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We report a circular metallic aperture with a subwavelength circular slit in the microwave regime,
in which we experimentally demonstrate that this aperture can excite and focus surface plasmons.
Under normal illumination, there is no focusing of the surface plasmons. However, by changing the
incident angle, it is possible to focus surface plasmons. We showed that under a 20° illumination
angle surface plasmons focus at 4 cm away from the center on the surface of the aperture. © 2008
American Institute of Physics. �DOI: 10.1063/1.2844552�

INTRODUCTION

Surface plasmons �SPs� or surface waves are waves that
propagate along the surface of a conductor.1 The electromag-
netic field of the light interacts with the free electrons of the
conductor surface and leads to the collective excitation of the
electrons at the surface of a conductor in the longitudinal
direction. This resonant collective surface charge oscillation
constitutes the SPs. In the directions perpendicular to the
interface, the SP intensity decays very fast in both neighbor-
ing media, whereas the SPs can propagate to large distances
along the interface.

The increased interest in SPs stems from the recent ad-
vances that have enabled the manipulation of light on sub-
wavelength scales and new possible applications such as
highly integrated optical devices and circuits for high-speed
communication technologies. Some of these elements have
already been investigated such as plasmonic waveguides,
mirrors, modulators, and switches based on the unique prop-
erties of SPs.2–4

In 1998, Ebbesen et al. experimentally demonstrated that
an extraordinary transmission of light could be obtained
through subwavelength hole arrays in metallic films.5 Their
results have stimulated new research dedicated to the subject
of enhanced transmission through periodic grating structures
and enhanced transmission phenomena investigated from the
optical to microwave regime.6–11 However, in all of these
works, the role of SPs to achieve enhanced transmission ef-
fect was under investigation. On the other hand, there is not
much work related to the focusing of SPs. Recently, Liu et
al. showed that it is possible to focus surface plasmons and
tune the focus of a plasmonic lens by changing the angle of
the incident wave in the optical regime.12 Moreover, another
group showed subwavelength focusing and the guiding of
surface plasmons using a focusing array and
nanowaveguide.13 However, to our knowledge, the focusing
of SPs has not been investigated in the microwave regime. In
this paper, we investigate a circular metallic aperture with a

subwavelength circular slit in the microwave regime and ex-
perimentally demonstrate that this aperture can excite and
focus SPs.

EXPERIMENT AND ANALYSIS

In our experiments, we used a metallic �Al� aperture
with a circular slit at r=5 cm. The width of the slit is
0.25 cm and the thickness of the sample is 1 cm. The experi-
mental setup consisted of an HP8510C network analyzer and
a standard gain horn antenna to illuminate the electromag-
netic waves between 8 and 12 GHz. We used a monopole
antenna to measure the field on the surface of the aperture.
The monopole antenna is obtained by removing 0.5 cm of
the cladding from a coaxial cable and leaving the metal part.

Figure 1 shows the measured field on the surface of the
aperture under normal illumination. The measured electric
field intensity at 10.5 GHz over a region of a 12�12 cm2

area on the output side of the aperture is measured with a
monopole antenna with a resolution of 0.1 cm. Under normal
illumination, the SPs guided through the center of the circu-
lar aperture but there is not focusing of SPs at a point. Figure
2�a� shows the simulation results of the metallic circular slit
under normal illumination. We performed the theoretical
simulations using commercial simulation software called CST

MICROWAVE STUDIO. This program solves Maxwell equations
in three dimensions with finite difference time domain
�FDTD� method. As can be seen in Fig. 2�b�, the experimen-
tal results are in good agreement with the FDTD calcula-
tions.

However, if the incident angle differs from the norm,
one can obtain the focusing of SPs at a point. In order to
investigate the focusing of SPs at a point via changing the
incident angle, we inclined the incident radiation 20° and
measured the field amplitude on the surface of the aperture at
10.5 GHz. Figure 3 shows the measured field intensity under
a 20° illumination angle. The measured electric field inten-
sity at 10.5 GHz over a region of a 12�12 cm2 area on the
output side of the aperture is measured with a monopole
antenna with a resolution of 0.1 cm. The focusing of the
surface waves can be clearly seen. The cross section alonga�Electronic mail: caglayan@fen.bilkent.edu.tr.
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FIG. 1. �Color online� Measured elec-
tric field amplitude under normal illu-
mination of metallic circular slit at
10.5 GHz. The measured electric field
intensity over a region of a 12
�12 cm2 area on the output side of
the aperture is measured with a mono-
pole antenna with a resolution of
0.1 cm.

FIG. 2. �Color online� �a� Calculated
electric field amplitude under normal
illumination of metallic circular slit.
�b� Comparison of the measured and
calculated normalized intensity on the
line shown in Fig. 2�a�.

FIG. 3. �Color online� Measured elec-
tric field amplitude under a 20° in-
clined illumination of metallic circular
slit at 10.5 GHz. The measured elec-
tric field intensity over a region of a
12�12 cm2 area on the output side of
the aperture is measured with a mono-
pole antenna with a resolution of
0.1 cm.

FIG. 4. �Color online� Measured field intensity along the focusing point
under a 20° inclined illumination. The focusing point is approximately 4 cm
away from the center for a 20° illumination angle.

FIG. 5. Sketch of a metallic circular slit under normal and inclined illumi-
nation. Metallic �Al� apertures have a circular slit at r=5 cm. The width of
the slit is 0.25 cm and the thickness of the sample is 1 cm.
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the focusing point is illustrated in Fig. 4. The focusing point
is approximately 4 cm away from the center for a 20° illu-
mination angle.

When electromagnetic waves are incident on a slit, most
of the incoming waves are diffracted if the slit width is
smaller than half of the wavelength of the incident waves.
Because of this diffraction, the wave vector of these waves k
change by �k and in turn excite surface waves. These sur-
face waves are guided through the normal of the slit. In the
case of a circular slit, the waves are guided through the cen-
ter of the circle in the normal illumination. When the inci-
dent angle differs from the norm, the change in the magni-
tude of the wave vectors influences the focusing of surface
waves at a point �Fig. 5�.

CONCLUSION

In conclusion, we presented the measured and calculated
results of the field intensities on the surface of a metallic
aperture under normal and inclined illumination. Our results
show that under normal illumination there is no focusing of
the SPs. However, by changing the incident angle, it is in
fact possible to focus SPs. We showed that under a 20° illu-
mination angle, SPs focus at 4 cm away from the center on
the surface of the aperture. The focusing of SPs can be used
in many applications such as SP biosensors.
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