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With advances in nanotechnology, obtaining circularly and elliptically polarized optical spots
beyond the diffraction limit is an emerging need for plasmonic applications. Two techniques are
suggested to obtain circularly and elliptically polarized near-field radiation using subwavelength
apertures. It is demonstrated that a square aperture can mediate diffraction limited circularly or
elliptically polarized radiation into an optical spot with circular or elliptical polarization beyond the
diffraction limit. Linearly polarized diffraction limited radiation is converted into a circularly or an
elliptically polarized optical spot beyond the diffraction limit by creating asymmetry in the
subwavelength aperture. © 2010 American Institute of Physics. �doi:10.1063/1.3371696�

Near-field radiation from subwavelength apertures is a
means of obtaining tightly localized optical spots to beat the
diffraction limit.1 Near-field radiation from small circular ap-
ertures on perfectly conducting metals has been extensively
studied.2,3 The decline in transmission intensity with the
fourth power of aperture size leads to very low transmission
intensity obtained from subwavelength apertures on perfectly
conducting metals. Following the groundbreaking work of
Ebbesen,4 enhancing the transmission intensity from sub-
wavelength apertures using various techniques has attracted
much interest.4–9 Although significant literature exists on im-
proving transmission intensity, the polarization aspects of ra-
diation from subwavelength apertures have been largely ig-
nored. In this study, obtaining localized light with various
polarizations through nanoscale subwavelength apertures
will be addressed.

Polarized electromagnetic radiation has led to interesting
technical applications and significant advancements at both
optical and microwave frequencies. With advances in nano-
technology, electromagnetic radiation beyond the diffraction
limit with a particular polarization is an emerging need for
plasmonic applications. Among these, all-optical magnetic
recording10 requires circularly polarized optical spots. It has
been demonstrated that the magnetization can be reversed in
a reproducible manner using a circularly polarized optical
beam without an externally applied magnetic field.10 To ad-
vance the areal density of hard disk drives beyond
1 Tbit / in.2, a sub-100 nm circularly polarized optical spot
beyond the diffraction limit is required.

Recently, there has been growing interest in obtaining
optical spots with various polarizations beyond the diffrac-
tion limit. Ohdaira et al.11 obtained local circular polarization
by superposing two cross propagating evanescent waves.
It has been recently demonstrated that the polarization of
diffraction limited incident beams can be manipulated using
nanoparticle based antenna geometries12–15 and nanorod
arrays.16 Elliptically and circularly polarized near-field radia-
tion can also be achieved through subwavelength apertures
by utilizing a circular hole surrounded by elliptical gratings17

and L-shaped hole arrays.18

In this study, two alternative techniques are investigated
to obtain circularly and elliptically polarized near-field radia-
tion from subwavelength apertures. �1� A square aperture can
mediate diffraction limited circularly or elliptically polarized
radiation into an optical spot with circular or elliptical polar-
ization beyond the diffraction limit. �2� Diffraction limited
linear polarization can be converted into a circularly or ellip-
tically polarized optical spot beyond the diffraction limit by
creating and carefully adjusting an asymmetry in the aperture
dimensions, as well as adjusting the polarization angle of the
incident light.

In the first part of this study, a square aperture is
investigated to obtain elliptical and circular polarized
optical spots. To analyze this problem, a three-dimensional
frequency-domain finite element method �FEM� is
utilized.19,20 The accuracy of the solution technique was
previously validated by comparison with other solution
techniques.19,20 The total electric field Et�r� is composed of
incident field Ei�r� and scattered field Es�r�. In this study, the
incident field is a plane wave. To obtain the scattered field
Es�r� we used an FEM based full-wave solution of Max-
well’s equations. To represent the scattering geometries ac-
curately, tetrahedral elements are used to discretize the com-
putational domain. On the tetrahedral elements, edge basis
functions and second-order interpolation functions are used.
Adaptive mesh refinement is used to improve the coarse so-
lution regions with high field intensities and large field gra-
dients.

