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Nanodisk array with both sandwich structure of Au / �Co /Pt�n /Au and �Co /Pt�n were fabricated by
electron-beam lithography combined with ion milling process. Optical transmittance spectra
revealed the excitation of localized surface plasmon resonance �LSPR� in Au / �Co /Pt�n /Au
nanosandwich array. Magneto-optical �MO� properties were measured by a micro-Faraday system
with objective lens design and laser source. Faraday rotation angle for sandwich structure increased
considerably compared to that of �Co /Pt�n, indicating enhancement in MO activity by excitation of
LSPR. The optical and MO properties of nanosandwich array were fitted in the framework of
average field approximation. © 2010 American Institute of Physics. �doi:10.1063/1.3368110�

Localized surface plasmon resonance �LSPR� is the col-
lective electron charge oscillation that occurs in noble metal
nanoparticles excited by light at the resonance frequency.1

LSPR greatly enhances the localized electromagnetic field at
metal/dielectric interfaces.2 This phenomenon has been ex-
ploited in a variety of recent optical applications, including
surface enhanced Raman scattering solar cells,3 ultrasensitive
bio/chemical sensors,4 and light-emitting diodes.5 Enhanced
local fields give rise to enhanced light-matter interactions,
which modify physical properties including light conversion
efficiency,3 florescence,6 and magneto-optical �MO� proper-
ties. Incorporating MO materials into noble metal nanopar-
ticles to produce composite MO materials has been demon-
strated to artificially modify the spectral characteristics of
MO activity. Despite nanosize confinement effects in MO
materials having been intensively studied,7,8 it was only re-
cently recognized that LSPR can be utilized to further tailor
MO properties by, for instance, using a noble-metal-coated
core-shell structure9 or a nanosandwich structure.10 The
spectral location of LSPR is sensitive to the size, shape, and
arrangement of the nanoparticles, and also to the surrounding
dielectrics. These factors provide considerable freedom to
tune the MO spectral characteristics, but it remains unclear
how they affect the MO properties. Compared to chemical
methods9 or nanosphere lithography,10 nanofabrication by a
combination of electron-beam lithography �EBL� and ion
milling provides easier control of the size, shape, and ar-
rangement of nanostructures as well as a narrower nanopar-
ticle size distribution.

In this study, square nanodisk arrays with multilayer
structures ��Co /Pt�n� and with sandwich structures
�Au / �Co /Pt�n /Au� were fabricated by EBL combined with
argon-ion milling. The grating constant was 250 nm and the

disk diameter was varied in the range 50–130 nm. Thin films
with structures of Ti�2� /Pt�1� / �Co�0.5� /Pt�1��7 /Pt�3� and
Ti�2� /Au�20� /Pt�1� / �Co�0.5� /Pt�1��7 /Au�20� �in nanom-
eters� were grown by sputtering on glass substrates with a Ti
buffer layer; hereafter, these structures are denoted by
�Co /Pt�n and Au / �Co /Pt�n /Au, respectively. The Faraday
rotation angle and the ellipticity of each disk array were mea-
sured using a homemade micro-Faraday system with an ob-
jective lens design and a laser light source. A magnetic field
was applied parallel to the light beam and perpendicular to
the sample plane. The chip had dimensions of 150
�150 �m2 and was larger than the light spot. The optical
and MO properties of the nanosandwich array were simu-
lated in the framework of average field approximation �AFA�
following Abe’s method.11

The negative resist of TGMR �from TOK� was used for
the mask in EBL, which was performed using a JBX-
5000SD �JOEL�. The resist thickness was in the range of
100–150 nm, which is appropriate for pattern transfer in ion
milling. A writing current of �8.5 pA and a dosage in the
range of 27–60 �C /�m2 were adopted to fabricate small
disks. Figure 1�a� shows an SEM image of the resist mask
for a nanodisk array with a disk diameter �d� of 84 nm and a
grating constant �h� of 250 nm �the same value of h was used
throughout this study�. The double-ended arrow in Fig. 1�a�
indicates the polarization direction of the incident light for
both optical and MO measurements. Argon-ion milling was
performed at a small tilt angle of 10° to transfer the resist
mask pattern. Finally, the nanodisk was spin coated to pro-
duce a 150-nm-thick resist layer. In the following discussion,
the disk size is taken to be that of the resist mask, even
though its actual size might differ from the measured one due
to redeposition. The permittivities of a continuous gold film
and a �Co�0.5� /Pt�1��m �m=30� multilayer structure was
measured using an ellipsometer, as shown in Fig. 1�b�; the
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permittivity of gold film has a much smaller imaginary com-
ponent than that of �Co /Pt�n.

