. Normalised hysteresis loops and the corresponding switching distribution histograms of isolated Ni as; (a–b) an individual nanowire, (c–d) a
broad cluster of chains, and (e–f) a cluster of ∼7 nanowires obtained using a longitudinal MOKE setup by applying the field parallel to the nanowire
axis within ±3�. The insets are the scanning electron microscopy micrographs of the measured wires.

cluster of nanowires. The insets of Figures 5 and 6 show
scanning electron micrographs of the regions interrogated
by the MOKE laser spot.
In each case, the external magnetic field was applied

parallel to the nanowires axis within ±3 degrees. The
dimensions of NiFe wires is ∼9 �m length and ∼200 nm

diameter while Ni nanowires have ∼7 �m length and
∼300 nm diameter.
In order to understand more deeply the magnetic prop-

erties of such wires, a series of MOKE measurements
were performed with focusing the laser spot in different
locations on these wires, as well as collecting multiple
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data sets at each location. The results show that there is
a very small variation (less than ∼2 Oe) in the switch-
ing fields obtained from repeated MOKE measurements at
the same position, whereas the distribution histograms for
the switching fields obtained from ∼50 hysteresis loops at
various locations on each group of wires are also plotted
in Figures 5 and 6.
For each group of NiFe nanowires the switching fields

show a distinct single peaked distribution. The average
switching field fall with increasing number of nanowires
in the assemblage. The switching field for individual
nanowires was centred at ∼163 Oe (Fig. 5(b)), while
for the bundles of ∼3 and ∼7 nanowires was centred at
∼134 Oe (Fig. 5(d)) and ∼82 Oe (Fig. 5(f)), respectively.
In contrast to the measurements of closely packed bundles
of NiFe nanowires, the effect of more variation in spacing
distances and orientation between nanowires was inves-
tigated in assemblages of Ni nanowires. The switching
field distributions are more complex than for the closely
packed wires. The switching fields for the individual wire
were centred at ∼140 Oe (Fig. 6(b)) with a range of
∼12 Oe. In contrast, the switching fields for the broad
cluster of chains was found to range widely from ∼135 Oe
to ∼180 Oe (Fig. 6(d)) and the distribution for the clus-
ter of ∼7 wires was bimodal with peaks at ∼185 Oe
and ∼200 Oe (Fig. 6(f)). For comparison, the coercivity
obtained from hysteresis loops of continuous thin films
(not shown here) prepared using the same technique at
growth time of ∼60 sec was found to be ∼20 Oe for NiFe
and ∼35 Oe for Ni films. This is significantly lower than
the switching fields obtained from the wires indicating, as
expected, that nanowire switching is dominated by shape-
induced magnetic behaviour.
Comparing the switching field between the two com-

positions of wires, NiFe are expected to be magnetically
softer than Ni nanowires, but the switching field of indi-
vidual NiFe nanowires (∼163 Oe) was found to be higher
than individual Ni nanowires (∼140 Oe). This difference
in the switching field is expected since the diameter of
NiFe nanowires is smaller and the length longer than
for the Ni wires and as a result, the NiFe has a rela-
tive enhancement of the switching field because the self-
demagnetizing factor is higher.
In all three cases of NiFe nanowires (Fig. 5) the full

width of the switching field distributions are ∼10 Oe
which is comparable to the individual Ni nanowires. This
range is larger than the local measurement repeatability
mentioned earlier and represents variation in the switching
field due to different measurement locations of the laser
spot on the nanowires indicating that the switching fields
vary somewhat in the nanowires. The position dependent
variation observed may be related to either differences in
the morphology of nanowires as the onset of switching is
very sensitive to surface regularities or dimension varia-
tions in the nanowire or any differences in orientation with

respect to each other, although in this case the nanowires
are closely stacked together. The stochastic effects of ther-
mal fluctuations which can lead to peak broadening are
unlikely to be relevant here as each MOKE loop repre-
sents the averaging of several hundred switching cycles
and therefore stochastic effects will be averaged out.
The key point from the data in Figure 5 concerns

