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Abstract
Magnetic properties of arrays of nanowires produced inside the pores of anodic alumina
membranes have been studied by means of vibrating sample magnetometer techniques. In these
systems the length of the wires strongly influences the coercivity of the array. A simple model
for the coercivity as a function of the geometry is presented which exhibits good agreement
with experimental results. Magnetostatic interactions between the wires are responsible for a
decrease of the coercive field.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

During recent years magnetic nanoparticles have attracted
increasing interest due to their promising applications in
hard disk drives, magnetic random access memory and
other spintronic devices [1–4]. Also, these elements are
good candidates for biomedical applications. The use of
these particles in devices and architectures is conditioned
on the possibility of having a fine control of their size
and shape, keeping thermal and chemical stability of the
nanoparticles [5]. For such applications, different geometries
have been considered [6–10]. In particular, highly ordered
arrays of magnetic nanowires produced inside the pores of
anodic alumina membranes by electrochemical deposition [11]
have been the focus of intense research [12–15]. The high
ordering, together with the magnetic nature of the wires, gives
rise to outstanding cooperative properties different from the
bulk and even from film systems. In these arrays, inter-
element interactions play an important role and have been
the subject of strong investigation. Kazadi Mukenga Bantu
et al [16] and Rivas et al [17] investigated the structure and
magnetic properties of cobalt nanowires and observed a change
of the easy axis depending on the magnetostatic interactions
between them. More recently, Gubbiotti et al [18] and Goolaup
et al [19] reported that the switching behaviour of the wires
is affected by magnetostatic interactions. In such particles,

the understanding of the magnetization reversal mechanisms
is a permanent challenge for researchers. It has been reported
independently by Forster et al [20] and Hertel [21] that
soft magnetic nanowires can switch in two different modes
depending on their thickness. These modes have become
known as the transverse reversal mode and the vortex wall
mode. The first refers to a thin ferromagnetic wire (diameter
d < 60 nm). If a wire is thin enough, the exchange interaction
forces the magnetization to be homogeneous through any radial
cross section of the cylinder [22]. Similar reversal modes were
found by Landeros et al [23] in the case of magnetic nanotubes.

For small particles, the Stoner–Wohlfarth model has
been applied to calculate the coercivity when the reversal of
magnetization is driven by a coherent rotation [24]. Also
Aharoni [25] calculated the nucleation field in a prolate
spheroid when the reversal is driven by curling rotation.
However, when the transverse reversal mode appears, the
coercivity has not been modelled yet. Thus, usually
experimental results for the coercivity in this case are
interpreted using the Stoner–Wohlfarth model [26].

In this paper we present experimental results for high
aspect ratio Ni nanowire arrays. Based on micromagnetic
calculations, the coercivity in the presence of a transverse
reversal mode is modelled, showing good agreement with
experiments. Magnetostatic interactions are included in order
to investigate its effect on the magnetic properties of the array.
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Figure 1. SEM top view of a highly ordered home-made AAO
template.

2. Experimental methods

The anodic alumina oxide (AAO) porous membranes were
prepared from a 99.99% aluminium foil (0.13 mm thickness,
Sigma-Aldrich) by the two-step anodization technique [27].
The grease on the aluminium surface was removed with
detergent, then successively with acetone and water. The
cleaned aluminium sheets were submitted to an annealing at
350 ◦C in air for 1 h using a Lindgerg/Blue M model tube
furnace. Then, the aluminium sheets were first etched with
a 5% w/w NaOH solution and afterwards with diluted nitric
acid. Subsequently, the samples were mechanically polished
with alumina (0.3 and 0.05 μm mesh) followed by 1 min
of electropolishing at 15 V in a 40% H2SO4, 59% H3PO4,
1% glycerine bath. After this treatment the samples were
submitted to a first anodization at 40 V for 6 h in a 0.3 M oxalic
acid solution at 20 ◦C. The anodized layer was etched with a
5% H3PO4 and 1.8% H2Cr2O4 solution at room temperature
for 12 h. The ordered pore arrangement was achieved with
a second anodization step that was performed in the same
conditions as in the first one. A 0.1 M CuCl2 and 20% v/v
HCl solution at room temperature was employed to remove the
remaining aluminium from the alumina substrate. To remove
the barrier layer and to open the pores at the bottom, the
membrane was first treated with 5% H3PO4 and 5% NaOH
aqueous solution at room temperature. Subsequently, the pores
were widened in a 0.085 M H3PO4 solution at 37 ◦C for 15
min. As is observed in figure 1, the membranes present highly
ordered pores of diameter d = 2R = 50 nm and lattice
constant D = 100 nm. To facilitate the electrical contact,
a very thin Au–Pd layer was sputtered on one side of the
membrane followed by the electrodeposition [28] of a thicker
nickel layer to achieve the full pore sealing. In this paper
the electrodeposition was performed at a constant potential
(dc electrodeposition at −0.9 V). The potentiostatic condition
allows us to have more precise control of the electrochemical
reaction, and then a more accurate control of the growth of the
Ni nanowires.