Figure 1�a� illustrates a square aperture and a circularly
polarized incident beam. In this study, an isolated nanohole
on a gold thin-film is used. The computational volume of the
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FIG. 1. �Color online� �a� A square aperture illuminated with circular or
elliptical polarization. �b� A rectangular aperture illuminated with linear po-
larization with a polarization angle of �pol.
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model is illustrated in Fig. 1 by a transparent rectangular
box. The metallic thin film is represented by a rectangular
box with a hole for the isolated aperture. The transparent
rectangular box represents the surrounding vacuum, and has
a total thickness of 300 nm along the z-direction. At the outer
surfaces of the computational volume in Fig. 1, radiation
boundary conditions are applied to ensure that the outgoing
electromagnetic field does not reflect back into the computa-
tional volume. The edge-length of the square aperture is
G=20 nm. The length L is selected as 330 nm. In the second
part of this study, symmetry condition for the aperture will
be relaxed and different aperture dimensions will also be
used, as shown in Fig. 1�b�. The thickness of the thin film is
selected as T=20 nm. The operating wavelength is selected
as �=550 nm, which corresponds to the resonance wave-
length of the aperture geometry. The dielectric constants of
gold at �=550 nm is chosen as �gold=−7.1113+j1.9342.21 A
plane wave with an amplitude of 1 V/m is utilized as the
incident optical field intensity. This represents an optical
field with a uniform intensity over the entire structure.

Figures 2�a� and 2�d� illustrate the intensity distribution
for the aperture when it is illuminated with a diffraction lim-
ited circularly and elliptically polarized light. The intensity
distribution is illustrated at z=20 nm. This plane is located
at a distance of 10 nm below the bottom surface of the ap-
erture, therefore, it represents a typical intensity distribution
on the sample plane.

To obtain circular polarization within the localized opti-
cal spot, two requirements need to be met: a phase difference
��=90° and a unit amplitude ratio Ey /Ex in the vicinity of
the aperture. Due to the symmetry of the geometry ��
=90° is obtained in the gap region of the aperture as shown
in Fig. 2�b�. To obtain a circularly polarized optical spot, the

90° phase difference requirement needs to be satisfied around
the gap region. As shown in Fig. 2�c�, the relative amplitude
of the horizontal and vertical field is the same within the
optical spot due to the symmetry of the geometry. Therefore,
the unit amplitude ratio requirement is also satisfied within
the optical spot. The results in Figs. 2�a�–2�c� indicate that a
circularly polarized optical spot is obtained around the aper-
ture. To obtain elliptical polarization a nonzero phase differ-
ence is sufficient. As seen in Fig. 2�e�, a nonzero phase dif-
ference is obtained around the aperture. The sense of circular
and elliptical polarizations is left-handed, since the field
propagates in the positive z-direction. Figure 3 illustrates the
intensity distribution as a function of distance from the ap-
erture. The results in Fig. 3 suggest that the attenuation
length through the nanohole is about 16 nm.

Local surface plasmons �LSP� play an important role in
obtaining intense optical spots with circular and elliptical
polarization, as shown in Fig. 2. As an example, circularly
polarized radiation can be considered. It can be decomposed
into a horizontal and vertical component of equal amplitude
with a 90° phase difference. Each of these components inter-
acts with the aperture on the gold thin film and excite the
LSP. Since the incident beam is composed of horizontal and
vertical components with equal amplitude, the LSP in the
horizontal and vertical directions also have equal amplitude
and a 90° phase difference, which causes the resulting optical
spot to be circularly polarized.

In the second part, a rectangular aperture with dimen-
sions Gh and Gv is utilized to convert diffraction limited
linear polarization into an optical spot with circular or ellip-
tical polarization beyond the diffraction limit. A parameter
that plays a key role in this conversion is the polarization
angle �pol of the incident linearly polarized radiation, which
is used to adjust the relative amplitude of the horizontal and
vertical field components.

