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Avenida España 1680, 2390123 Valparáıso, Chile

2Centro Cient́ıfico y Tecnológico de Valparaiso, CCTVal, Valparaiso, Chile
3Dpto.de F́ısica Aplicada, Universidad de Granada, C/Fuentenueva s/n, 18071, Granada, Spain

4Centro Brasileiro de Pesquisas F́ısicas, R. Dr. Xavier Sigaud, 150, 22290-180, Rio de Janeiro, Brazil
5Dpto. F́ısica, Universidad de Oviedo, C/Federico Garćıa Lorca 18, 33007-Oviedo, Asturias, Spain
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Abstract: The magnetic properties of radially-oriented Co, Ni, and CoNi alloy nanowires syn-
thesized by pulsed electrodeposition into porous alumina structures are measured and compared
with those of similar nanowires grown in a planar geometry. The alloy composition affects the
anisotropy axis direction, which is determined by the balance between the magnetocrystalline and
shape anisotropies, lying transverse to the nanowires for Co samples and along the nanowire axis for
Ni. Monte Carlo simulations were performed to model the magnetic hysteresis of the radially-
oriented and planar geometry nanowires using an approach based on a conical distribution of
anisotropies. The model provides an excellent fit compared with experimental hysteresis loops.

INTRODUCTION

Nanoporous anodic alumina membranes (NAAMs),
obtained through a double anodization process applied
to aluminium, provide a particularly attractive self-
assembled system which can be used as a template to
fabricate other nanostructures. The anodic film con-
tains a hexagonal array of parallel pores with pore
size from 20 to 200 nm and interpore distance rang-
ing from 60 to 500 nm, controlled via the anodiza-
tion and subsequent etch conditions. Furthermore the
pore locations can be templated by substrate pattern-
ing. The wide range of geometrical dimensions and
the relatively simple electrochemical process involved
in their fabrication make NAAMs very attractive for
commercial biomedical ultramicrofiltration as well as
for templates and masks for non-traditional lithographic
methods,1–5 for waveguides,6 filters,7 or magnetic record-
ing media.8 In addition, NAAMs can be suitably func-
tionalized to be used in different sensing devices, or
filled by electroplating8,9 to grow densely packed long-
range-ordered arrays of nanowires,10 nanoparticles,11 and
nanotubes.12

Arrays of nanowires (NWs) made within planar
nanoporous anodic alumina membranes (PNAAMs)
have received particular attention due to their sim-
ple geometry, low fabrication cost, and possible device
applications.13 PNAAMs have been extensively used for
the fabrication of magnetic nanowires with many differ-
ent compositions 14–16 since the first work of Masuda
and Fukuda.9 NWs have shown a great potential for field
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emission devices17–20 and pH, bio-, and gas sensors,21–24

as well as for their application as microwave devices25–30

such as unbiased absorbers,31 nonreciprocal isolators,25

noise suppressors,32,33 and circulators.34

The PNAAMs in these studies are typically prepared
using an Al foil with planar geometry. More recently, it
has also been proposed a cylindrical nanoporous anodic
alumina membrane (CNAAM) geometry formed from an
Al wire.35–38 Previous related works carried out by Sanz
et al. reported on the fabrication and magnetic char-
acterization of electrodeposited Ni and Co nanowire ar-
rays embedded in cylindrical and planar nanoporous an-
odic alumina templates,35–37 and continuous Ni80Fe20

(Permalloy) cylindrical films and films with holes (an-
tidots) made by replicating the close-packed pattern
of the hexagonally arranged anodic alumina nanopores
using sputter deposition.36 The magnetic behaviour of
the radially distributed Ni and Co nanowires was ana-
lyzed in terms of the effective magnetic anisotropy based
on the geometry and magnetic properties of the wires,
and further analysis of the magnetization reversal pro-
cesses was performed by the First Order Reversal Curves
(FORC) method.38 Pang et al. demonstrated enhanced
control over the growth and geometry of nanoporous
alumina templates on non-planar surfaces of cylindrical
and spherical Al patterns, relevant to applications where
curved substrates are required, such as sensors, catalysts,
and optic fibers39

