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The angular dependence of the remanence and coercivity of Ni nanowire arrays produced inside the
pores of anodic alumina membranes has been studied. By comparing our analytical calculations
with our measurements, we conclude that the magnetization reversal in this array is driven by means
of the nucleation and propagation of a transverse wall. A simple model based on an adapted
Stoner—Wohlfarth model is used to explain the angular dependence of the coercivity. © 2009

American Institute of Physics. [doi:10.1063/1.3257242]

I. INTRODUCTION

Arrays of magnetic nanowires have attracted consider-
able interest due to their promising technological
applicationsl_4 mainly in high-density information storage.
Electrodeposition in polycarbonate and alumina membranes
is the preferred technique used in the fabrication of these
systems leadrng to the production of highly ordered arrays
of magnetic nanowires inside the pores of membranes.® '
Different groups have investigated the role of magnetostatic
interactions and the influence of the size of nanowires on the
magnetic properties of these systems.”_14 Recently Escrig et
al" investigated the dependence of the coercivity of Ni
nanowire arrays when the external magnetic field is applied
parallel to the nanowire axis. However, for applications in
devices that use longitudinal/perpendicular magnetic record-
ing, it is important to investigate the angular dependence of
the magnetization. It is expected that the direction of the
external magnetic field with respect to the wire axis strongly
influences the magnetic properties of the array.

The properties of virtually all magnetic materials are
controlled by domains separated by domain walls. Measure-
ments on elongated magnetic nanostructures ' highlighted
the importance of nucleation and propagation of a domain
wall between opposing magnetic domains in the magnetiza-
tion reversal process. Three main idealized modes of magne-
tization reversal have been identified and occur depending on
the geometry of the particles.lz’m’17 These mechanisms are
known as coherent rotation C with all the spins rotating si-
multaneously; vortex wall V, in which spins invert progres-
sively via propagation of a vortex domain wall; and trans-
verse wall T, in which spins invert progressively via
propagation of a transverse domain wall. If a wire is thin
enough, the exchange interaction forces the magnetization to
be homogeneous through any radial cross section of the
particle.18 In this way a transverse wall is the preferred mode
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in thin ferromagnetic wires (diameters d<<60 nm).

To investigate the angular dependence of the reversal of
the magnetization in nanoparticles, several models have been
proposed. In particular, the Stoner—Wohlfarth model has
been used to calculate the angular dependence of the coer-
civity when the reversal of the magnetization is driven by
coherent rotation."” However, Landeros et al.'” have shown
that coherent rotation is present only in very short particles,
namely, when the length of the particles is similar to the
domain wall width. On the other side, Aharoni?® calculated
the angular dependence of the nucleation field in an ellipsoid
when the reversal is driven by curling rotation. Escrig et al.”!
extended this expression for magnetic nanotubes. Finally, Al-
lende et al.* presented an expression for the angular depen-
dence of the coercivity in magnetic nanotubes when the re-
versal of the magnetization is driven by a transverse domain
wall. However, the angular dependence of the coercivity in
magnetic nanowire arrays has not been modeled yet. Thus,
usually experimental results for the angular dependence of
the coercivity are interpreted using the Stoner—Wohlfarth
model."

In this paper we present an analytical model that allows
us to investigate the angular dependence of the coercivity
and remanence for Ni nanowire arrays, considering the dif-
ferent modes that can be present, as a function of wire ge-
ometry. Additionally, experimental data for the switching
field of high-aspect ratio Ni nanowires will be compared
with this analytical model.

Il. EXPERIMENTAL METHODS

Our approach to the preparation of magnetic Ni nano-
wires arranged in hexagonally ordered, parallel arrays is
based on the 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
Ni in the cylindrical pores.

© 2009 American Institute of Physics
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FIG. 1. (Color online) Hysteresis curves at external field parallel and per-
pendicular to the nanowire axis for two arrays with (a) L=4 um and (b)
12 pm, d=50 nm, and D=100 nm.