The morphology and the single-crystalline structure
of individual nanowires were subsequently investigated
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) after dissolution of the template.

Figure 2. SEM image of the exposed Ni nanowires with diameter of
50 nm after the alumina template membrane was dissolved away.
Magnification: 17 000×.

Figure 3. TEM image of free-standing Ni nanowires that have been
grown at −0.9 V.

A JEOL 5900 LV apparatus was used for SEM measurements.
Figure 2 shows the SEM images of nickel nanowires grown
into the 50 nm home-made alumina template supported on the
substrate. This figure shows that the nanowires have a high
aspect ratio, are well defined, parallel and close to each other.

TEM observations were carried out on a JEOL 2010F
electron microscope operated at 200 kV coupled with an
energy-dispersive spectrometer Princeton Gamma Technology
system. A 1 nm diameter probe was used for the microanalysis.
Samples were prepared by crushing glass samples in an agate
mortar and ultrasonically stirring them in butanol. The smallest
particles are then collected in the supernatant liquid using a
holey C-coated copper grid. Figure 3 shows a TEM image
of continuous free-standing nanowires. Both analyses account
for a continuous growth that follows the shape of the pores’
template.

Chemical characterization of nanowires has been realized
by means of energy-dispersive analysis of x-rays (EDAX).
Figure 4 shows the spectroscopy data. The peaks correspond
to characteristic elemental emissions of Ni.

The magnetic properties of the Ni nanowires were
measured by a vibrating sample magnetometer (VSM).
Figure 5 illustrates the hysteresis cycles for two samples with
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Figure 4. EDAX spectroscopy of a selected area in the Ni nanowire
array. The peaks correspond to characteristic elemental emissions of
nickel.

µ
µ

Figure 5. Hysteresis cycles for Ni nanowires (50 nm diameter and
100 nm interwire distance) as a function of the length. The magnetic
field is applied parallel to the wire axis.

diameter d = 50 nm, lattice parameter D = 100 nm and
lengths L = 4 and 12 μm, measured with the external
field along the axis of the wires. From the comparison of
these loops, an increase of the coercivity and the remanence
in relation to the length has been observed. Therefore
we observed that the magnetic behaviour of the arrays
is strongly dependent on the effective magnetic anisotropy
(mainly determined by shape).

3. Model and discussion

In order to investigate this behaviour, we propose a model
which leads us to calculate the coercivity as a function of the
geometry. We start calculating the coercive field of an isolated
magnetic nanowire assuming that the magnetization reversal is
driven by a transverse mode.

3.1. Isolated magnetic nanowires

For isolated magnetic Ni nanowires with diameters smaller
than 60 nm, the magnetization reversal, that is, the change of
the magnetization from one of its energy minima (M = M0ẑ)
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Figure 6. Coercivity (solid line, equation (1)) and wall width (dotted
line) as a function of the radius of an isolated Ni nanowire. This
result is independent of the length of the wire.

to the other (M = −M0ẑ), occurs by means of the propagation
of a transverse domain wall [23]. In this case, a domain wall
appears at one end of the wire and propagates towards the
other. Starting from the equations presented by Landeros et al
[23], we can calculate the width of the domain wall for the
transversal reversal mode as a function of the radius, R.