Transmission spectra of the nanosandwich array with a
structure of Au / �Co /Pt�n /Au was measured by a microspec-
trometer with a small numerical aperture of 0.13 in the wave-
length range of 400–800 nm. Due to the large optical extinc-
tion cross-section associated with LSPR, transmittance
spectra exhibit a minimum at the resonance wavelength. Fig-
ure 2�a� shows transmittance spectra for Au�40�, �Co�0.5� /
Pt�1��7, and Au�20� / �Co�0.5� /Pt�1��7 /Au�20� �unit: nanom-
eters� with approximately the same diameters �d=108 nm�.
The transmittance minimum at around 700 nm indicates that
LSPR was excited in both the gold nanodisk array and the
nanosandwich array, whereas the spectrum of �Co /Pt�7 is
featureless. By varying the disk diameter, LSPR could be
excited in both structures and it was redshifted when the disk
size was increased �not shown�. The LSPR spectrum of the
nanodisk array with a sandwich structure is similar to that of
gold, while the peak is broadened due to the insertion of a
dispersive material �Co /Pt�7. To understand the transmit-
tance spectra of the nanodisk array, all the local and far-field
components of the nanodisks acting on each other and on the
dielectric background should be considered. For simplicity,
we treat it using the free nanoparticle approximation in

which all the particles are identical and the local fields both
inside and outside the particle are averaged; this is the basic
concept of AFA.11 In this study, the nanodisk array was ap-
proximated by a slab with an effective thickness and permit-
tivity. As shown in Fig. 2�b�, the gold nanodisk array �d ,h� is
replaced by an effective slab �3� with an effective refractive
index �n3=neff� and thickness �teff�. Light propagates through
�1�–�5�; the refractive indices for layers �1–5� are 1, 1.5, neff,
1.5, and 1, respectively, and teff of the slab is assumed to be
equal to tAu �40 nm�. The effective permittivity ��eff� was
deduced in the AFA framework.12 The transmittance spectra
for the gold nanodisk array are fitted �the MO properties of
the nanosandwich array are discussed below�. The transmit-
tance �T� and transmission coefficient �t� are given by:

T = �t�2, t = t12t23t34t45e
i�3, �1�

where

tij = 2ni/�ni + nj� ,

�3 = 2�neffteff/� ,

neff = ��eff, �2�

and

�eff = �1 − g��d + g�Au,

g = f/A ,

A = 1 + �1 − f�N��Au − �d�/�d. �3�

Equation �1� does not consider multiple reflections since the
nanodisk array is not a real slab with smooth surfaces. f is
the volume fraction of nanodisk in the slab, �Au is the per-
mittivity of gold, and �d is the permittivity of the surround-
ing resist. The fitting results indicate that the quantity �d

should be treated as a fitting parameter rather than the intrin-
sic permittivity of the resist �2.25� to account for the polar-
ization effect of the electric field of the nanodisk array acting
on the surrounding resist. The depolarization factor �N� is a
complex number; its real part is determined by the shape and
was calculated by modeling the nanodisks as oblate
spheroids,12 while its imaginary part is a fitting parameter,
which was found to have a small magnitude and is attributed
to radiation effects.13 For a gold nanodisk array with d
=108 nm and h=250 nm, these two fitting parameters are
�d=4.0 and N=0.1958−0.057i. The fitting results shown in
Fig. 2�a� are in good agreement with the experimental data,
indicating that AFA captures the main features. For disk sizes
in the range 50�d�120 nm, the imaginary part of N varies
between �0.06 and �0.05 and �d� �3.9,4.8�. All the fitting
results exhibit good consistency.