AAO is obtained from the electrochemical oxidation of
aluminum metal under high voltage (usually 20-200 V) in
aqueous acidic solutions.® Under certain proper sets of ex-
perimental conditions (acid nature and concentration, tem-
perature, and applied voltage), the electrochemically gener-
ated layer of alumina displays a self-ordered porous
structure. Cylindrical pores of homogeneous diameter are
thus obtained, with their long axis perpendicular to the plane
of the alumina layer and ordered in a close-packed hexagonal
arrangement. With our method,23 first and second anodiza-
tions of Al have been carried out in 0.3M oxalic acid under
40 V at 20 °C. Subsequently, the pores were widened in a
0.085M H;PO, solution at 37 °C, obtaining pores of d
=2R=50 nm diameter and a center-to-center distance of D
=100 nm.

Electrodeposition was performed at a constant potential
(dc electrodeposition at —1.0 V). To facilitate the electric
contact, a very thin Au—Pd layer was sputtered on one side of
the membrane, followed by the electrodeposition“’24 of a
thicker nickel layer to achieve full pore sealing. The poten-
tiostatic condition allows us to have more precise control of
the electrochemical reaction, and then more accurate control
of the growth of the Ni nanowires. "'

The morphology and the single-crystal structure of the
individual nanowires after dissolution of the template were
subsequently investigated by scanning electron microscopy
and transmission electron microscopy using a JEOL 5900
LV, checking the high ordering of the hexagonal arrays and
the large aspect ratio."’ The chemical characterization of the
nanowires was made by means of energy dispersive analysis
of x rays, obtaining a clear peak corresponding to the emis-
sion spectrum of Ni.!' The magnetic measurements were per-
formed by a vibrating sample magnetometer (VSM) with the
applied field at different angles. The measurements were
made at ambient temperature. Figure 1 illustrates the hyster-
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FIG. 2. (Color online) Experimental results for the reduced remanence,
Mg(6)/ M, (where M, is the saturation magnetization) as a function of the
angle 6 (dots) and analytical expression given by (Mg/M,)|cos 6], using the
experimental values of the intrinsic remanence My obtained from the hys-
teresis loops of Fig. 1 (solid line).

esis curves for two samples with diameter d=50 nm, lattice
parameter D=100 nm, and lengths (a) L=4 um and (b)
12 um, measured with the external field along and perpen-
dicular to the axis of the wires. In this figure it is clearly seen
that the easy axis of the nanowires is along the wire axis.

In a series of Ni nanowire arrays of varying lengths (all
other geometric parameters being kept constant) investigated
by VSM magnetometry, we observed a significant depen-
dence of the remanence (see Fig. 2) and coercivity (see Fig.
3) on the angle at which the external magnetic field is ap-
plied. In particular, the coercive field H, can be tuned be-
tween 100 and 720 Oe approximately by properly adjusting
6. The 12 um nanowires present a sharp decrease in the
coercivity and remanence near 90°, while the 4 um sample
has a broader curve.

lll. ANALYTICAL MODEL

In order to analyze our results for the angular depen-
dence, we made calculations, which lead us to obtain ana-
Iytical expressions for both coercivity and remanence.

A. Angular dependence of the remanence

In an array the magnetization inside each nanowire is
oriented parallel to the wire’s axis (easy axis), due to the
strong shape anisotropy. When the applied field is reduced to
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FIG. 3. (Color online) Experimental data for the angular dependence of
coercivity in Ni nanowire arrays, with length L=4 um and 12 um, d
=50 nm, and D=100 nm.
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zero, at remanence, each wire presents its magnetization
along the axis, but it is measured at an angle 6 with respect
to the easy axis. When the field is reduced to zero, and due to
the strong shape anisotropy, the remanence rapidly relaxes
and points along the axis. Then, one can approximate the
remanence of the wire by the projection of the magnetization
on the direction of measurement, i. e., Mg(6)=Mg|cos 6],
with Mr=Mp (6=0) the remanence measured at =0. The
solid line in Fig. 2 illustrates this expression for Mg(6)/ M,
together with our experimental results, showing a very good
agreement, particularly for L=12 um, for which the shape
anisotropy is stronger. Then the angular dependence of the
remanence can be described by Mg(6)=Mp|cos 6] for nano-
wires with a large aspect ratio, i. e., with their easy axis
along the wire axis. For nanowires in which the easy axis is
perpendicular to the wire axis, the angular behavior of the
remanence can be modeled as Mg|sin 6|. Note that this ex-
pression defines only the angular behavior of the remanence,
and does not determine the intrinsic remanence, Mg, which
has to be obtained by considering the particular reversal
mode, according to the geometry of the wire.