To calculate the coercive field of an isolated magnetic
wire, H0, we used an adapted Stoner–Wohlfarth model [24]
in which the length of the coherent rotation is replaced by the
width of the domain wall, w. Following this approach,

H0

M0
= 2K (w)

μ0 M2
0

, (1)

where K (l) = 1
4μ0M2

0 (1 − 3Nz(l)) and Nz(l) corresponds
to the demagnetizing factor along z [29], given by Nz(l) =
1 − F21[ 4R2

l2 ] + 8R
3π l , where F21[x] = F21[−1/2, 1/2, 2,−x] is

a hypergeometric function.
The dependence of the coercivity H0 (solid line) and width

of the domain wall (dotted line) is depicted in figure 6 as
a function of the radius of the isolated wire. In this figure
we have considered Ni nanowires defined by M0 = 4.85 ×
105 A m−1 and the stiffness constant A = 10−11 J m−1. In
equation (1) the length involved is the width of the domain
wall. However, Landeros et al [23] have shown that the width
of the domain wall, w, is independent of the length of the wire,
L, provided the wire is long enough. Then, the coercivity in
figure 6 is independent of the length of the wire. However,
in figure 5 we have seen a strong dependence of the coercive
field on the length of the wires. Moreover, the value computed
from equation (1) is greater than the experimental data. Then
it is clear that the array cannot be considered simply as a set of
independent wires and interactions have to be included in order
to obtain a better agreement with experiments.

3.2. Array of magnetic nanowires

If each individual nanowire is treated as a non-interacting
magnetic dipole, it will contribute to the whole hysteresis loop
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of the array with a small square-shaped loop. Consequently, in
the case of an array of identical non-interacting wires, a square
macroscopic hysteresis loop would be observed with a single
Barkhausen jump. Nevertheless, in the array, the distances
between the wires are smaller or comparable to their diameter
and/or length. Then the wires in the array are subject to
important magnetostatic interactions between them that must
be considered. The interaction of each wire with the stray
fields produced by the array—an effective antiferromagnetic
coupling between neighbouring wires—strongly influences the
coercivity [30–33]. This stray field depends on the length of the
wires, explaining in this way our results in figure 5. In these
interacting systems, the process of magnetization reversal can
be viewed as the overcoming of a single energy barrier, �E .
In an array with all the wires initially magnetized in the same
direction, the magnetostatic interaction between neighbouring
wires favours the magnetization reversal of some of them. A
reversing field aligned opposite to the magnetization direction
lowers the energy barrier, thereby increasing the probability of
switching. The dependence of the applied field on the energy
barrier is often described [34] by the expression

�E = U

(
1 − H

H0

)2

,

where H is the applied field and H0 denotes the intrinsic
coercivity of an isolated wire. For single-domain particles
having a uniaxial shape anisotropy, the energy barrier at zero
applied field, U , is just the energy required to switch by
coherent rotation, K (L). If we assume that the switching field
Hs is equal to Hc, then

Hc = H0 − Hint, (2)

where Hint corresponds to the stray field induced within the
array given by

Hint = 2K (L)

μ0 M2
0

(
ε|Ẽint(D)|

K (L)

)1/2

. (3)

In the previous equation we have assumed that the reversal of
individual nanowires produces a decrease of the magnetostatic
energy Eint that equals the magnetic anisotropy barrier �E .
Besides, ε is an adjustable parameter that depends on the
distribution of magnetic wires in space and on the long-
distance correlation among the wires. The value of ε cannot be
obtained from first principles, although values between unity
and some tens are reasonable [35]. Besides, Ẽint(D) is the
magnetostatic interaction between two nanowires separated a
distance D. Such an interaction has been calculated by Laroze
et al [36] and is given by

Ẽint (D) ≡ Eint (D)

V
= μ0 M2

0 R2

2L D

⎛
⎝1 − 1√

1 + L2

D2

⎞
⎠ .

