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Magneto-optical properties of nickel nanowire arrays
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We report on the magneto-optical properties of hexagonally arranged Ni nanowires embedded in
anodic alumina templates. Due to the nanowire geometry, these samples show different response
depending on the polarization orientation of the incident light, which leads to a high anisotropy of
both their optical and magneto-optical properties. A strong increase of the magneto-optical activity
is clearly observed with respect to the Ni bulk material. We associate this behavior to plasmon
resonance of the Ni nanowires. @003 American Institute of Physic$DOI: 10.1063/1.1630840

Magnetic nanowire arrays have attracted great interedb a Si substrate. The magnetic properties of these nanowire
for their particular magnetic properties with possible appli-arrays have been previously characterized.
cations as perpendicular magnetic storage medighough Due to the nanowire geometry, a different optical re-
there have been considerable efforts to determine the magponse depending on the polarization direction of the inci-
netization behavior of magnetic nanowire arraysiery few  dent light being along or perpendicular to the wire axis has
studies have been focused on their magneto-optivkDd) been observefiJeading to a different absorption spectra for
propertiest In this work, we report on spectroscopic mea- the diagonal components of the dielectric tensor. In the same
surements of the MO properties of hexagonally arranged Nivay, a different response is also expected between the MO
nanowires embedded in anodic alumina templates. A particleomponents of the dielectric tensag,(, e,). Thus, we have
larly strong enhancement on their MO response, with respec¢heasured the MO response of the prepared nanowire arrays
to Ni bulk, was observed, which we attribute to a plasmonin two different configurationgsee top part of Fig.)2 In
resonance effect. Changes induced in the spectra with changelar configuration, a magnetic field of 1.5 T is applied per-
ing Ni nanowire diameter were also studied. pendicular to the sample planXY) along the wire axisZ

The samples fabricated in this work were obtained byaxis), the applied magnetic field being high enough to satu-
self-assembly using a two-step electrochemical aluminunate the samples. The measured magnitude is the rotation
anodization processThis anodic process leads to highly or- of the plane of polarization of a linear polarized light re-
dered alumina (AO;) membranes with a so-called hexago- flected on the sample. The angle of incidence of light is 5°.
nal two-dimensional polydomain arrangement of the pore=or normal incidence, this magnitude depends oretgend
channels. Using different anodization conditions, the size ot,, components of the dielectric tensor. In a transverse con-
the ordered pore domains, the interpore spacing, and the diguration, the magnetic field is applied in the plane of the
ameters of the pores can be controlled, the deviation in poreample and perpendicular to the plane of incidence, the angle
diameter being less than 10%. The holes in the membrangf incidence being 45°. The applied field in this c4885 T)
were afterwards filled with nickel from aqueous electrolytes.was not enough to reach magnetic saturation of the sample.
The details of the sample preparation are given in Ref. 2The transverse Kerr data were corrected for saturation using

Two arrays of nanowires with different pore diameters,the Kerr loops obtained from superconducting quantum in-
length, and interwire distance were prepa(see Fig. 1. The

first sample(sample A contains nanowires with diameter
d=35 nm, lengthL=1.4 um and interwire spacing=105
nm. This sample presents polydomains with long-range orde
of around 2.5um. The second sampleample B consists of

Ni nanowire arrays with diametet=180 nm, lengthL=4
um, and interwire distance=500 nm. Such a sample shows
hexagonally ordered domains of approximately 1,28 in
size. For Kerr measurements, the alumina template was fixe @

¥Electronic mail: sonia@imm.cnm.csic.es FIG. 1. Top-view scanning electron micrographs of nickel nanowiigkt)
Ypresent address: Department of Physics, Paderborn University, 33095 Pagibedded into the porous alumina matfiark). The scale is the same in
erborn, Germany. both figures.
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é 3 4 FIG. 3. Calculated values of the imaginary components of the effective
Energy (eV) Energy (eV) dielectric tensor for the Ni nanowire layer embedded in two different tem-

plates: an alumina template with refractive index1.75 (solid lineg; and

FIG. 2. MO polar(a) [transversgb)] Kerr spectra for Ni nanowire arrays a template witm=1.40 (dashed lines

with different geometries: sample A: 35 nm diameteircles, and sample
B: 180 nm diametefsquares Simulation with different shape factofsolid L A A
lines). Bulk Ni film (dashed lines ization tensor takes the valueéxl; Ly,=0.5, and L,=0.

Figure 3 presents the calculated values of the imaginary

. 0 _ components of the dielectric tensor for the nanowire layer as
terference device magnetometer measurement® magni- 4 fynction of energy. The spectra plotted with solid lines in

tude that we measure in transverse configuration is the variapig_ 3 have been calculated considering the effective medium
tion of the reflectivity of the light polarized in the plane of {5ymed by Ni nanowiregNi content 15% embedded in an
incidence, due to the applied magnetic field, and normalized mina matrix whose refractive index is=1.75. The re-
to the reflectivity at zero fieldAR/R). This magnitude is  fractive indices of bulk Ni were obtained from Ref. 11,
related to thee,,, exx, ande,, components of the dielectric \yhereas the MO coefficients of Ni were obtained from Ref.
tensor. 12. Thee,, component of the nanowire laygsee Fig. 8)]