B. Angular dependence of the coercivity

In order to study the angular dependence of the reversal
modes 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 coherent magnetization reversal was calcu-
lated by Stoner—Wohlfarth'® and gives

Hy(6)  1=-3N(L)\I-F+7
M, 2 1+7

k)

where r=tan'3(6) and M, is the saturation magnetization.
The demagnetizing factor of a wire along the z axis has been
previously ~obtained™?® and is given by N,/()=1
—F5,[4R?/P1+8R/3l, where Fy[x]=F,[-1/2,1/2,2,—x]
is a hypergeometric function.

For the T mode, the angular dependence of the coercivity
can be studied by an adapted Stoner—Wohlfarth model*'* in
which the width of the domain wall wy is used as the length
of the region undergoing coherent rotation. Starting from the
equations presented by Landeros et al. 7 we can calculate the
width of the domain wall for the transverse mode as a func-
tion of the wire geometry. The domain wall width increases
with the wire’s radius, and is about 50 nm larger than the
wire’s radii. Following this approach,

HY(O  1-3Nwp N1 -2+
M, 2 1+

It is important to mention that the expressions for Hf( ) and
HE(6) differ only by the length. In a coherent reversal, L
represents the total length of the wire, and then the coercivity
varies with the length. However, in a transverse mode, and
because wy is almost independent of the length of the wire,
as shown by Landeros et al.,"" the coercivity is also indepen-
dent of the length. Then, when L>w; (L<wy), the T (C)
mode will always exhibit a lower coercivity, independent of
0.

J. Appl. Phys. 106, 103903 (2009)

As shown in the Stoner—Wohlfarth model,19 the nucle-
ation field does not represent the coercivity in all cases.
However, from the discussion presented on p. 21 in Ref. 19,
the coercivity for coherent and transverse reversal modes can
be written as

cn HSD)| 0=0=m4
T\ 20HSD(0= w4)| - |HSD| w4 = 0= w2

In very short wires (L=wjy) the energy cost involved in the
creation of a domain wall gives rise to a coherent reversal.

The curling mode was proposed by Frei et al.*” and has
been used to investigate magnetic switching in films®™ and
particles with different geometries, such as spheres,27 prolate
ellipsoids,27’29 and cylinders.30 However, for simplicity, ex-
pressions for the nucleation field obtained using infinite cyl-
inders are used in all cases. The angular dependence of the
curling nucleation field in a finite prolate spheroid was ob-
tained by Aharoni®

N ¢°L; N ¢°L;
H" ©OR? *OR?

n

ﬁoz 272\2 272\2 :
\/(NZ— % sin® By + | N, — qux cos? 6,

The demagnetizing factor of a wire along the x axis has been
obtained  previously”?® and is given by N(I)
=1/2F,,[4R?/1*]-4R/3l. For a cylindrical geometry, Sh-
trikman et al.” have obtained ¢*=1.087. Here J,(z) and
Y,,(z) are Bessel functions of the first and second kind, re-
spectively, and L,=\2A/ MOM? is the exchange length. As
pointed out by Aharoni,” for a prolate spheroid with =0, a
jump of the magnetization at or near the curling nucleation
field occurs. Therefore, the coercivity is quite close to the
absolute value of the nucleation field. Then, we assumed
here that —H,‘l/ is a good approximation to the coercivity, HZ,/,
when the reversal occurs in the V mode, as in other
studies.”!