In order to understand the role of the length of the wires in
the array we calculate the normalized magnetostatic interaction
energy per wire (no dimensional stray field) for arrays of
different lengths,

∑N−1
i=1

∑N
j=i+1(Ẽint(D)/μ0 M2

0 N). As stated

Figure 7. Calculated coercivity obtained from equation (2) using
ε = 20 (black solid line corresponds to R = 15 nm and grey solid
line to R = 25 nm) and stray fields (dotted line corresponds to
R = 15 nm and dashed line to R = 25 nm) as a function of the
length of the Ni nanowire arrays. Red dots correspond to the coercive
fields obtained from figure 5. Interwire distance for all cases is
D = 100 nm.

by Escrig et al [14], to avoid size-dependent results, we have
considered a sample which contains a minimum of N ≈ 70 000
wires. The calculated coercivity Hc and stray field per wire as
a function of the length of the wires for two different radii are
depicted in figure 7, where ε = 20 has been used. A strong
influence of the length is observed which can be ascribed to
the strength of the magnetostatic interaction among nanowires,
which in turn depends on the length. At small lengths an almost
linear dependence of the coercivity is observed, which was
previously measured by Vázquez et al [37]. However, in dot
arrays, d > L, a different behaviour is observed in which
case the coercivity decreases (Hint increases with L) [38].
In figure 7, dots illustrate the coercive fields obtained from
the hysteresis loops shown in figure 5. A good agreement
between the coercivities obtained with VSM and our analytical
calculations is shown.

We now investigate the dependence of the coercivity on
the diameter of the wires, d , and the interwire distance, D,
by defining the ratio d/D. When the wires are in contact,
d/D = 1; when they are infinitely separated, d/D = 0. Our
results are shown in figure 8 for two different radii and four
different lengths, where ε = 20 has been used. In the range of
parameters considered, we observe that an increase of the ratio
d/D results in a decrease of the coercivity. As also shown
in figure 7, an increase in the length of the wires produces an
increase of the coercivity.

Labelled dots 1, 2, 3 and 4 in figure 8 correspond to
the cases described in table 1. Note the agreement between
experimental and calculated values through equation (2).
Deviations between experimental measurements and analytical
results can originate from the dispersion of the lengths and
positions of each wire in the array and a reduction in the
homogeneity of the diameter of nanopores [37]. Also it is
important to point out that in our model we have not considered
any kind of crystalline anisotropy, which can be present,
depending on the different synthesis procedures. The addition

4



Nanotechnology 19 (2008) 075713 J Escrig et al

µ
µ
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µ

Figure 8. Dependence of calculated coercivity with the ratio of the
diameter, d = 15 nm (black lines) and 25 nm (grey lines), to lattice
parameter, D. We have used ε = 20. Experimental points 1, 2, 3 and
4 are discussed in the text.

Table 1. Parameters for different Ni nanowire arrays. Geometrical
parameters and Hc have been measured in this paper (superscript 1)
or taken from [39] (superscript 2) and [40] (superscript 3).

Dot d (nm) D (nm) L (μm) Hc (Oe)

1(2) 30 100 ≈1 1200
2(1) 50 100 ≈12 624
3(1) 50 100 ≈4 366
4(3) 50 65 ≈3 420

of such anisotropy does not modify qualitatively the results,
and its effect is equivalent to changing the aspect ratio of the
wire.

4. Conclusions

In conclusion, by means of analytical calculations and
experimental measurements we have investigated the important
role of magnetostatic interaction in the magnetic properties of
nanowire arrays. We have derived an analytical expression
that allows us to obtain the coercivity as a function of the
magnetostatic interactions present in the array. The effect of
the stray field originating from the magnetostatic interactions
between the wires of the array must be included to obtain a
quantitative agreement between experimental and theoretical
results. Our results lead us to conclude that the length
of the wires strongly influences the coercivity of the array.
Good agreement between VSM measurements and theoretical
calculations is obtained.
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