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Abstract

Cobalt nanowires have been synthesized by electrodeposition into porous track-etched polycarbonate membranes

with a quoted pore diameter of DpE2002400 nm and a thickness of LE7mm. Magnetization curves and torque
experiments of arrays of Co wires confirm that when the lengths of the wires are increased a crossover takes place from

a parallel easy direction of magnetization towards an easy direction perpendicular to the axis of the wire. This change in

the easy direction of magnetization is analyzed considering the competition between demagnetizing field,

magnetocrystalline anisotropy, and dipolar interaction among wires.
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1. Introduction

Nanometer-scale magnets are of great interest
for magnetic storage and novel electronic devices
[1]. Most magnetic devices such as storage devices,
spin valves or magnetic sensors used today are
based on nanometer-scale magnetic elements.
Nanofabrication technology offers unprecedented
capabilities in manufacturing materials with a size
smaller than the magnetic domain wall, and in

manipulating the size, shape and orientation of the
structure [2]. The behavior of nanoscale magnetic
structures is exotic and allows them to reach the
limits of the fundamentals of micromagnetism [3].
There are several methods to fabricate large

arrays of magnetic materials [4a–c], for instance by
lithography, e-beam lithography, etc., but electro-
deposition of metals into the pores of polymeric
membranes [5,6] or anodic porous alumina [7,8]
is the most inexpensive technique to produce
large-scale periodic nanostructures of magnetic
materials.
In this paper we use a simple electrochemical

route for the preparation of arrays of Co wires up
to a length Lp7 mm in track-etched polycarbonate
membranes. The magnetic properties of these
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arrays of electrodeposited Co wires show a
magnetization reversal that appears to depend on
wire length. These magnetic results are interpreted
taking into account the demagnetizing field,
magnetocrystalline anisotropy, and magnetic di-
polar coupling among wires.

2. Fabrication and structural characterization

The arrays of nanowires were obtained by
electrodeposition of Co inside the pores of
commercial track-etched polycarbonate mem-
branes (Millipore–Isopores Membrane Filters)
using a silver sputtering as substrate. The poly-
carbonate membranes used in this work have a
thickness LE7 mm, pore diameters DpE200 and
400 nm, and an average separation dE480 and
830 nm between pores, respectively. The growth of
nanowires was performed by electrodeposition at
room temperature from a sulfate bath containing
[9a] Co+2 ions under potentiostatic control using a
conventional three-electrode cell. X-ray diffraction
shows that the material deposited is essentially
polycrystalline cobalt with a hexagonal close
packed (HCP) structure and the hexagonal c-axis
lies preferentially perpendicular to the long axis of
the wires [9b]. This texture is typical for these wire
diameters [10a–e], as opposed to shorter diameters
(near 35 nm) which have an HCP structure with
the crystalline c-axis parallel to the wire axis [3]. In
any case, the final texture of the wires obviously
depends on the plating procedure. In fact, Paulus
et al. [10d] found that the direction of the
hexagonal c-axis is nearly independent of wire
diameter and that the change of the easy axis is
due to an increasing amount of FCC-Co in smaller
pores, whereas Fert et al. [10e] argue that this is
due to a reorientation of the hexagonal c-axis.

3. Results and discussion

3.1. Magnetization measurements

A Vibrating Sample Magnetometer Digital
Measurement Systems model 1660 was used to
measure the hysteresis loops of samples at room

temperature at maximum fields applied of
H ¼ 11 kOe. The measurements were made with
the magnetic fields applied perpendicular or
parallel to the axes of the nanowires. The normal-
ized hysteresis loops of arrays of 200–400 nm
diameter Co wires are shown in Fig. 1. Here,
Fig. 1(a, c) and (b, d) correspond to short
(Lo1 mm) and long wires, respectively. It can be
seen that for short wires the direction parallel to
the axis of the wire is that of easy direction of
magnetization, whilst as the wires increase in
length the hysteresis loops tend to overlap, and
this implies a change in the easy direction of
magnetization.
To understand the present results a magneto-

static model was formulated taking into account
the demagnetizing field, magnetocrystalline aniso-
tropy, and dipolar interactions in the arrays of
wires. For the sake of simplicity we assume that
the experimental membrane is a two-dimensional
array of parallel Co wires as indicated in Fig. 2. If
the array is formed by a squared lattice of
magnetostatic dipoles with a lattice spacing d;
and the magnetization M lies along the wire axis,
the total effective magnetic field, which acts on
each wire, is parallel to the axis of the wire and
may be expressed as