the reduction of the switching fields with increasing the
number of wires in the bundles measured. This reduc-
tion can be understood in terms of the magneto-static
interactions between the nanowires. Interaction effects
have been widely investigated experimentally and theo-
retically in two dimensional arrays of various ferromag-
netic compositions of cylindrical nanowires����� or planar
wires arrays54–55 or amorphous wires.56–57 However, the
magneto-static interactions in these systems can be very
complicated and found to depend on a variety of factors
including; magnetisation state of each individual wire in
the array and its magnetic history, wire diameter,45–46 spac-
ing distances among the interacting wires,45–46�57 as well as
filling factor53 or number (density)45�48 and length49�53 of
these wires. These studies demonstrate that the magneto-
static interactions may aid switching or stabilise the mag-
netization, leading to a slight reduction in the remanence
magnetization and reduced45–53 or increased42�58 switching
field. In our case the bundle of closely packed NiFe wires
behaves like a single system and the magneto-static inter-
actions between these wires aids the external field leading
to a higher local field in neighbouring wires, and con-
sequently decreasing the external applied magnetic field
needed to switch the nanowires. The local field increases
with the number of closely packed wires and consequently
the measured switching field falls.45–46�48 On the other
hand, the remanence magnetisation is unchanged with
increasing the number of wires as noticed elsewhere.48

The obtained switching field distributions of Ni
nanowires presented in Figure 6 reflect the greater varia-
tion in orientation between the nanowires, the formation
of chains and the more variable spacing distances between
nanowires in these clusters. The influence of this large
variation on the magneto-static interaction may either
aid switching or stabilise the magnetization leading to
reduced or increased switching fields,42�58 respectively
depending on the different parameters mentioned pre-
viously. For example, chaining may effectively increase
the magnetic length, stabilising the magnetization and
increasing the switching field. The exact switching field
observed depending upon the local interactions and hence
highly sensitive to the MOKE laser location. Furthermore,
variation in angular orientation between the nanowires
will increase the switching field. It has been shown
elsewhere31�35 that magnetization reversal occurs via curl-
ing in such nanowires and for the switching field increases
with angle away from the wire axis. Therefore, for
nanowires orientated with their long axes at high angles
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to the magnetic field direction, the switching field will
be higher as observed in the nanowires clusters in
Figures 6(c)–(e).
Thus, it may be concluded that decreasing the separation

distance between the wires, the system will behave simi-
lar to a large one wire with a reduction in the switching
field as observed with bundles of NiFe wires. On the other
hand, slightly increasing the separation distance, chaining
or tilting of nanowires can enhance the switching field as
observed with the clustered Ni wires.
Overall, the square switching behaviour observed in all

these nanowires is quite different from the results of a high
density arrays of wires measured using other techniques,
such as VSM and SQUID that often display sheared hys-
teresis loops due to the strong magneto-static interaction
amongst these wires.

4. CONCLUSIONS

The statistical distribution of diameter, length and mor-
phology of electrodeposited Ni0�8Fe0�2 and Ni nanowires
released from their alumina templates and deposited on
oxidised silicon substrates was investigated. The mag-
netic properties of a range of isolated individual, bundles
and clusters of nanowires were investigated using MOKE
magnetometry.
A range of diameters and lengths were found and

attributed to the variation of the diameter of templates
pores and the breakup of wires during sonication process,
respectively. The distribution of wire lengths was observed
to depend upon the sonication time, with longer sonica-
tion leading to a higher percentage of shorter nanowires.
It was also seen that some closely packed bundles of
nanowires formed on the substrates and their formation
was attributed to the effect of electro- or magneto-static
forces among these wires. Increasing the sonication time
up to ∼60 minutes did not separate these bundles, but bent
or broke nanowires with shorter lengths were obtained.
The morphology of wires ranged from smooth cylindrical
to non-uniformity in their diameters and surface rough-
ness and surface features which are attributed to defects or
impurities in the internal surfaces of the pores or trapped
air pockets occurs within the pores during the nanowires
growth.
The magnetisation curves obtained by MOKE from

isolated wires and bundles had a high remanence ratio
with sharp magnetization switching indicating a magnetic
easy axis along the wire axis. A distribution of switch-
ing fields was observed for both NiFe and Ni nanowires.
For bundles and clusters of wires the switching fields
depended upon the interactions between nanowires. The
width of the switching field distributions for the NiFe
wires may be attributed to differences in the surface struc-
ture and dimension variations, whereas the variation in
behaviour between samples depends upon the separation

between the wires; in tightly bunched wires the switching
is reduced for larger numbers of wires, while for more
widely spaced and poorly aligned nanowires the switching
field is more variable and depends on the details of the
nanowire assemblage.
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