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Magneto-optical characteristics of magnetic nanowire arrays in anodic
aluminum oxide templates

Yong Peng, T.-H. Shen,a) Brian Ashworth, Xue-Gen Zhao, Chester A. Faunce,
and Yan-Wei Liu
Joule Physics Laboratory, Institute for Materials Research, Salford University, Salford, M5 4WT, United Kingdom

~Received 27 February 2003; accepted 19 May 2003!

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 beam~l5670 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. ©2003 American Institute of Physics.
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Although arrays of dots or nanorods1 made by litho-
graphic techniques have been investigated by magn
optical Kerr effect~MOKE!,2,3 and for nanowire arrays, th
absorption spectra by using UV-Vis spectroscopy,4,5 the
study of magneto-optical related properties of nanowi
based on porous anodic aluminum oxide~AAO! templates
has been surprisingly sparse.6,7 In this letter, we report on a
detailed experimental study of the linear magneto-opt
properties of iron nanowire arrays embedded in AAO te
plates measured at normal incidence to the composite fi

Our optical setup is as follows. A light beam from th
source~a diode laser, Laser 2000, 1.85 eV, 3 mW! passed
through a polarizer, the center hole of the first pole piece
a magnet, a sample, the second pole piece, a photo-el
modulator ~PEM, Hinds Instruments,f 542 kHz!, an ana-
lyzer, and finally to a Si photodiode detector. The polari
and analyzer were of an extinction ratio better than
31026. To ensure no reflections from the internal walls
the narrow center holes in the soft iron cores, two sm
apertures were placed, one at the entrance to the first coi
the other at the exit from the second. A Hall probe w
placed very close to the sample to simultaneously mon
the magnetic fields. The signals from the photodiode w
measured with an EG&G 5209 lock-in amplifier and the
component of the photodiode signal was measured wit
high-precision Keithley 6517 electrometer. The data acqu
tion was automated using a personal computer. Follow
Kemp8 the Stokes parameters9 were then determined from
the measured dc signal, as well as the first- and seco
harmonic signals. For an absolute measurement of the
rameters, the setup was ‘‘calibrated’’ using a quarter-wa
plate in the place of the sample.

The composite films were prepared by anodizing t
sheet of high purity~99.99%! aluminum electrochemically
followed by electrochemical deposition of iron wires in a
appropriate aqueous solution, as reported in an ea
work.10 Details of our sample preparation will be publish
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elsewhere. The films had a degree of transparency to vis
light. The AAO templates were typically about 6mm thick,
as determined from the interference patterns in the opt
absorption spectra. A range of samples with different w
diameters and lengths were prepared and investigated.
structures of the composite films were characterized by sc
ning electron microscopy~SEM!. The total cross-sectiona
areas of the wires were found to be about 30% to 50% of
composite film surfaces, for a range of wire diameters, wh
were controlled by the electrochemical conditions duri
preparation. The nanowires in the templates were hexa
nally close packed and ordered to a high degree. V
roughly, the diameter of the wires and the space betw
them were of similar sizes. To determine the actual diame
and the length of the nanowires, the AAO templates w
dissolved and the individual wires measured by transmiss
electron microscopy~TEM!. An average value of length an
diameter was obtained for a number of measurements.

Figure 1 shows typical electron micrographs of the AA
templates and the nanowire arrays. Figure 1~a! is a SEM
image of a gold-coated AAO template having 55-nm
diameter pores, showing a high degree of order and uni
mity. The space between the nearest-neighbor pores is a
30 nm, slightly smaller than the pore diameter. A TEM cro

il:

FIG. 1. Electron micrographs of AAO templates and Fe nanowire arrays~a!
SEM image of an AAO template with 55-nm pores; and~b! TEM cross-
sectional image of Fe nanowires~15-nm diameter! embedded in an AAO
template.
© 2003 American Institute of Physics
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sectional image of an Fe nanowire array embedded in
AAO template is displayed in Fig. 1~b!, which shows that the
15-nm-diameter Fe nanowires filled the nanochannels
formly as well as showing that the wires were parallel
each other and perpendicular to the template surface. In
dition, one can see that the closest distance between
pores is about 20 nm, slightly larger than relevant pore
ameter. The selective area electron diffraction pattern,
nanowire bundles, indicates that the bulk bcc structure
preserved.