In this work we have studied the effective anisotropy
of magnetic nanowire arrays with different compositions
that were synthesized by pulsed electrodeposition into
the CNAAM templates. Depending on the composi-
tion the magnetic easy-axis direction and other magnetic
properties can be controlled. The magnetic behavior in
the transverse and axial directions are analyzed and com-
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pared with a micromagnetic model based on Monte Carlo
simulation, where each magnetic nanowire in the array is
modelled as a single magnetic moment or macrospin. The
present study provides an experimental and theoretical
description of the static properties of CNAAMs in order
to facilitate applications including electromagnetic an-
tenna devices28 and filtration or separation technologies
for microfluidics.7

EXPERIMENTAL PROCEDURE

High purity Al wires (Al 99.999 %, diameter = 1.5 mm,
length = 15mm, Goodfellow) were selected to carry out
the two-step anodization process.9,15 Before the first an-
odization stage, the Al wires were electropolished for 2
minutes in a solution of perchloric acid and ethanol (25:75
vol%.). Then, the wires were anodized for 24 hours un-
der a voltage of 40 V applied between the Al wire and
a Pt counter-electrode mesh in 0.3 M oxalic acid elec-
trolyte, kept at constant temperature of 40C. The non-
uniform nanoporous alumina layer grown during the first
anodization was removed by selective chemical etching
in an aqueous solution of CrO3 and H3PO4 for 10 hours.
The second anodization process was then performed for
1 hour with the same electrochemical conditions, obtain-
ing a 2.5 µm thick NAAM. The barrier layer thickness
was reduced to around 4 nm by decreasing the applied
voltage from 40 V down to 4.5 V.

Magnetic nanowire arrays with compositions
CoxNi1−x (x = 1, 0.75, 0) were electrodeposited into the
CNAAMs using pulsed electrodeposition. The resulting
radially oriented nanowires had average diameters of 35
nm, interwire distance of 105 nm and 2.5 µm in length.
In this work we kept the diameter and interpore distance
constant and evaluated the influence of the composition
of the wires. Cathodic deposition pulses of 8 ms in dura-
tion were applied under galvanostatic conditions at 38.2
mA/cm

2
for all the materials. Buffer salts, such as boric

acid (H3BO3), were used to stabilize the electrolytes,
maintaining a constant value of pH by reducing the effect
of hydrogen evolution and inhibiting the formation of
hydroxide species during the electrodeposition process.
The pH of the electrolytes was adjusted to 4-4.5 with
the addition of 1M dilute sodium hydroxide (NaOH) to
the solution, and the electrochemical depositions were
carried out in the temperature range between 450C and
650C, without mechanical stirring, in order to avoid
precipitation of the boric acid.16,40,41 The composition
of the electrolytes and their working temperatures are
detailed in Table 1.

Ferromagnetic nanowire arrays made of CoxNi1−x al-
loy were also pulse-electrodeposited in PNAAMs syn-
thesized under similar conditions, as reported elsewhere
[15]. The lattice parameters of the nanowires synthesized
in the PNAAMs templates, namely the diameter, inter-
wire distance and length are the same as those of the
CNAAMs, in order to allow for a direct comparison.

TABLE 1. Electrolytes and conditions employed for the elec-
trodeposition of pure Co and Ni nanowires and Co75Ni25 al-
loyed nanowires.

Salts Co (g/l) Ni (g/l) Co75Ni25 (g/l)
CoSO4 · 7H2O 300 − 150
NiSO4 · 6H2O − 300 150
CoCl2 · 6H2O 45 − 22.5
NiCl2 · 6H2O − 45 22.5

H3BO3 45 45 45
pH 4 4 4

Temperature (◦C) 65 45 65

Morphological characterization was performed by high
resolution scanning electron microscopy in an FEI XL30
FEG-ESEM. Fig. 1.a shows SEM images of a typical
substrate consisting of the Al wire after the second an-
odization step, and Fig. 1.b-d show the sample after elec-
trodeposition of Ni nanowires within the nanopores of
the alumina template. Locally the structure resembles a
PNAAM because the curvature is small compared to the
oxide thickness, and the electrodeposition of magnetic
material into the pores showed the same efficiency found
in NAAMs. The alumina nanopores displayed in the Fig.
1.c are arranged in hexagonally close-packed grains or do-
mains with different lattice orientations that extend over
several square micrometers, covering the whole surface of
the Al wire substrate.