Figure 2 shows the MO spectra measured for the two Nkhows a similar behavior to that observed for bulk Ni, that is,
nanowire array samplesymbols. The spectra of the bulk decreasing in magnitude as the energy increases. In contrast,
Ni film (dashed ling taken from Ref. 7 has also been in- for |ight polarized perpendicular to the wires’ axed,, a
cluded for comparison. As can be observed the magnitude aftrong absorption peak located at 2.6 eV is obsefgedid
the MO responsedy ,AR/R) of the Ni nanowire samples is |ine in Fig. 3b)]. We attribute this absorption peak to a plas-
very similar to that of a bulk Ni film. In particular, the polar mon resonance absorption_ To support this assessment, we
rotation spectrum for sample A formed by nanowires withcompare those spectra with the ones calculated for Ni
small diameterd=35 nm, shows a strong peak around 3.1nanowires embedded in a different template with refractive
eV. This rotation peak has the same magnitude as the rotatigRdexn=1.4 (dashed lines in Fig.)3(If the peak observed is
peak of the bulk Ni sample although the amount of Ni con-related to a surface plasmon excitation due to the localization
tained in the nanowire sample is only around 15%, so that af the electromagnetic field at the wire surface, it will be
enhancement in the rotation around the peak position is obvery sensitive to the optical properties of the matixAs
served when confining Ni in nanowire geometry. expected, the peak observed in #je component shifts from

In order to clarify the origin of the features found in 2.6 eV (h=1.75) to 3.0 eV (= 1.40), which is the expected
these Kerr spectra, the dielectric tensor of the Ni nanowiregehavior for a plasmon resonant absorptjig. 3b)]. In
layer, ec=€j +i€f; , has been computed in the same spectratontrast, thes), component shows no appreciable difference
range. In the case that the wire diameter is much lower thafor both templates, decreasing in magnitude as the energy
the wavelength of light, which is satisfied for sample A, theincreases.
dielectric tensor can be modeled using an effective medium  For completeness, we also present the effect that the
theory® In our case, a self-consistent approach described ichange in the dielectric constant of the matrix has on the
detail in Ref. 9 was used to calculate the effective dielectrimondiagonal components of the dielectric tengzee Figs.
tensor. Thuse{:ff depends on the dielectric tensors of pure Ni3(c) and 3d)]: the peak observed around 3 eV shifts to
and ALO3, the amount of Ni in the alumina matrix, and on higher energies when decreasing the refractive index of the
the nanowire’s shape tensbf*, which is related to the de- template, similar to the plasmon absorption peak. However,
polarization tensor £ asTA=—L"/e5;. In the quasistatic in the componen,,, no displacement of the peak located at
approximatiofl® for cylinders whose axes are aligned with 1.6 eV is found Fig. 3(d)]. This last feature is therefore not

the principal axes, the diagonal components of the depoladue to a plasmon excitation, and should be related to the
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structure observed in the MO components of-fliVe would  in the Ni nanowires by radiative loss&s:>?°which increase
like to point out that in contrast to the optical components,as we increase the diameter of the wires. Thus, to simulate
where a plasmon resonance is only observed when the polahe MO spectra for sample B, we use a complex depolariza-
ization of the light is perpendicular to the wires afiie., .,  tion tensor [ for the wires: L}, =Lp, =0.4-i0.2, and
or €,, componentg the effect of the surface plasmon exci- LZBZ=—i0.2. The obtained spectra using these values are plot-
tation is observed in all the nondiagonal components, alted with a solid gray line in Figs.(2) and 2b). As can be
though it is more important foe;’y. observed, this simple model reproduces the tendency of the
To directly compare this simulated effective dielectric changes observed in the experimental spectra of one sample
tensor with the experimental results, we have computed theith respect to the other. For example, in the polar configu-
correspondingp, andAR/R Kerr MO spectra using a trans- ration, the rotation peak decreases in magnitude and the
fer matrix formalism* The simulation results are presented curve shifts to smaller energies, which is the observed ex-
with a solid black line in Figs. @ and 2Zb). The simulated perimental behavior. In the transverse configuration, there is
rotation spectrum reproduces qualitatively the experimentah strong decrease in the intensity of th&/R in the region
behavior, nicely, although a strong decrease of the value dfetween 1 and 3 eV and a shift to higher energy of the
the rotation peak is found with respect to the experimentatrossing point at 3.4 eV, where theR/R changes its sign.
data. This quantitative discrepancy on the intensity may b&his is also the observed experimental behavior, although in
ascribed to a difference between the optical and/or MO cothis configuration, the experimental changes are stronger. A
efficients of the electrodeposited Ni and those found in themore elaborated model is under consideration.
literature. The simulated rotation spectrum presents oscilla- In summary, the analyzed Ni nanowire arrays exhibit a
tions in the infrared region due to optical interference effectsigh optical anisotropy, which leads to an anisotropy in their
between the Ni nanowire layer and the Si substrate. Thes®lO response. The MO activity of Ni nanowire arrays is
oscillations are not present in the experimental spectra due t&trongly enhanced with respect to the bulk Ni, making these
surface roughness or to residual absorption of the aluminaystems interesting for possible MO applications. The MO
matrix. The good agreement between the simulated and espectra show a feature corresponding to the plasmon excita-
perimental rotation spectra confirms that the feature observetibn of the nickel nanowires. This behavior has been repro-
in the Kerr spectra is associated to the plasmon resonance dficed by theoretical simulations of the spectra. The effect of
the nickel nanowires. In transverse configuration, the agredncreasing the nanowire diameter and interwire distance pro-
ment with the simulated spectrum is quite remarkable, alduces a strong plasmon resonance wavelength redshift, a de-
though the computed variation of the reflectivity for high crease in its magnitude, and a strong broadening effect.
energiegaround 4 eV exceeds the experimental value. ] ] o
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