Figure 2 shows the results of the magnetization meas
ments for a ‘‘thin’’ nanowire array~referred to as sample A
wire diameter 7 nm, wire length 2.13mm!. The hysteresis
loops were obtained at different angles between the magn
field direction and the surface normal of the nanocompo
films using a vibration sample magnetometer~VSM!. The
angular dependence of the magnetization loops illustra
that the easy axis of the nanocomposite film is along
surface normal, that is, along the length of the nanowir
The inset in Fig. 2 shows the values of the coercivity a
function of the angle between the applied fields and the
face normal of the film. A coercivity of about 2.5 kOe
found along the easy axis and is consistent with earlier w
on nanowires.10

In Figs. 3~a! to 3~d!, as an example, the Stokes para
eters of the same sample, normalized by the intensity of
polarized component, are presented. The first two curves
the normalized first@Fig. 3~a!# and second@Fig. 3~b!# Stokes
parameters. The curves in Figs. 3~c! and 3~d!, s38(0°) and
s38(45°), respectively, are the normalized third Stokes
rameter measured at two different PEM positions, and
resulting curves are found to be identical.9 Both s38(0°) and
s38(45°) are measured as a check on the quality of the res
The measured Stokes parameters showed good signa
noise characteristics. The ratio of the axesa and b of the
ellipse, tan~x!, for sample A is shown in Fig. 3~e!. A very
good agreement may be seen between the hysteresis lo
Fig. 3~c! and the loop obtained from the VSM shown in Fi
2. The data illustrate that tan~x! is a good measure of th
magnetization behavior of the nanocomposite films. It m
also be noted that the ratio of the axes of ellipse is about
indicating that the originally linearly polarized light is virtu

FIG. 2. VSM results of magnetization for a 7-nm-diameter Fe nanow
array, measured at different values of the angle between the magnetic
and the surface norm of the nanocomposite film. Inset shows the c
sponding coercivity.
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ally unchanged after exiting the sample. The magnetic cir
lar dichroism~MCD! is thought to be the origin of the mag
netic dependence in tan~x!. A direct measurement of the
MCD with alternating left-hand and right-hand circular p
larized light confirms the observed value.

The Faraday rotation angle~FRA! of sample A is plotted
in Fig. 3~f!, showing a more complex field dependence.
sloping ‘‘background’’ appears to have been superimpo
on the hysteresis loop. This background is seen more pro
nently in Fig. 3~f! as the Faraday rotation angles are re
tively small compared to that of a thicker nanowire array@cf.,
Fig. 3~h!#. Although a detailed quantification of the bac
ground for all samples has yet to be carried out, the magn
optical effect of the AAO templates without the nanowir
has been examined. The paramagnetic Faraday rota
angles of the templates are found to be about 1/5 the va
of the background in the nanowire arrays, and theref
could not directly account for the effect noticed in Fig. 3~f!.
At present, the origins of the background are not fully u
derstood.

Figures 3~g! and 3~h! show the magneto-optical resul
of a thicker sample~referred to as sample B, wire diamet
144 nm, wire length 1.57mm!, and the tan~x! data are plot-
ted in Fig. 3~g!. It can be seen that as the wire diameter
increased, the coercivity decreases. At saturation magne
tion, the values of tan~x! also are slightly smaller compare
with that of sample A. This is in line with a shorter length
the nanowires for sample B. Despite the shorter length,
Faraday rotation angles at maximum fields are much lar
than that of sample A. As mentioned earlier, the slop
background is also present in the Faraday rotation data
though it appears less prominent in the diagram.