FIG. 1. HRSEM images of the Ni nanowire arrays electro-
chemically grown in the CNAAM structure; (a) Substrate
consisting of the Al wire after the second anodization step,
(b) cross-section of the nanoporous anodic alumina layer
grown on the surface of the Al wire substrate, (c) top-view
of the electrodeposited Ni nanowires grown inside the hexag-
onally ordered pores of the CNAAM template and (d) higher
magnification cross section image of the electrodeposited Ni
nanowires embedded in the parallel aligned channels of the
nanoporous alumina template.

A schematic drawing of the cylindrical distribution of
the magnetic nanowires and directions of the applied
magnetic field is shown in Figure 2. Magnetic hystere-
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sis loops were measured at room temperature in two
directions, axial and transverse with respect to the Al
wire axis, using a vibrating sample magnetometer (ADE
model 1660) up to a maximum external applied field of
10 kOe.

FIG. 2. Schematic transverse view of the CNAAM filled with
nanowires. Axial and transverse directions of the applied
magnetic field are displayed.

THEORETICAL MODEL BASED ON MONTE
CARLO SIMULATIONS

Each sample has a 1.5 mm diameter and 50 mm length,
and therefore contains 4.9 × 105 nanowires around its
circumference and 7 × 1011 wires in total. This num-
ber is too large to be simulated. In the spirit of the fast
Monte Carlo (MC) approach,42 we scale down the system
to enable micromagnetic simulations. By considering 12
nanowires per circle, there are 242 nanowires in total to
maintain a diameter/length ratio equal to that of the
experimental sample, so the MC model has a reduced di-
ameter of 330 nm and a length of 2.5 µm. Each nanowire
is modeled as a single magnetic moment (a macrospin).
To estimate the size of the macrospin, m, in this scaled
Monte Carlo simulation we use the experimental result
that the sample is almost saturated at room tempera-
ture for an external field of about 10 kOe, and fit this to
a Langevin function to determine the magnetic moment.
These considerations yield a magnetization m = 104µB
for Ni and m = 3 × 104µB for Co in the scaled wires.
The magnitude of the dipolar interaction energy between
nanowires (spacing 90 nm) is estimated as being on the
order of 0.1 meV for Ni and 1 meV for Co, giving an inter-
action field of 1.7 Oe and 17 Oe for Ni and Co nanowires
respectively. Consequently the dipole-dipole interaction
is weak in these systems compared to other energy terms,
especially in the arrays of Ni NWs.

The macroscopic hysteresis was modelled by consider-
ing a collection of macrospins with Zeeman energy, an
effective anisotropy and the weak dipole dipole interac-
tion. Each macrospin corresponds to a single nanowire.
To account for variation in the direction of the nanowires’
magnetic anisotropy, the anisotropy axis of each wire lies

on the surface of a cone orientated radially outwards from
the Al wire which is characterized by its interior cone an-
gle (Fig. 3). The cone angle has a uniform distribution
with mean α and width σα to capture the dispersion in
the direction of the anisotropy of the nanowires. In other
words, each nanowire is represented by a macrospin with
an anisotropy which is oriented at an angle with a dis-
persion given by α ± σα. The anisotropy angle and its
dispersion capture the effects of a spread in the c-axis
orientation or other contributions to anisotropy43–47.

