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Magneto-optical characteristics of magnetic nanowire arrays in anodic
aluminum oxide templates
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Nanocomposite films consisting of regularly ordered iron nanowires embedded in anodic aluminum
oxide templates have been fabricated and their magneto-optical properties studied by determining
the four Stokes parameters of the transmitted laser H@a670 nm), originally linearly polarized

and at normal incidence to the film surfaces. The results of the nanowire arrays are found to be
considerably different from that of bulk iron. While an increase in diameter of the nanowire leads
to a substantial increase in the values of the Faraday rotation angles per unit length at a fixed value
of the magnetic fields, they are substantially less than that of bulk iron, indicating that the effective
media theory may not be directly applicable. ZD03 American Institute of Physics.

[DOI: 10.1063/1.1590427

Although arrays of dots or nanorddsnade by litho- elsewhere. The films had a degree of transparency to visible
graphic techniques have been investigated by magnetdight. The AAO templates were typically aboutn thick,
optical Kerr effect(MOKE),?* and for nanowire arrays, the as determined from the interference patterns in the optical
absorption spectra by using UV-Vis spectroschpythe  absorption spectra. A range of samples with different wire
study of magneto-optical related properties of nanowiregliameters and lengths were prepared and investigated. The
based on porous anodic aluminum oxi@®AO) templates  Structures of the composite films were characterized by scan-
has been surprisingly sparséln this letter, we report on a hing electron microscopySEM). The total cross-sectional
detailed experimental study of the linear magneto-opticaRreas of the wires were found to be about 30% to 50% of the
properties of iron nanowire arrays embedded in AAO tem-composite film surfaces, for a range of wire diameters, which
plates measured at normal incidence to the composite filmgvere controlled by the electrochemical conditions during

Our optical setup is as follows. A light beam from the preparation. The nanowires in the templa_tes were hexago-
source(a diode laser, Laser 2000, 1.85 eV, 3 myassed nally close pgcked and order_ed to a high degree. Very
through a polarizer, the center hole of the first pole piece ofoUghly, the diameter of the wires and the space between
a magnet, a sample, the second pole piece, a photo-elasﬁ?:em were of similar sizes. To' determine the actual diameter
modulator (PEM, Hinds Instrumentsf =42 kH2), an ana- and the length of the nanowires, the AAO templates were

lyzer, and finally to a Si photodiode detector. The polarizeldissowed z_ind the individual wires measured by transmission
and analyzer were of an extinction ratio better than 2€!€Ctron microscopyTEM). An average value of length and
X 1075, To ensure no reflections from the internal walls of 9iaMeter was obtained for a number of measurements.

the narrow center holes in the soft iron cores, two small Figure 1 shows typical electron micrographs of the AAO

apertures were placed, one at the entrance to the first coll aﬁﬁmp'atei and t?de nartm(\jmrAeAaOrratys. 'T'?u(ea 15. a SSESM
the other at the exit from the second. A Hall probe was 'ad€¢ Of a goid-coate emplate “having s5-nm-

placed very close to the sample to simultaneously monitog".ameter pores, showing a high degree .Of order and _umfor-
mity. The space between the nearest-neighbor pores is about

the magnetic fields. The signals from the photodiode wer . .
measured with an EG&G 5209 lock-in amplifier and the dc%o nm, slightly smaller than the pore diameter. ATEM cross-

component of the photodiode signal was measured with a
high-precision Keithley 6517 electrometer. The data acquisi- a (b)
tion was automated using a personal computer. Following
Kemp® the Stokes parametérsvere then determined from
the measured dc signal, as well as the first- and second-
harmonic signals. For an absolute measurement of the pa- )
rameters, the setup was “calibrated” using a quarter-wave ;
plate in the place of the sample.

The composite films were prepared by anodizing thin
sheet of high purity(99.99% aluminum electrochemically,
followed by electrochemical deposition of iron wires in an
appropriate aqueous solution, as reported in an earlier

