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Magnetic properties of densely packed arrays of Ni nanowires
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High-quality densely packed hexagonal arrays of Ni nanowires have been prepared by filling
self-ordered nanopores in alumina membranes. Nanowires with different diath&t8~83 nm)

and lattice parameteDd (65 and 105 nmhave been studied by atomic force, high resolution
scanning electron microscopies, Rutherford backscattering, and vibrating sample magnetometer
techniques. Axial loops coercivity and remanence decrease with increasing ratio diameter to lattice
parametert, until nanowires start to interconnect locally. Additionally, hysteresis of in-plane loops
increases with packing factor. In order to interpret the experimental results, multipolar magnetostatic
interactions among nanowires with increasing ratare considered. @004 American Institute of
Physics. [DOI: 10.1063/1.1687539

I. INTRODUCTION: PREPARATION AND STRUCTURE role, specially in the case of densely packed arrays.
CHARACTERIZATION OF Ni NANOWIRE A first objective of this work has been the controlled
ARRAYS production of densely packed highly ordered nanowire ar-
iays. As discussed previoush,a deep understanding of

are recently attracting a growing interest. This ordering, to- ow strongly nanowires are magnetically coupled is quite

gether with the intrinsic nature of the nanomagnets, givedMPortant since it would determine, for example, the size of
rise to outstanding cooperative properties different from bulkMagnetic bits of information for magnetic storage. Here, we
and even from film systemi€ Arrays of magnetic nanowires study |n.further detail t_he |mpo-rtance qf magnetostatic inter-
can be produced, among other technigtiesing nanoporous act|_ons in tr_le arrays, mtrc_:ducmg the m_flu_ence on the mag-
alumina membranes as templates. Highly ordered hexagonaﬁt'c behavior of geometrical characteristics particularly for
symmetry is induced by the self-ordering process of nanoth€ case when nanowire diametéreaches values compa-
pore formation. Arrays of nanowires typically 20-200 nm in rable to interwire distanc®.
diameter, around 1000 nm long and separated 30200 nm Nanoporous alumina membranes with hexagonal order-
are very suitable systems for micromagnetic studies and fdng have been prepared by a two-step anodization prdcess.
potential technological applications. Nanopores form by self-assembling process, and parameters
Studies on general magnetic behavior have been redf first anodization determine the ordering degree of final
ported on arrays of nanowires of Fe, Ni, Co, and theirpore arrays and the interpore distance. The time of the sec-
alloys?~® Individual Ni and Fe nanowires are taken in a first ond anodization process determines the length of nanopores,
approximation to be single-domain with longitudinal magne-and their diameter can be finer controlled by subsequent
tization mainly due to shape anisotropy. Magnetization revertreatment in phosphoric acid. For the present work, diameter
sal by curling rotational model combined with nucleation- of nanowires, as determined by AFM and HRSEM tech-
propagation processes for nanowires with diameter in thaiques, ranges between 18 and 33 nm for interwire distance
range of around 50—-400 nm has been proposed for indief 65 nm employing sulphuric acid as electrolytic bath, and
vidual nearly noninteracting nanowires. In the case when th@etween 35 and 83 nm diameter for interwire distance of 105
wire diameterd is smaller than the exchange correlation nm using oxalic acid as bath. Treatments in phosphoric acid
length (for Fe, Co, and Ni it lies in the order of 10-50 hm to increase the pore diameter in both series of membranes
magnetization should reverse at unison by coherent rotationasted until 30 and 20 min, respectively. For longer treat-
Nevertheless, some discrepancies have been found regardifents, the arrays deteriorate as nhanopores start to intercon-
those expectations. The determination of actual closure Strugrect locally.
tures at the ends and of the nonaxial components of magne- Nanopores are afterwards filled with Ni by electrodepo-
tization seem to be rather important to gcquire deeper kno"‘{'sition with alternating pulse voltage technique. Figure 1
edge of the reversal process. Finally, magnetostatighows a HRSEM image showing a surface polydomain
interactions between nanowires should play a determinanfycure. Long range order of nanowires is deduced from the
fast Fourier transfornésee insetwhich has been taken from
dElectronic mail: mvazquez@icmm.csic.es a very large area of the real imagabout 24um?). The
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FIG. 3. (@ Longitudinal hysteresis loops as a function of the nanowire
diameter for Ni nanowires separated 105 nm having diameters in the range
from 35 to 83 nm(b) Dependence of coercivitffilled symbolg and rema-

FIG. 1. Real surface HRSEM image of a nanoporous alumina membrané]_ence(unfilled symbol?s as a‘function of th_e rat?uﬂ/D for the series of
The inset shows the FFT calculated of a large (24°) area of the membranes prepared in oxalic and sulphuric acids.
nanoporous membrane image.

o magnetic anisotropy is deduced with anisotropy field of
control of nanopore filling is performed by Rutherford back- 510und 2.5 kOe. That allows us to consider in a first approxi-

scattering technique, RBS.Figure 2a) shows the RBS ex- mation individual nanowires in such array to be nearly single
perimental results. The observed sharp peak denotes a Nbhmains.