Heff8 ¼ Hdipolar þ HA; ð1Þ

where HdipolarE4:2ðMV=d3Þ (where V is the
volume of each wire) corresponds to the magneto-
static dipolar interactions among nanowires [11],
while HA ¼ ð2k=MÞ is the anisotropy field asso-
ciated to the uniaxial magnetocrystalline aniso-
tropy constant k of Co. On the other hand, for the
same array with the magnetization aligned per-
pendicular to the axes of the wires, the total
effective field may be expressed as

Heff> ¼ � 1
2

Hdipolar þ Hshape; ð2Þ

whereHshape is the demagnetizing field of each wire
(Hshape ¼ 2pM). In expressions (1) and (2) the
positive sign corresponds to effective fields of
directions opposite to the magnetization vectors.
In this way, for a particular membrane, with a
fixed distribution of pores, a crossover of the
easy direction of magnetization is expected,
when Heff8 ¼ Heff>: For bulk Co HCP at room
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temperature [12] the magnetocrystalline anisotro-
py constant is in the order of k ¼ 5� 106 erg/cm3

and M ¼ 1422 emu/cm3. In the case of the critical
effective field the crossover in magnetization

direction occurs when

V

d3

� �
critical

E0:21: ð3Þ

For values lower than 0.21 the magnetization has
an easy axis parallel to the axes of the wires. For
values higher than 0.21 the magnetization is
perpendicular to the axes of the wires. In this
way we may explain the experimental results
obtained, and so for example, for an array of
wires with a diameter of 400 nm and an average
distance between the wires of dE830 nm a cross-
over in the direction of magnetization is expected
for wires of LE1 mm length as has been observed
experimentally (see Fig. 1(d)).

3.2. Magnetic interactions

The use of remanent curves as a tool to analyze
the type and strength of interaction between
particles in magnetic single-domain particle

d

d

M

Fig. 2. Square dipolar arrays of Co wires with a lattice spacing

d; when the magnetization is parallel to the wire axis.
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Fig. 1. Normalized hysteresis loops at room temperature of arrays of Co nanowires of (a, b) 200 and (c, d) 400 nm—diameters as a

function of wire lengths, recorded with the field applied parallel (�B�) and perpendicular (—) to the wire axis for (a, c) short wires
and (b, d) long wires.
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systems is widespread. It is commonly accepted
that noninteracting systems in general show linear
relations in the plots of the DC demagnetization
remanent versus isothermal remanent curves
[13–16a–c].
In Fig. 3 we show the normalized dm plots

derived from DC demagnetization remanent
mdðHÞ ¼ ðMdðHÞ=MrðNÞÞ and isothermal rema-
nent mrðHÞ ¼ ðMrðHÞ=MrðNÞÞ curves for arrays
of Co wires with diameters of 200 and 400 nm and
various wire lengths. In the nanowire systems
studied here the normalized dm plots always show
a negative peak for all the samples investigated.
This reveals that the predominant interaction in
our samples is magnetostatic. From the experi-
mental results one can observe that as the
magnitude of magnetic interactions decreases, the
lengths of the wires increase. This can be under-
stood if we bear in mind that a crossover of the
easy axis of magnetization from the parallel to
perpendicular direction to the wire has occurred
for the longest wires. On the other hand, the values
of dm for wires with diameters of 400 nm present
negative dm deviation, higher than those for wires
with diameters of 200 nm. This indicates a stronger
magnetic interaction among the wires with greater
magnetic moment.

3.3. Torque measurements

Magnetic torque measurements at room tem-
perature were carried out with a Torque Magnet-
ometer Digital Measurement Systems model 1660
as a function of the length of the nanowires with
diameters of 200–400 nm (see Fig. 4(a–f)). The
torque intensity due to the externally applied
magnetic field was measured when the normal of
membrane plane was rotated with respect to the
maximum applied field of 11 kOe. In order to
simplify the analysis of the torque measurements
we have assumed that the magnetization and
applied field are nearly collinear in all cases and
the fourth order anisotropy constant is negligible.
In this case the y-dependent part of the uniaxial
anisotropy energy is given by

