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Arrays of Co and Ni nanowires of different lengths have been prepared by electrodeposition into
nanopores of alumina membranes. The dependence of the coercivity of the arrays as a function of
temperature and measurement angle of the nanowires has been measured. A simple model is
presented in order to explain the behavior of the magnetic properties as a function of the angle of
measurement. The analytical calculations show that while for Ni nanowires demagnetization
reversal in the array is driven by means of the nucleation and propagation of a transverse wall, in
Co arrays the reversal mode changes from curling to coherent when the angle of measurements
changes. © 2010 American Institute of Physics. [doi:10.1063/1.3350905]

I. INTRODUCTION

The research of magnetic nanostructures has gained a
renewed interest with the development of the techniques for
preparation of highly ordered arrays of magnetic nanowires
inside nanopores of alumina membranes.' ™ Technological
applications are advised mainly in the high-density informa-
tion storage.s’6 Different groups have investigated the role of
magnetostatic interactions and the influence of the size of
nanowires on the magnetic properties of these systems.L9
However, for applications in magnetic recording devices, it
is important to investigate in detail how the magnetic prop-
erties are affected when the magnetic field makes an angle
with the nanowire axis. The properties of virtually all mag-
netic materials are controlled by domains separated by do-
main walls, and the way these domains reverse their magne-
tization in nanowires is determinant in the overall magnetic
properties. The magnetization reversal in a magnetic nano-
wire, that is, the change in the magnetization from one of its
minima (M?) to the other (~MZ), may occur by means of
three main idealized modes of magnetization reversal pro-
cess that have been identified depending on the geometry and
the composition of the wires.*'™!! These modes are known
as the coherent rotation, C, with all the spins rotating simul-
taneously; transverse wall, T, in which spins invert progres-
sively via propagation of a transverse domain wall; and the
vortex wall, V, in which spins invert progressively via propa-
gation of a vortex (curling) domain wall. The Stoner—
Wohlfarth model has been applied to calculate the angular
dependence of the coercivity when the reversal of magneti-
zation is driven by coherent rotation.’> On the other side,
Aharoni" calculated the angular dependence of the nucle-
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ation field when the reversal is driven by curling rotation.
Recently Lavin et al. ' calculated the angular dependence of
the coercivity when the reversal of magnetization is driven
by a transverse wall in Ni nanowire arrays. In this paper we
present an analytical model that allows us to investigate the
angular dependence of the coercivity for Ni and Co nanowire
arrays, considering the different modes that can be present,
as a function of wire geometry. Additionally, the magnetic
properties in function of the temperature have been investi-
gated in Ni and Co nanowire arrays in order to understand
the effects of temperature and anisotropy of samples.

Il. EXPERIMENTAL METHODS

Hexagonal arrays of Ni and Co nanowires of diameters
d=2R=50 nm and different lengths have been prepared by
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FIG. 1. SEM top view of a highly ordered homemade alumna template.

© 2010 American Institute of Physics
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FIG. 2. (Color online) Angular dependence of the coercivity for arrays of
(a) Ni and (b) Co nanowires with 50 nm of diameter. The black dots corre-
spond to experimental data and the solid line represents the values calcu-
lated analytically.

electrodeposition into nanopores of alumina membranes with
interpore distance D=100 nm,’ see Fig. 1. The morphology
of the individual nanowires after the dissolution of the alu-
mina was studied by means of scanning electron microscopy
(SEM) with a JEOL 5900 LV and transmission electron mi-
croscopy using a JEOL 2010F, checking the high ordering of
the hexagonal arrays and the large aspect ratio.” The chemi-
cal characterization of the nanowires was made by means of
energy-dispersive analysis of x-rays (Ref. 7) and x-ray
diffraction.”” The angular dependence of magnetization mea-
surements was performed with vibrating sample magnetome-
ter with the applied field at different angles between the ex-
ternal field and the nanowire axis. Measurements at low
temperatures were performed in a Quantum Design MPMS
system.

IIl. RESULTS AND DISCUSSION
A. Reversal modes and interaction

In order to analyze our results for the angular depen-
dence, we have developed analytical calculations that lead us
to obtain the coercive field H* for each of the reversal
mechanisms, k=C, T, and V. The angular dependence of
the nucleation for a C mode was calculated by Stoner—
Wohlfarth'? and gives

Hy(6)  1=-3N(L)\I-£+7
M, 2 1+7

k)

where t=tan3(6) and M, is the saturation of magnetization.
The demagnetizing factor of a wire along the z axis has been
previously obtained'®'” and is given by N.(L)=1-F,,[4R?/
L?1+8R/37L, where F, [x]=F,[-1/2,1/2,2,-x] is a hy-
pergeometric function and L is the length of nanowire.

The angular dependence of the coercivity for a T mode
can be studied by an adapted Stoner—Wohlfarth model in
which the width of the domain wall w; is used as the length
of the region undergoing coherent rotation.'*!%7 Starting
from the equation presented by Landeros et al. ' we calculate
the width of the domain wall for the transverse mode as a
function of the wire geometry.7 Following this approach,

Hy(6)  1-3N (o) 1=+
M, 2 1+

As shown in the Stoner—Wohlfarth model,12 the nucleation
field does not represent the coercivity in all cases. However,
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from the discussion in p. 21 of Ref. 13, the coercivity can be
written as

|HST0 < 9= w/4

HET(9) = .
w(0) 2|HS (0= m/4)| - |HS |4 < 0 < w2

The angular dependence of the vortex (curling) nucleation
field in a finite prolate spheroid was obtained by Aharoni,

272 272
L’ L

v (Nz_q 2/\>(Nx_q 2X)
Hy R R

M, 272\2 272\2 ’
\/(N,—q >+ | sin® 0+ Nx—q > | cos® 6
° R R

where L, is the exchange length of the material and ¢?
=112/33. As was shown by Aharoni,” the coercivity of a
spheroid is a good approximation for —H,Y.