We shall now examine the magneto-optical characte
tics of the nanowire arrays as a function of the wire leng
and diameters. In Fig. 4~a!, the FRAs at the maximum field

e
eld
e-

FIG. 3. Magneto-optical results:~a!–~d! normalized Stokes parameters for
7-nm-diameter Fe nanowire array;~e! the ratio of ellipse tan~x! and~f! FRA
as a function of magnetic fields for the same sample; and~g! tan~x! and FRA
for a 144-nm-diameter Fe nanowire array.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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of 10 kOe are displayed as a function of the lengths of
nanowires for the composite films with a wire diameter of
nm. ~In the absence of a clear mechanism, the sloping ba
ground is not subtracted, which would have given rise t
correction of less than 10% of the lower values of the ro
tion angles. This should not affect our discussion on
overall trends.! As can be seen in the diagram, the rotati
angles are essentially proportional to the length of the w
which is consistent with the Faraday effect. If the rotati
angle is expressed in terms of the product of a Verdet c
stantV, the external fieldH, and the length of the wirel , we
obtain a valueV57.231022 deg Oe21 cm21 at the field of
the onset of the saturation magnetization, which is nea
three orders of magnitude smaller than that of bulk ironV
53.83101 deg Oe21 cm21).11 The value is also about 1
times larger than that of iron nanoparticles in poly~methyl-
methacrylate! (V56.031023 deg Oe21 cm21, at l5630
nm!.12 Compared with a typical paramagnetic material
Schott glass SF-57 (V52.26431024 deg Oe21 cm21, at
l51300 nm!,13 the Verdet constant for the 22-nm-diamet
nanowire arrays is only about two orders of magnitude lar
than that of Schott glass. In Fig. 4~b!, the ratio of the axes
tan~x!, for the 22-nm wire arrays also increases with t
increasing lengths of the wires. This could be explained
terms of a stronger MCD effect with increasing length, b
cause of the increase in absorption in longer wires.

In Fig. 4~c!, the values of FRA/length at the maximu
fields are plotted as a function of nanowire diameters. It
be seen that the FRA/length increases as the wire diam
increases. The largest diameter sample~160 nm! shows a
FRA/length value of 6.53103 deg cm21, while the smallest
one ~7 nm! has a value of only 8.53102 deg cm21. The
bulk Fe is known11 to have a FRA/length of about 3.
3105 deg cm21, which is between two to three orders
magnitude larger than that of the nanowire arrays. We n
that the percentage of iron wire cross sections occupying
surface area of the films is between 30 and 50, and the
solute value of the saturation magnetizationMs per nanowire
volume is estimated to be 53105 A m21 for 15-nm-
diameter wires. Based on Almawlawiet al.14 we estimate a
value about 1.93106 A m21 for their sample ~the first
sample of Sec. 2 of Table III14!, whose experimental condi

FIG. 4. ~a! FRA versus nanowire length for 22-nm-diameter wire arrays;~b!
corresponding tan~x! as a function of nanowire length;~c! FRA/length as a
function of nanowire diameter; and~d! coercivity as a function of nanowire
diameter as obtained from the tan~x! data. The dotted lines in the diagram
are a guide to the eyes only.
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tions were close to our 15-nm-diameter sample. In eit
case, we note thatMs per nanowire volume is of the sam
order of magnitude as that of bulk iron (1.713106 A m21 at
room temperature!. Despite the fact that the structures of th
nanocomposite films are substantially smaller than the wa
length of the light, the large differences in the values
FRA/length appear to suggest that the effective me
theory15 may not be directly applicable.

Figure 4~d! shows the coercivity in relationship with th
nanowire diameters, as determined from hysteresis loop
tan~x!, for example, the curves in Figs. 3~e! and 3~g!. Ex-
perimentally, it is not a trivial task to make different diamet
nanowire arrays of identical wire lengths. However for t
set of 22-nm-diameter Fe nanowire arrays of different w
length ~ranging from 0.7 to 2.5mm!, we have found a
slightly changed value for the coercivity, within a change
a few percentage points. This suggests that the results in
4~d! would be good enough to indicate the general trend t
is a sharp reduction of the coercivity as the diameter of
nanowires is increased.

Additionally, from the results of a complete set of Stok
parameters, it is also possible to show that the degree
polarization9 begins to decrease for nanocomposite film
with wire diameter above 80 nm, which indicates a possi
increase in diffuse scattering as the wire diameter approa
submicron size.

Further investigations are currently under way to gain
better understanding of the magneto-optical properties of
nanowire arrays.
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