excess on the surface of the sam@idich is later removed Figure 3a) shows the longitudinal hysteresis loops for
by careful polishing The Ni filling of the pores is observed panowires ranging in diameter between 35 and 83 nm in an
just to the left side of that peak. Figureb2 shows the atomic  grray with lattice parameter of 105 nm. The dependence of
composition profile analyzed from the surface to the bottomygercivity and remanence of the loops on the ratio of nano-
of the sample. This figure confirms the Ni overflow on theyire diameter to lattice parameter=d/D, is shown in Fig.
membrane surface, as well as a continuously increasing Nj(p). As it can be observed, both magnitudes decrease with
content when approaching the bottom. In a first approach Wgcreasing ratior. A similar behavior is observed for the

consider that the increasing yield to lower enerdies to  series of nanowires with 65 nm lattice parameter ranging in
channel 782, see Fig(&] could be due to a partial lack of giameter between 18 and 33 nm.

fully filling of some nanopores. A complete interpretation of In order to interpret this behavior, let us analyze the
this kind of spectra is introduced elsewhe?dhe final op-  influence of the increasing diameter of the nanowires. As the
timization of the geometrical quality of the array includes agigmeter increases, nanowires effectively approach each
polishing of the membrane surface to remove the Ni overyther since the interwire distance is kept constant, and con-
flowing and an ion-beam etching of its bottom after alumi—sequenﬂy they start to get magnetostatically coupféd.
num substrate removing, to eliminate the dendrites accumyyagnetostatic interactions favor an antiparallel distribution

lated during the pores formation. of magnetization in neighboring nanowires. For nanowires
initially magnetized in the same direction, the increase of
Il. MAGNETIC BEHAVIOR AND ITS ANALYSIS magnetostatic interaction results in the magnetization rever-

. - . sal of N nanowires. Assuming that the reversal of an indi-
Magnetic characteristics of the nanowire arrays have . . )
vidual nanowire produces a decrease of magnetostatic energy
been measured by VSM magnetometer at room temperature. . . :
, that equals the magnetic anisotropy bardét, the mac-

From the longitudinal and in-plane hysteresis loops magnetic . s :
- .. roscopic coercivity will bett
parameters such as remanence, coercivity, or susceptlbm{y
are evaluated. The existence of an effective longitudinal 2K L (N|EU|)1’2} o
-1 ,

magnetic anisotropyparallel to the nanowire aXisan be c= woMs
checked by comparing longitudinal and transveiiseplane S o

of the membranehysteresis loops. For example, from the Where X/uoMs denotes the intrinsic coercivity due to the
loops for an hexagonal array of Ni nanowires 35 nm in di-magnetoelastic or magnetocrystalline anisotropkes,and
ameter and 105 nm in lattice parameter, an effective axiafv € magnetostatic interaction between two nanowires.

Such interaction has been derived considering each nanowire
to be homogeneously magnetized, due to their uniaxial mag-

100 Y netic anisotropy, with magnetic charges at both endls,
He 4087 ke * ! < " g ' =/M/. This interaction energy, including multipolar compo-
R nents, has an expressidp,= (uy/8m)MM,(D/L)r? [1
g i B —[1+(L/D)?]~*?] (valid for d/L<1, L being the length of
in the nanowires anil; the axial component of magnetization
j £ » in each nanowir&!? Thus, according to Eq(l), a linear
i o

— N : . reduction of coercivity with the parameteris expected.
200 400 600 800 1000 1200 0.0 0.5 1.0 ) ) X
Channel Depth (um) Nevertheless, as observed in Figb)3 the evolution of co-
FIG. 2. () Experimental(4087 keV radiation RBS spectrum in a mem- ercivity loses linearity for.t.he Ilarger value ofseemingly as
brane with Ni overflow on its surfacéb) Profile of atomic composition in a Consequence of a modification (_Jf th_e reversal mOde due_ to
% calculated from the spectrum {@). an effective change of the magnetization easy axis from axial
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verts to multidomain and finally the magnetization process is

Pore Dameter modified. Similar effects have been analyzed in cylindrical
. A— 44 nm dOtSELl
£ osq L 23m lll. CONCLUSIONS
,; Densely packed arrays of Ni nanowires embedded in po-
8 o rous alumina membranes have been prepared and structurally
5 characterized. Their high ordering degree with hexagonal
E symmetry of nanopores and their filling have been carefully
e studied. We report on the magnetic behavior of arrays of Ni
& nanowires for various diameter: and lattice parameter of the
= hexagonal symmetry array. It is experimentally found that
10 both coercivity and remanence decrease with diameter to lat-
a0 o0 aeo o oo smo | soo  tice parameter ratio. Results are discussed considering the
H (Qe) increasing multipolar magnetostatic interactions within the

array as the ratio increases.
FIG. 4. Transverse hysteresis loops as a function of the nanowire diameter
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