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c Center for the Development of Nanoscience and Nanotechnology, CEDENNA, Av. Ecuador 3493, Santiago, Chile
a r t i c l e i n f o

Article history:

Received 6 September 2011

Received in revised form

5 February 2012
Available online 9 March 2012

Keywords:

Coercivity and remanence

Magnetization reversal

Magnetic nanowire
53/$ - see front matter & 2012 Elsevier B.V. A

016/j.jmmm.2012.02.125

esponding author at: Departamento de Fı́sica

SACH, Center for the Development of Nanos

ador 3493, Santiago, Chile. Tel.: þ56 2 71812

ail addresses: jcdenardin@gmail.com,

denardin@usach.cl (J.C. Denardin).
a b s t r a c t

The angular dependence of the coercivity and remanence of ordered hexagonal arrays of Co nanowires

prepared using anodic aluminum oxide templates was investigated. The experimental evolution of

coercivity as a function of the angle, in which the external field is applied, is interpreted considering

micromagnetic simulations. Depending on the angle between the axis of the wire and the applied

magnetic field direction our results show that the magnetization reversal mode changes from vortex to

a transverse domain wall. Besides, we observed that the dipolar interactions cause a reduction in

coercive fields, mainly in the direction of easy magnetization of the nanowires. Good agreement

between numerical and experimental data is obtained.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The magnetic nanostructures that exhibit a high uniaxial
anisotropy can be an alternative to overcome the superparamag-
netic limit. This limit appears in small magnetic particles on the
order of nanometers [1]. An alternative is to use magnetic
nanowires. Its simple geometry and high aspect ratio can be
regarded as a model for the study of uniaxial nanoparticles.
Lithographic techniques can be used to grow magnetic nanowires,
however, this technique is very expensive and time consuming.
An alternative is to use chemical template-based methods com-
bined with high-yield electrochemical deposition techniques.
A widespread example is anodic aluminum oxide (AAO) mem-
branes, which stand as a quite versatile and nearly inexpensive
technique to fabricate arrays with reproducible properties.
Ordered arrays of magnetic nanowires are of great interest for
high-density data storage devices [2,3], Magnetic Random Access
Memory (MRAM) and other electronic devices [4,5], biomedical
applications [6], optical applications [7], and magnetic sensors
based on magnetoresistance [8,9]. Cobalt nanowires form a
particularly interesting system as it is a relatively hard magnetic
material whose magnetic properties can be tailored through the
variation of the geometry [10] and of the structural parameters
derived form crystallinity [11,12].
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The magnetic properties (coercivity and remanence) of the
nanowires are determined by the process of magnetization
reversal, that is, the change of magnetization from one of its
minimal energy states to the other [13–15]. These modes are
known as coherent rotation (C), in which all the spins simulta-
neously rotate, transverse (T) and vortex (V) reversal modes, in
which the spins progressively invert through the propagation of a
transverse and vortex domain wall. The applicability of any mode
depends on the geometrical characteristics. Since coercivity is
directly related to the reversal mechanism, we can induce
different reversal modes by modifying external parameters,
such as the direction of the applied field. Then, a previous work
[16,17] presented an analytical model that describes the angular
behavior of the coercivity, Hc. However, this analytical model is
not capable of including the effect of the dipolar interactions
among nanowires. Thus, it is necessary to realize micromagnetic
simulations in order to investigate how the interactions modify
the angular dependence of the coercivity and remanence in
Co nanowire arrays.

Thus, the study of the angular dependence of coercivity is a
successful tool to unveil the reversal mechanism in ordered arrays
of Co nanowires. Different reversal modes can be induced by
suitable modification of the angle in which the external field is
applied.
2. Experimental details

Our approach to the preparation of magnetic Co nanowires
arranged in hexagonally ordered, parallel arrays is based on the
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Fig. 1. SEM image of the surface of an anodic aluminum oxide membrane used for

the electrodeposition.
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combination of two complementary aspects, namely (i) the use of
self-ordered anodic aluminum oxide (AAO) as a porous template
and (ii) the electrodeposition of magnetic material in the cylind-
rical pores [18]. A Zeiss EVO MA 10 apparatus was used for
scanning electron microscopy (SEM) measurements. Fig. 1 shows
a SEM image of the membrane used for the electrodeposition of
magnetic material, showing that these present highly ordered
pores of diameter d¼50 nm and lattice constant D¼100 nm.
The nanowires are 4 mm long. We have measured hysteresis
curves of Co nanowire arrays at 300 K by a vibrating sample
magnetometer (VSM). The samples are rotated in relation to the
magnetic field direction allowing probing the dependence of the
coercive field and remanence with the angle (h) between the field
and the long axis of the wires.
Fig. 2. Angular dependence of coercivity for the Co nanowire arrays. Dots