work.1° Details of our sample preparation will be published

FIG. 1. Electron micrographs of AAO templates and Fe nanowire artays:
SEM image of an AAO template with 55-nm pores; aifl TEM cross-
dAuthor to whom correspondence should be addressed; electronic maisectional image of Fe nanowir¢s5-nm diametérembedded in an AAO
t.shen@salford.ac.uk template.
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FIG. 2. VSM results of magnetization for a 7-nm-diameter Fe nanowire ooral E— 10
array, measured at different values of the angle between the magnetic field ’ (@ ~ sl (h) ’f—_
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AAO template is displayed in Fig.(th), which shows that the
15-nm-diameter Fe nanowires filled the nanochannels uniFIG. 3. Magneto-optical result§a)—(d) normalized Stokes parameters for a
formly as well as showing that the wires were parallel to7-nm-diameter Fe nanowire arrgy) the ratio of ellipse tafy) and(f) FRA
each other and perpendicular to the template surface. In at?ci ?:22“2;‘1‘gi;"rﬁgtl?tg'ifﬁg\?vzr?:fgme sample;(gntany) and FRA
" . -nm- y.
dition, one can see that the closest distance between two
pores is about 20 nm, slightly larger than relevant pore di-
ameter. The selective area electron diffraction pattern, oélly unchanged after exiting the sample. The magnetic circu-
nanowire bundles, indicates that the bulk bcc structure isar dichroism(MCD) is thought to be the origin of the mag-
preserved. netic dependence in tgp. A direct measurement of the
Figure 2 shows the results of the magnetization measureMCD with alternating left-hand and right-hand circular po-
ments for a “thin” nanowire arrayreferred to as sample A, larized light confirms the observed value.
wire diameter 7 nm, wire length 2.1@m). The hysteresis The Faraday rotation ang(€RA) of sample A is plotted
loops were obtained at different angles between the magnetin Fig. 3(f), showing a more complex field dependence. A
field direction and the surface normal of the nanocompositaloping “background” appears to have been superimposed
films using a vibration sample magnetome(®iSM). The  on the hysteresis loop. This background is seen more promi-
angular dependence of the magnetization loops illustratedently in Fig. 3f) as the Faraday rotation angles are rela-
that the easy axis of the nanocomposite film is along theively small compared to that of a thicker nanowire arfrefy,
surface normal, that is, along the length of the nanowiresFig. 3(h)]. Although a detailed quantification of the back-
The inset in Fig. 2 shows the values of the coercivity as aground for all samples has yet to be carried out, the magneto-
function of the angle between the applied fields and the sureptical effect of the AAO templates without the nanowires
face normal of the film. A coercivity of about 2.5 kOe is has been examined. The paramagnetic Faraday rotation
found along the easy axis and is consistent with earlier worlangles of the templates are found to be about 1/5 the values
on nanowires? of the background in the nanowire arrays, and therefore
In Figs. 3a) to 3(d), as an example, the Stokes param-could not directly account for the effect noticed in Figf)3
eters of the same sample, normalized by the intensity of that present, the origins of the background are not fully un-
polarized component, are presented. The first two curves amerstood.
the normalized firsfFig. 3(a)] and secondlFig. 3(b)] Stokes Figures 3g) and 3h) show the magneto-optical results
parameters. The curves in FigscBand 3d), s;(0°) and  of a thicker sampléreferred to as sample B, wire diameter
s5(45°), respectively, are the normalized third Stokes pad144 nm, wire length 1.5%m), and the tafy) data are plot-
rameter measured at two different PEM positions, and théed in Fig. 3g). It can be seen that as the wire diameter is
resulting curves are found to be identiaBoth s3(0°) and  increased, the coercivity decreases. At saturation magnetiza-
s5(45°) are measured as a check on the quality of the resultsion, the values of tafy) also are slightly smaller compared
The measured Stokes parameters showed good signal-tedth that of sample A. This is in line with a shorter length of
noise characteristics. The ratio of the axesand b of the the nanowires for sample B. Despite the shorter length, the
ellipse, taity), for sample A is shown in Fig.(8). A very  Faraday rotation angles at maximum fields are much larger
good agreement may be seen between the hysteresis loopthan that of sample A. As mentioned earlier, the sloping
Fig. 3(c) and the loop obtained from the VSM shown in Fig. background is also present in the Faraday rotation data, al-
2. The data illustrate that tgp is a good measure of the though it appears less prominent in the diagram.
magnetization behavior of the nanocomposite films. It may  We shall now examine the magneto-optical characteris-
also be noted that the ratio of the axes of ellipse is about 1%jcs of the nanowire arrays as a function of the wire lengths

indicating that the originally linearly polarized light is virtu- and diameters. In Fig.(d), the FRAs at the maximum field
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LA 0008 —— tions were close to our 15-nm-diameter sample. In either
B omf .,4""_.(_3‘) i mz”’/(b) case, we note_ thatl ¢ per nanowire_ volume is of th? same
) e B p00s| = order of magnitude as that of bulk iron (1¥10° Am™! at
R Sl room temperatupe Despite the fact that the structures of the
00 T T nanocomposite films are substantially smaller than the wave-
Nanowire length {nm) Nanowire length (nm) length of the light, the large differences in the values of
’E‘ 9000 - 3000 FRA/length appear t.o suggest. that the effective media
S el (0 Y] Sl I;i\_ (d) theory”®> may not be directly applicable.
s ool L g 5 Figure 4d) shows the coercivity in relationship with the
= e g ooy L] nanowire diameters, as determined from hysteresis loops of
HE S o . ™ tan(y), for example, the curves in Figs(é3 and 3g). Ex-
E ¢ 40 80 120 160 o 40 B0 120 160 perimentally, it is not a trivial task to make different diameter
Nanowire diameter (nm) Nanowire diameter (nm) nanowire arrays of identical wire lengths. However for the

FIG. 4. (a) FRA versus nanowire length for 22-nm-diameter wire arrélys; ~ S€t 0f 22-nm-diameter Fe nanowire arrays of different wire

corresponding tay) as a function of nanowire lengtiig) FRA/length as a  length (ranging from 0.7 to 2.5um), we have found a

fqnction of nanovyire diameter; ar(d) coercivity as a fl_Jnctiqn of napowire slightly changed value for the coercivity, within a change of

g;zn;e;iri;; t%bttﬁénzgggog:“tyr_‘e tandata. The dotted lines in the diagrams 5 o\ hercentage points. This suggests that the results in Fig.
4(d) would be good enough to indicate the general trend that
is a sharp reduction of the coercivity as the diameter of the

of 10 kOe are displayed as a function of the lengths of thg,gnowires is increased.

nanowires for the composite films with gwire diame'ger of 22 Additionally, from the results of a complete set of Stokes

nm. (In the absence of a clear mechanism, the sloping backyarameters, it is also possible to show that the degree of

ground is not subtracted, which would have given rise t0 &ojarizatior! begins to decrease for nanocomposite films

correction of less than 10% of the lower values of the rotayjth wire diameter above 80 nm, which indicates a possible

tion angles. This should not affect our discussion on thencrease in diffuse scattering as the wire diameter approaches

overall trends. As can be seen in the diagram, the rotationg,,pmicron size.

angles are essentially proportional to the length of the wire,  Fyrther investigations are currently under way to gain a

which is consistent with the Faraday effect. If the rotationpetter understanding of the magneto-optical properties of the

angle is expressed in terms of the product of a Verdet comanowire arrays.

stantV, the external field, and the length of the wire we
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