With the above expressions we can study the angular
dependence of the coercivity for our arrays and explain the
experimental difference observed for Ni and Co nanowires.
In our model the system reverses its magnetization by the
mode that first opens an energetically accessible route, that
is, by the mode that exhibits the lowest coercivity. However,
for highly dynamic cases, the path of lowest coercivity might
not be accessible due to precession effects. By evaluating the
coercivity for the different modes described above we found
the one which drives the reversal for each 6.

Figure 2 shows the angular dependence of the coercivity
for arrays of Ni [Fig. 2(a)] and Co [Fig. 2(b)] nanowires with
50 nm of diameter. In the Ni nanowire arrays the transversal
mode T is dominant in almost the entire angle interval 6,
because this transversal mode exhibits a lower coercivity.14
The solid line in Fig. 2(a) is the calculated angular depen-
dence of coercivity for the transversal reversion mode and
follows the same tendency of the experimental points. On the
other hand, for Co nanowire arrays there is a transition in the
coercivity when the angle §=55°, as can be observed in the
experimental results [dots in Fig. 2(b)]. The solid line in Fig.
2(b) is the result of the analytical model for H,.(6), calculated
with the vortex mode H! for #<56°, and the coherent rota-
tion mode HS for §>56°. It is worth to note that the crossing
point between the vortex and coherent mode in Co nanowires
is the same for the experimental data and analytical result,
and there is a very good agreement between the experimental
and calculated coercivity values. The difference in the abso-
lute values of coercivity in the calculated curves and the
experimental data can be ascribed to size distribution and
dipolar interactions between the nanowires, and was not con-
sidered so far in this model.

For arrays of Ni nanowires with vortex and transversal
reversal modes it is possible to include the influence of the
interactions between nanowires, analytically only for #=0°
and 90°. A model that considers the interaction field in nano-
wire networks has been previously used to fit the angular
dependence of ferromagnetic resonance fields in arrays of
nanowires."™'? In a previous work” we have calculated the
stray field produced by the array on one nanowire when the
reversion of magnetization occurs in T mode, which occurs
for nanowires with R<30 nm."' The coercive field in this
case is given by H =H' —Hy,,,’ where H' denotes the intrin-
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FIG. 3. (Color online) Temperature dependence of the coercivity for arrays
of (a) Ni nanowires with length of 12 um and (b) Co with length of 10 um
measured parallel and perpendicular to the wire axis.

sic coercivity of an isolated nanowire in T mode, and Hj,,
corresponds to the stray field induced within the array given
by  Hyw=[2K(L)/ poMlle|Einl/K(L)]?  with  K(L)
=(1/4) /.LOM%[I —-3N.(L)], and E;, is the interaction field be-
tween two nanowires.’ Using this approach, the coercivity
calculated at #=0° for the array of Ni nanowires with R
=25 nm and L=4 um gives coercivity values more close to
the ones observed in the experimental points.

B. Anisotropy and temperature

Figure 3 shows the temperature dependence of the coer-
civity for arrays of Ni nanowires with length of 12 um [Fig.
3(a)] and Co with length of 10 wm [Fig. 3(b)], measured
parallel and perpendicular to the wire axis. For the Ni array
the coercivity measured parallel to the nanowires increases
with the temperature and the coercivity measured perpen-
dicular slightly decreases when the temperature increases. In
Co nanowires the coercivity dependence with temperature is
opposite to the Ni nanowires, as can be seen in Fig. 3(b). In
order to explain these different dependences in Ni and Co
one has to consider the contribution of the magnetocrystal-
line and magnetoelastic anisotropies. The crystalline aniso-
tropy constant of Ni increases two orders of magnitude when
temperature decreases from 300 to 5 K. The magnetoelastic
anisotropy, on the other hand, depends on the stress applied
to the wires by the alumina matrix and is affected by the
different thermal expansion coefficients of the alumina po-
rous and the nanowires.””*' A more systematic characteriza-
tion of arrays of Ni, Co, and segmented Ni/Co nanowires
measured at different angles and as function of temperature
could help us to identify the different reversal modes that
take place at different temperatures and understand better the
complexity of the low temperature effects.

IV. CONCLUSION

By means of experimental measurements and analytical
calculations we have investigated the angular dependence of
the magnetization in Ni and Co nanowire arrays. As found
from experiments, the angular dependence in large aspect
ratio wires can be understood assuming that the relaxation
process is very fast and then the magnetization orients rap-
idly along the easy axes. We have derived analytical expres-
sions that allow us to obtain the coercivity when the wire
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reverses its magnetization by means of a coherent rotation,
transverse reversal mode, and a vortex domain wall. For the
Ni wires studied experimentally the magnetization is driven
by means of the nucleation and propagation of a transverse
wall, while for Co nanowires there is a transition between
vortex and coherent rotation near #=55°. The stray field pro-
duced by the array, as a function of the angle of the external
field, cannot be determined analytically. However, it is re-
sponsible for small differences between experiments and cal-
culations. The temperature dependence of coercivity for Ni
and Co arrays has been measured with the applied field par-
allel and perpendicular to the wires. The puzzling effect of
the competition of the different anisotropies at low tempera-
tures could be cleared out by a detailed study of the arrays at
low temperature and as a function of angle of measurement.
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