The energy of the system, E, is a function of the micro
state µ = {~mi}, i.e. the energy of all magnetic moments
in thermodynamic equilibrium separated by distances rij ,
and it is given by

E =
N∑
i=1

−KVi
2

(
~mi

mi
· n̂i
)2

−
N∑
i=1

~mi · ~H

+
∑
i>j

(~mi · ~mj − 3(mi · n̂ij)(mj · n̂ij))
r3
ij

(1)

where KVi is the anisotropy constant times the volume of
the i-th wire and includes both shape and magnetocrys-
talline anisotropy, N is the number of wires (N = 400)
in the cylinder, n̂i is the unit vector representing the
anisotropy axis of the ith-wire, the vector ~mi represents
the effective magnetic moment of the ith wire, the vector
~mj represents the effective magnetic moment of the jth
wire, n̂ij denotes a unit vector along the direction that
connects the magnetic moments, rij represents the dis-

tance between ith and the jth wire, and ~H stands for the
external magnetic field.

FIG. 3. Schematic drawing of the conical anisotropy distri-
bution in a single nanowire.

The numerical simulations were performed by using
the standard MC method together with the Metropolis
algorithm48 satisfying the detailed balance in which the
probability of acceptance for a transition between two
micro-states, A(µ → ν), is given by the following proce-
dure:

A(µ→ ν) =

{
e−β∆E ∆E > 0

1 ∆E ≤ 1
(2)

The simulation parameters are temperature T=300 K,
and external magnetic field ranging from -12 kOe to
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12 kOe. The values of effective magnetic moments vary
between 3 · 104 and 104 Bohr magnetons for Co and Ni
nanowires, respectively. Effective anisotropy values fall
in the range of standard experimental values. The effec-
tive anisotropy constant times volume, KV, is 1.11·10−16

Joule for nickel and 2.23 · 10−16 Joule for cobalt.
The anisotropy axes of the wires are uniformly dis-

tributed with an average cone angle of α. In the case
of nickel the average angle is α(Ni) = 2.5◦ with a width
of the distribution of 2.5◦ whereas for cobalt the average
value is α(Co) = 30◦ and the width is 5◦. These values
were found by fitting the magnetization curves for differ-
ent anisotropy angles with the model proposed in Eq. 1.
In all cases, dipole-dipole interaction was taken into ac-
count. Therefore, the Ni easy anisotropy axis is close to
the wire axis, whereas for Co (and also for CoNi) there is
a tilted anisotropy direction. A tilted magnetocrystalline
anisotropy axis has previously been reported in CoNi
nanowires43–47. This gave a better fit than having the
anisotropy direction along or across the wire axis. Hys-
teresis loops were modeled by the Monte Carlo method
for the parameters detailed in Table 2.

TABLE 2. Model parameters of the magnetic systems.

Material MS [µB ] KV [10−16 J] α σα TMC [K]

Nickel 10000 1.1 2.5 2.5 300
Co75Ni25 25000 1.95 28 4 300
Cobalt 30000 2.23 30 5 300

RESULTS AND DISCUSSION

A. Magnetic hysteresis loops of CNAAM
nanowires

Magnetic hysteresis loops of ferromagnetic nanowires
arranged in cylindrical (CNAAM) samples with compo-
sition CoxNi1−x (x = 1, 0.75, 0), were measured for the
applied magnetic field axial (along the axis of the Al wire)
and transverse (along the radial direction) to the Al wire
axis. A comparison between theoretical and experimen-
tal results for Ni, Co and CoNi NW arrays is shown in
Fig. 4(a-f).

The coercive field, HC , and normalized remanent mag-
netization, mr= Mr/Ms, were obtained from the hys-
teresis loops. Table 3 summarizes both, HC and mr, for
each composition of the NWs and applied field direction.
Coercivities of 699 Oe and 167 Oe were obtained for Ni
nanowires with transverse and axial magnetic field direc-
tions, with normalized remanence of 0.57 and 0.07, re-
spectively. In contrast, Co nanowire arrays exhibit more
isotropic behavior with coercivities of 1224 Oe and 929
Oe for the transverse and axial applied magnetic field, re-
spectively. Co and Co75Ni25 NWs exhibit a very similar
magnetic behaviour in terms of coercive field, remanence
and angular dependence of coercivity.

Due to the peculiar geometrical distribution of

TABLE 3. Typical HC and Mr values for magnetic nanowires
with composition Co, CoNi, and Ni measured for axial and
transverse magnetic field directions.