The MO properties of the nanosandwich array were
measured and compared with those of the �Co /Pt�7 nanodisk
array. The light source was a He–Ne laser �633 nm� with the
polarization in the direction shown in Fig. 1�a�. The Faraday
rotation angle and ellipticity loops were obtained. The MO
properties were obtained by subtracting the contribution of
the glass substrate and they are summarized in Figs. 3�a� and
3�b�. The absolute value of the rotation angle was remark-

FIG. 1. �Color online� �a� SEM image of nanodisk array and schematic view
of nanosandwich consisting of Au / �Co /Pt�n /Au, double-ended arrow shows
the relative polarization of light with respect to the array at normal inci-
dence. �b� Permittivity of Gold continuous film and �Co�0.5� /Pt�1��n

multilayer for wavelength of 400–800 nm.

FIG. 2. �Color online� �a� Transmittance spectra of �Co /Pt�7, Au, and
Au / �Co /Pt�7 /Au nanodisk array with the same size d of 108 nm. LSPR was
excited for both Au and Au / �Co /Pt�n /Au indicated by arrows. Solid line
shows the fitted data for gold nanodisk array. �b� Illustration diagram of the
fitting model in which nanodisk array was approximated by a slab with
effective refractive index neff and thickness teff.
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ably higher in the sandwich structure; for example, it was
0.085° for the �Co /Pt�7 nanodisk array with a disk size d of
116 nm, while it was 0.207° for the nanosandwich array with
the same disk size �i.e., a factor of 2.4 higher�. This result
indicates that MO activity was enhanced by LSPR by the
incorporation of gold. To simulate the MO properties in
AFA, the sandwich structure was assumed to be a homoge-
neous material with a bulk permittivity tensor. By consider-
ing the volume fraction factor of �Co /Pt�7 in the sandwich
structure, the diagonal of the bulk permittivity tensor is given
by �xx

san=−14.8+6.7i, which is the volume-averaged value of
Au and that of �Co /Pt�7 ��Au=−12.885+1.638i ,�Co/Pt=
−20.700+21.832i�; the off-diagonal part is chosen to be 1/5
of that of �Co /Pt�n, which is �xy

san= �0.3173−0.0207i� /5 mea-
sured for �Co�0.5� /Pt�1��n in the polar Kerr configuration at
�=633 nm. The effective permittivity tensor of the slab has
diagonal and off-diagonal components given by

�xx
eff = �1 − g2��d2 + g2�xx

san,

�xy
eff = h2�xy

san �4�

where

g2 = f2/A2,

h2 = f2/A2
2,

A2 = 1 + �1 − f2�N2��xx
san − �d2�/�d2 �5�

The transmittance was calculated using Eqs. �1� and �2� by
replacing neff with neff2

neff2 = ��xx
eff. �6�

The Faraday rotation angle 	F and the ellipticity 
F are given
by14

	F − i
F = i�teff2�xy
eff/��neff2� . �7�

The effective thickness is teff2= tAu+ t�Co/Pt�. f2 is the volume
fraction of the nanosandwich in the slab. The two fitting
parameters are the complex depolarization factor N2 and the
permittivity of the resist �d2. As shown in Fig. 3, good agree-
ment was obtained between the experimental data and the
fitted data in terms of the rotation angle, the ellipticity, and
the transmittance.

In summary, nanodisk arrays with a sandwich structure
of Au / �Co /Pt�n /Au and with a �Co /Pt�n multilayer structure
were fabricated by EBL and argon-ion milling, which enable
the size, shape, and arrangement of nanostructures to be eas-
ily controlled so that the spectra location of LSPR can be
tuned. The optical and MO properties of both structures were
investigated over a range of disk sizes. The results reveal that
the nanosize effect modifies the MO spectral characteristics.
Moreover, the rotation angle of the sandwich structure is
considerably higher than that of �Co /Pt�n, indicating en-
hancement in MO activity by excitation of LSPR associated
with gold in the sandwich structure. Transmittance spectra of
the gold nanodisk array and the optical and MO properties of
the nanosandwich array were fitted in the AFA framework.
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