correspond to the experimental data, solid line to the results obtained with the

simulation considering an isolated nanowire, and dashed line to the simulation

considering an hexagonal array of 7 nanowires.
3. Micromagnetic simulation

In order to investigate the angular dependence of coercivity
and remanence in an interacting array, we performed micromag-
netic simulations using the 3D OOMMF package [19]. The method
to solve the magnetic behavior of a magnetic sample in time is
carried out by implementing a first order forward Euler method
with step size control on the Landau–Lifshitz ordinary differential
equation. The magnetization of the sample is computed as a
function of time using the damped Landau–Lifshitz–Gilbert equa-
tion of motion (LLG) of magnetization at zero temperature [20].
Our starting point is a hexagonal cell of 7 nanowires characterized
by a length of 1 mm, a diameter of 50 nm and a separation
between them of 100 nm. We have used a length of 1 mm instead
of 4 mm to reduce the simulation time. Despite this, the results of
the simulations are representative because the aspect ratio of the
wires is large enough. Thus, the ferromagnetic system is spatially
divided into cubic cells and within each cell the magnetization is
assumed to be uniform. The micromagnetic simulations are
performed using typical Co parameters: saturation magnetization
M0¼1.4�106 A/m, exchange stiffness constant A¼30�10�12 J/m.
Effects of discretization are inherent to the methodology used
here. For this reason we have investigated the effects of the cell
size and found that for cells smaller than 5�5�5 nm3 the results
are size independent. For most of our simulations we consider cell
sizes of 2�2�5 nm3, where spins are free to rotate in three
dimensions. In all the cases the damping parameter was chosen as
0.5. In order to understand the behavior of the magnetostatic
interactions between the nanowires, we also have simulated an
isolated wire, under the same conditions as described previously.
4. Results and discussion

Fig. 2 shows the coercivity measured at different angles for the
Co nanowire arrays. Dots and solid lines represent the coercivity
obtained by means of experimental measurements and micro-
magnetic simulations, respectively. We observed a non-hysteretic
behavior for y¼901. This behavior allows us to conclude that
shape anisotropy of nanowires may induce a hard axis of
magnetization when y¼901. Besides, for the Co nanowire array
we can observe a transition from a vortex (V) to a transverse
(T) reversal mode as a function of y.

If we compare our numerical results obtained for an isolated
wire with the results obtained for an array of seven nanowires we
can see the effect of the dipolar interactions among them. Fig. 2
shows that the effect of dipolar interactions between nanowires
reduces the coercivity for all the angles considered. However, the
effect of interactions between Co nanowires strongly modified the
value of the coercive field for y¼601. This indicates that the
dipolar interaction among the Co wires is much stronger when
the external field is applied in the direction of easy magnetization
of the nanowires. Finally, it is worth to note the good agreement
between experimental data points and micromagnetic simula-
tions for interacting arrays. Small differences of the experimental
data points from the calculated ones likely originate from the
number of nanowires considered in our simulations. Other factors
not accounted for in our numerical simulations include possible
shape irregularities and the real length of the nanowires.

Fig. 3 shows the angular dependence of remanence, Mr/M0, as a
function of y for the Co nanowire array. The magnetization of each
nanowire in an array is oriented parallel to the axis of the wires,
owing to the shape anisotropy. When the applied field is reduced
to zero, at remanence, the magnetization of each nanowire is
along its axial axis, but the magnetization is measured at the y
angle with respect to the easy axis. Thus, we can observe that the
remanence follows the function, Mr(y)¼Mr cos2(y), independent of
the number of nanowires, with Mr¼Mr(y¼0) the remanence
measured at y¼0. This behavior is an indication that long
nanowires follow the behavior of the uniaxial systems.



Fig. 3. Angular dependence of remanence for the Co nanowire arrays. Dots

correspond to the experimental data, solid line to the results obtained with the

simulation considering an isolated nanowire, and dashed line to the simulation

considering an hexagonal array of 7 nanowires.

R. Lavı́n et al. / Journal of Magnetism and Magnetic Materials 324 (2012) 2360–23622362
In conclusion, by means of experimental techniques and
micromagnetic simulations we have investigated the angular
dependence of the reversal modes in ordered arrays of Co
nanowires. Besides, we observed that the dipolar interactions
directly translate into a reduction in coercive fields, which is the
strongest in the direction of easy magnetization of the nanowires.
Good agreement between numerical and experimental data is
obtained.
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