Material H
‖
C M

‖
r H⊥C M⊥r

Co 929 0.27 1224 0.44
Co75Ni25 788 0.26 1094 0.38

Ni 167 0.068 699 0.57

CNAAM nanowires, the transverse direction of the ap-
plied field measures a system with wires oriented at all
angles to the applied magnetic field. In Co, the high
remanence for the axial field is indicative of the contri-
bution of the magnetocrystalline anisotropy orthogonal
to the nanowires. Ni, on the other hand, has a well de-
fined hard magnetization axis for the axial applied field,
which is perpendicular to the Ni wire length.

The differences in magnetic properties found for the
three NW compositions arise from their different mag-
netic anisotropy contributions. Shape anisotropy is sig-
nificant for nanowires leading to an easy magnetization
axis along the length of the nanowire. Magnetocrys-
talline anisotropy in Ni is weak and makes little contri-
bution for a polycrystalline nanostructure,49 but magne-
tocrystalline anisotropy is particularly important for Co
nanowires that usually50,51 crystallize with hcp structure
in which the c-axis grows perpendicular to the nanowire
length, giving rise to transverse domains. For the Co-rich
nanowires, the hysteresis loops in the axial and transverse
field directions are similar52 because both average over a
variety of nanowire easy magnetization axis orientations.

The competition between magnetic anisotropies in
these nanowire arrays is also shared by nanowire ar-
rays within planar anodic alumina templates, although
in the CNAAM samples a novel magnetic response is ob-
served due to the special feature of cylindrical geometry.
Fig. 4 compares CNAAM and PNAAM NWs hysteresis
loops. For PNAAM NW samples, out-of-plane refers to
a magnetic field applied out of the film plane, along the
nanowires axis, while in-plane refers to a field applied in
the plane of sample, therefore transverse to the nanowires
axis. The PNAAM in-plane loops and CNAAM ax-
ial loops are expected to be similar because they rep-
resent measurements orthogonal to all the nanowires in
the array. However, the PNAAM out-of-plane loops and
CNAAM transverse loops differ because the nanowires in
the CNAAM case are oriented at a range of angles with
respect to the field, giving lower remanence values.

B. Angular dependence of magnetic hysteresis
As different magnetization reversal mechanisms would

give a different angular dependence of the coercivity HC ,
the measurements of HC(θ) provide helpful information
about the magnetization reversal mechanisms in arrays
of ferromagnetic nanowires.

The angular dependence of remanence and coercive
field has been previously studied53–56 in nanowire ar-
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FIG. 4. Experimental and MC model hysteresis loops for Ni (a, d), Co (b, e) and CoNi (c, f) nanowires in a CNAAM with
magnetic field applied axial and transverse with respect to the Al wire. The model used the values given in Table II. Hysteresis
loops for in-plane (PNAAM) nanowires with compositions (g) Ni, (h) Co and (i) Co75Ni25.

rays made from Co, Ni, CoNi, NiFe and CoNiFe alloy
compositions. However, a consistent theoretical model
is still lacking, particularly for materials having mixed
anisotropies as in the case of the Co NWs studied here.
Lavin et al. developed analytical models of the angular
dependence of coercivity for Ni nanowire arrays, showing
that the wires reverse their magnetization by the prop-
agation of a transverse domain wall.54 The two other
mechanisms of magnetization reversal (coherent magne-
tization reversal and the curling mode) have been shown
to require higher energy.

For Co nanowire arrays, it is well-known that the high
magnetocrystalline anisotropy can influence the easy
magnetization axis direction. Lavin et al.55 compared
experimental and micromagnetic results for a single Co
nanowire and an array of Co magnetic nanowires. This
showed a maximum of the coercivity when the angle be-
tween the applied field and the long axis of the wire is
about 60◦. This behavior was interpreted as an effect
of dipolar interactions among Co nanowires, but as we
show in Figure 5, our model of non-interacting nanowires
with a conical anisotropy distribution as given in Table 2,
is able to reproduce the angular distribution of coercive
field in nanowire arrays.