E ¼ keff sin
2ðyÞ ðerg=cm3Þ; ð4Þ

where y is the angle between magnetization and
the easy direction, and the effective anisotropy
constant keff can be used to quantify the crossover
from a parallel easy direction of magnetization
towards an easy direction perpendicular to the
wires. A change from parallel (keff > 0) to perpen-
dicular (keffo0) easy magnetization axis occurs
when the wire length increases. For positive keff
the y ¼ 01 and 1801 positions are energy minima,
and y ¼ 901; which is a hard direction of
magnetization, is a position of instability. The
slope of the torque intensity curves is negative for
the positions of stability (y ¼ 01 and 1801) and
positive for unstable position (y ¼ 901) [17]. Fig. 4
shows the torque intensity curves of arrays of Co
wires with diameters of 200 and 400 nm. Accord-
ing to the model formulated in Section 3.1 the
effective constant of anisotropy could follow a
linear relationship with respect to the ratio ðV=d3Þ:
Taking into account Eqs. (1) and (2) the effective
anisotropy constant can be expressed as

keff ¼ �3:15M2 V

d3

� �
þ pM2 � k ðerg=cm3Þ: ð5Þ

Fig. 5 shows the effective anisotropy constant keff
as a function of ðV=d3Þ; measured (from Fig. 4)
and calculated from Eq. (5) taking into account
the values of M and k of Co previously given. One
can see that for both wire diameters (200 and
400 nm) the keff experimental values reproduce the
tendency of Eq. (5), i.e. a decrease in keff appears
as ðV=d3Þ increases. The samples with diameters of
400 nm are those, which correspond most closely
to the theoretical model (broken line) because, as
we have seen in the previous section, the magneto-
static interaction is greater in the samples with
diameters of 200 nm.
The greatest deviations of experimental results

with regard to expression (5), in the wires with
smaller diameter (200 nm) may be partially attri-
butable to the dipole–dipole interaction, unlike
those of the model proposed. If we take this into
account, we can redefine Eq. (5) as

keff ¼ �3:15aM2 V

d3

� �
þ pM2 � k ðerg=cm3Þ; ð6Þ

where a is a weight factor (0pap1) which
measures the importance of the magnetostatic
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Fig. 3. Normalized remanent curves and dm plots for Co wires of (a) 200 and (b) 400 nm in diameter with the applied field

perpendicular and parallel to the wire axis for short (X) and long wires (E).
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dipolar coupling. Thus, when this factor tends to
zero, the effective constant of anisotropy tends to
have a constant value of keffEpM2 � kE1:35�
106 erg/cm3. Moreover, as the length of the

nanowire increases above the ðV=d3ÞcriticalE0:21
value, the preferential orientation of the easy
direction of magnetization changes from parallel
to perpendicular to the wire axis. This is shown
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with the sign change of the effective anisotropy
constant for wires with diameter of 400 nm.
Strijkers et al. [7] and Schwanbeck et al. [18] have
observed this in electrodeposited Co wires in
polycarbonate membranes too. Thus, fitting the
wire lengths and the average distance between
them, one could control the competition between
the dipolar interaction and demagnetizing field in
order to have a perpendicular or parallel easy
direction of magnetization. Finally, we would like
to mention that the presence of asymmetrical sine
curves in torque measurements is probably due to
the fact that the hypothesis of collinearity between
the direction of magnetization and the maximum
applied field of Hmax ¼ 11 kOe is not totally
correct. This may be confirmed by the fact that
the maximum applied field is not large enough to
saturate the hysteresis loops of the arrays of Co
wires, as they increase in length (see Fig. 1).

4. Conclusions

In summary, Co nanowires with diameters of
200 and 400 nm have been successfully synthesized
by electrodeposition into commercial track-etched
polycarbonate membranes with a thickness of
LE7 mm. It has been observed that the magnetic
properties depend on the wire diameters, lengths
and separations between them. Thus, one can
notice that the easy direction of magnetization
changes when the lengths of wires vary. In the
cases of the shortest wires (Lo1 mm) the easy
direction of magnetization is parallel to the axes of
the wires and in the cases of the longest wires it
tends to be more perpendicular. Remanent curve
measurements clearly indicate that the predomi-
nant interactions among wires are of the magneto-
static type. For torque magnetic measurements it
is found that the sign of the effective anisotropy
constant is gradually changed when the lengths of
Co wires vary. In the case of shortest wires with
diameter 400 nm keff > 0 and for the longest wires
keffo0; concur with the inversion of magnetization
from the direction preferential parallel to one
perpendicular to the axes of wires. A simple model
has been proposed which explains the results
taking into account the competition between the

demagnetizing fields, magnetocrystalline anisotro-
py of Co, and dipole–dipole interactions. This
model predicts an inversion of magnetization for
critical values around ðV=d3ÞE0:21:
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