IV. RESULTS AND DISCUSSION

With the above expressions we can study the angular
dependence of the coercivity for our Ni nanowire array. In
our model the system reverses its magnetization by which-
ever mode opens an energetically accessible route first,
which is the mode that exhibits the lowest coercivity (Fig. 4).
However, for highly dynamic cases, the path of lowest coer-
civity might not be accessible due to precession effects. By
evaluating the coercivity for the different modes described in
Sec. III, we found the one which drives the reversal for each
6. Figure 5 illustrates our results for an isolated Ni nanowire
with L=12 um. The dotted line represents the coercive field
when the wire reverses its magnetization by a coherent rota-
tion; the dashed line is the coercive field when the wire re-
verses its magnetization by the propagation of a vortex do-
main wall, and the solid line represents the coercive field
when the wire reverses its magnetization by the propagation
of a transverse domain wall.
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FIG. 4. (Color online) Magnetization reversal modes in nanowires by co-

herent rotation mode and transverse reversal mode.

As depicted in Fig. 5, in a 50 nm diameter Ni nanowire
the 7" mode is preferred for almost every 6 because it exhibits
a lower coercivity. However, in the limit 6~ 90, the coerciv-
ity for the 7" and C modes are very close.

Our results for Ni nanowires are combined in Fig. 6. The
solid line represents the coercivity obtained by means of ana-
lytical calculations for L=12 wum. However, for almost ev-
ery 0, differences with the results for L=4 um are less than
3%, then at this scale, the line depicts results for both
lengths. Squares and triangles represent the experimental
values of the coercivity for L=12 um and L=4 um, respec-
tively. As shown in Fig. 5, the coercivity obtained from the
Stoner—Wohlfarth model (coherent rotation) is two to three
times higher than the one obtained assuming a transverse
domain wall for almost all 6, and is much larger than the
experimental results. Then, although the shape of the angular
dependence of the coercivity is the same for coherent rota-
tion and the transverse reversal mode, the values are signifi-
cantly different, showing that a transverse mode drives the
reversal for each 6.

However, the absolute values computed for the coerciv-
ity are still different compared with the experimental data.
We ascribe such difference between calculations and experi-
mental results to the interaction of each wire with the stray
fields produced by the array. When the distances between
nanowires are smaller or comparable to their diameter, the
magnetostatic interactions between nanowires are stronger,
and consequently have an important influence on the mag-
netic properties of the array. The interaction of each wire
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FIG. 5. (Color online) Coercivity for different angles between the applied
magnetic field and the wire axis (from 0° to 90°).
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FIG. 6. (Color online) Angular dependence of the coercive field measured
experimentally and calculated analytically for Ni nanowires with 50 nm
diameter.

with the stray fields produced by the array strongly influ-
ences the coercivity.32734 Therefore, the small discrepancy
between experiments and model can be regarded as the result
of interactions within the wires in the array and size distri-
bution, which are not included in our model.

Finally, the results presented above may be generalized.
Figure 7 shows the angular dependence of the coercivity for
an isolated Ni nanowire when it reverses its magnetization
by the propagation of a transverse domain wall. We have
considered different radii in order to investigate the behavior
of the geometry of the wire with the angular dependence of
the coercivity. In the range of radii considered, we find that
an increase in the radius R results in a decrease in the coer-
cive field.

V. CONCLUSIONS

In conclusion, by means of theoretical studies and ex-
perimental measurements we have investigated the angular
dependence of the magnetization in Ni nanowire arrays. As
found from experiments, the angular dependence in large
aspect ratio wires can be understood assuming that the relax-
ation process is very fast and then the magnetization orients
rapidly along the easy axes. We have derived analytical ex-
pressions that allow us to obtain the coercivity when the wire
reverses its magnetization by means of a coherent rotation,
transverse reversal mode, and a vortex domain wall. For the
wires studied experimentally the magnetization is driven by
means of the nucleation and propagation of a transverse wall.
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FIG. 7. Angular dependence of the coercivity in an isolated Ni nanowire
with different values of its radius. We have considered a transverse reversal
mode.
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The stray field produced by the array, as a function of the
angle of the external field, cannot be determined analytically.
However, it is responsible for small differences between ex-
periments and calculations.
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