Studies of the angular dependence of the magnetization

reversal of CNAAM NW samples were also performed,
in which the hysteresis loop was measured for different
angles between the axis of the aluminum wire and the
external magnetic field. Fig. 5a and b show the polar
representation of the coercive field angular dependence
for Co and Ni samples, respectively. The polar repre-
sentation for Co75Ni25 NWs is not shown because is al-
most identical to that of the Co sample. The angular
dependence of the magnetization reversal was compared
with the result based on the Monte Carlo model. Fig. 5c
shows the excellent fitting of the angular dependence of
coercive field for the Co and Ni models using parameters
of Table 2. The error bars shown in the Monte Carlo
results correspond to the standard deviation of ten sim-
ulated hysteresis loops, each of them computed with a
random seed. The observed larger standard deviation of
the angular dependence of coercivity of cobalt nanowires,
when compared with the Ni sample, can be attributed to
a larger spread in the anisotropy cone angle, which in-
creases the misalignment at zero field. The error bars for
the experimental results are hidden by the symbol size.
The match between the micromagnetic model and the
experimental results is excellent.

The hysteresis of the Ni NW arrays is therefore well
described by a model of weak interacting NWs with
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FIG. 5. Angular dependence of the coercivity of nanowires
grown in a CNAAM with composition (a) Ni, (b) Co, shown
in polar representation. (c) Experimental and Monte Carlo
modeling results for the angular dependence of the coercive
field of Co and Ni nanowire arrays in CNAAMs.

the direction of the easy magnetization axis lying close
to the NW axis, as expected from the dominant shape
anisotropy. However, the Co (and CoNi) wires show
better fits for a tilted anisotropy. This cannot arise
from the sum of two orthogonal anisotropies (shape
and magnetocrystalline anisotropy, if the Co c-axis is
perpendicular to the NW length), and it may indicate
a spread in c-axis orientation or another contribution
to anisotropy.43,44,46,47 The discrepancies between our
model and the experimental data are probably due to the
limitation of the macrospin approximation to model in-
coherent reversal, using a macrospin with anisotropy for
each nanowire, which probably occurs in Co and CoNi
nanowires. For this reason the model provides an ex-
cellent fitting for Ni nanowires, but it does not work as
satisfactorily in the case of Co-rich wires.

CONCLUSIONS

Arrays of Ni, Co and CoNi alloy nanowires were pre-
pared by template-assisted electrochemical deposition in
porous anodic alumina membranes with both cylindrical
and planar geometry. Monte Carlo simulations of a set
of weak interacting macrospins with appropriate orienta-
tions were used to model the magnetic hysteresis loops
of the nanowires, as well as the angular dependence of
the coercive field, by considering a conical distribution

of easy anisotropy axes. The main result is that the MC
model reproduces both the hysteresis loops and the angu-
lar dependence of coercive field very well. This approach
will be useful for designing magnetic devices based on
ferromagnetic nanowires arranged in cylindrical geome-
tries.
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HRSEM images of the nanowire arrays in the  
CNAAM structure; (a) Al wire after second anodization, (b)  

cross-section of the alumina layer grown on the Al wire sub-  
strate, (c) top-view of the electrodeposited nanowires in the  
hexagonally ordered pores of the CNAAM template and (d)  

higher magnification image of cross section of the electrode-  
posited nanowires embedded in the alumina template.  
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Schematic transverse view of the CNAAM filled with  
nanowires. Axial and transverse directions of the applied  

magnetic field are displayed.  
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Schematic drawing of the conical anisotropy distribution in a single nanowire.  
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Experimental and MC model hysteresis loops for Ni (a, d), Co (b, e) and CoNi (c, f) nanowires in a CNAAM 
with magnetic field applied axial and transverse with respect to the Al wire. The model used the values given 

in Table II. Hysteresis loops for in-plane (PNAAM) nanowires with compositions (g) Ni, (h) Co and (i) 
Co75Ni25.  
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Angular dependence of the coercivity of nanowires  
grown in a CNAAM with composition (a) Ni, (b) Co, shown  
in polar representation. (c) Experimental and Monte Carlo  

modeling results for the angular dependence of the coercive  
field of Co and Ni nanowire arrays in CNAAMs.  
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