The effect of Gh−Gv on �� and Ey /Ex is illustrated in
Fig. 4. The rectangular aperture is illuminated with a linearly
polarized incident field with �pol=45°. In Fig. 4, �� and
Ey /Ex are plotted as a function of Gv at the point x=0,
y=0, and z=20 nm. In Fig. 4�a� a phase difference,
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FIG. 3. Intensity distribution as a function of distance from the aperture.
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FIG. 4. �Color online� Effect of various Gv values on �a� ���� and �Ey� / �Ex�,
�b� �E�2 for Gh=20 nm, and T=20 nm.
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FIG. 5. �Color online� �a� �E�2, �b� ����, and �c� �Ey� / �Ex� for �pol=45°,
Gh=20 nm, and Gv=60.5 nm.
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FIG. 2. �Color online� Intensity, phase difference, and intensity ratio distri-
butions for nanoapertures at z=20 nm. First and second rows are for circu-
larly and elliptically polarized illuminations, respectively. ��a� and �d�� �E�2,
��b� and �e�� ����, and ��c� and �f�� �Ey� / �Ex�. The projection of the aperture
boundaries �thin white contour� is also illustrated.
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���0, is obtained by creating an asymmetry between
Gh and Gv. At Gv=60.5 nm we obtain E=2.37 V /m,
��=1.57 radians, and Ey /Ex=0.4, which indicates an ellip-
tically polarized optical spot. As Gv decreases to 20 nm, ��
decreases to 0 rad, since the aperture becomes symmetric and
the phase difference due to Gh−Gv vanishes, resulting in a
linearly polarized beam. The results suggest that an ellipti-
cally polarized near-field radiation is obtained for Gv values
between 20 and 60.5 nm. When Gv is exactly 20 nm, the
localized radiation becomes linearly polarized. In Fig. 5, �E�2,
��, and Ey /Ex are plotted on the z=20 cut-plane for
Gh=20 nm and Gv=60.5 nm. As shown in Fig. 5�b�, the ��
value of 1.57 rad is achieved at Gv=60.5 nm.

To achieve a circularly polarized optical spot, a ��
value of 1.57 rad is not sufficient. In addition, Ey /Ex should
be unity. To reach circular polarization, Ey /Ex needs to be
further increased. As shown in Fig. 6, Ey /Ex is increased
from 0.4 to 1 by changing �pol of the incident linear radiation
from 45° to 68°. As shown in Fig. 6, as �pol is increased to
68°, �� keeps constant around 1.57 rad, while E decreases
to 1.64 V/m. Localized near-field radiation is achieved as
shown in Fig. 7�a�. Localization of �� and Ey /Ex is shown
in Figs. 7�b� and 7�c�. Around the optical spot, �� and Ey /Ex
are 1.57 rad and 1, respectively. Therefore, a left-handed
circularly polarized optical spot is obtained in Fig. 7.

LSP play an important role in obtaining intense optical
spots and converting linearly polarized diffraction limited ra-
diation into a circularly polarized spot beyond the diffraction
limit. The desired phase difference and amplitude ratio in
Fig. 7 is a result of �i� the significantly shorter wavelength of
the LSP as compared to the wavelength of the incident pho-

tons and �ii� an asymmetric aperture. By creating an asym-
metry in the aperture shape, an optical path difference is
created between LSP in the horizontal and vertical directions,
which is tuned to obtain a 90° phase difference. The ampli-
tude ratio is tuned using �pol in Fig. 7.

In summary, circularly and elliptically polarized optical
spots beyond the diffraction limit are achieved via subwave-
length apertures. It was demonstrated that a square nanoap-
erture can mediate diffraction limited circularly or ellipti-
cally polarized radiation into a circularly or elliptically
polarized optical spot well beyond the diffraction limit, re-
spectively. It was also shown that a phase difference can be
obtained between field components by utilizing a rectangular
nanoaperture. Linearly polarized diffraction limited radiation
was converted into a circularly or elliptically polarized opti-
cal spot well-beyond the diffraction limit using a rectangular
aperture.
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FIG. 6. �Color online� Effect of various �pol values on �a� ���� and �Ey� / �Ex�
and �b� �E�2 for Gh=20 nm, Gv=60.5 nm, and T=20 nm.
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FIG. 7. �Color online� �a� �E�2, �b� ����, and �c� �Ey� / �Ex� for �pol=68°,
Gh=20 nm, and Gv=60.5 nm.
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