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Strong directional selectivity is theoretically predicted and experimentally validated at the
microwave frequencies in the beaming regime for a single subwavelength slit in nonsymmetric
metallic gratings with double-side corrugations. The operation regime can be realized at a fixed
angle of incidence when the surface-plasmon assisted transmission is significant within a narrow
range of observation angles, if illuminating one of the grating interfaces, and tends to vanish for all
observation angles, if illuminating the opposite interface. The studied effect is connected with
asymmetry 共nonreciprocity兲 in the beaming that occurs if the surface plasmon properties are
substantially different for the two interfaces being well isolated from each other. © 2011 American
Institute of Physics. 关doi:10.1063/1.3552675兴
The electromagnetic response of subwavelength apertures has been a subject of extensive study since that time
when Bethe showed that the diffraction patterns for smooth
perfect conducting metallic screens with subwavelength
holes are isotropic in the special case of unpolarized incident
light.1 On the other hand, optical properties of metallic surfaces can be explained in terms of surface plasmons, which
represent, in fact, collective longitudinal electron oscillations. Since the wave vector of the incident light is smaller
than that of a surface plasmon mode, light incident from free
space cannot couple to the surface plasmon modes at smooth
metallic surfaces.2 Surface-plasmon originated extraordinary
transmission has been in focus of interest starting from the
pioneering work of Ebbesen et al.3 In particular, it was theoretically demonstrated that surface plasmon like modes are
achievable even in the perfect conductor limit whatever are
the size and frequency range, if the surface is patterned with
subwavelength holes.4 Hibbins et al. experimentally studied
such modes in near-perfect conductors with holes in the microwave regime.5
It was shown that the transmitted beam can be enhanced
by means of periodic corrugations placed at one or both
interfaces.6 Introducing a grating at the illumination 共input兲
interface provides the coupling of a free-space electromagnetic wave to the surface plasmon modes, due to which
transmission through the subwavelength apertures can be
enhanced.6–8 As well as the transmission enhancement,
beaming and localization of transmitted beam to a spatial
region can be obtained owing to placing a properly designed
grating at the output interface.7,9–11 Furthermore, it was
shown that steering and tuning the direction of the transmitted beam are possible by placing corrugations at the output
interface asymmetrically with respect to the slit axis.12–14
Strong asymmetry 共nonreciprocity兲 in reflection has been
considered in detail for nonsymmetric structures that reprea兲
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sent a subwavelength hole array in a metallic film deposited
on a dielectric substrate.15,16 It appears due to changing illumination side, while the conditions of excitation of surface
plasmons at two interfaces are different.
Recently, surface-plasmon originated unidirectional
transmission has been theoretically studied for the gratings
with a single slit, which are nonsymmetric due to that they
have double-side corrugations with different periods at the
front and back sides.17 In fact, this mechanism exploits the
effect of isolation, which manifests itself in such structures
in that the transmission process can be separated into three
relatively independent steps, i.e., coupling in, transmission
through the hole, and coupling out.18 In particular, this means
that since the surface plasmon appearance depends on corrugation parameters, the exit interface is mainly responsible
for the beaming into the exit half-space, while the input interface might just slightly affect the field topology. This may
lead to strong asymmetry in diffraction patterns and angledependent transmission spectra for two opposite illumination
directions. In turn, the surface plasmons excited at the input
interface are expected to be mainly responsible for the
strength of extraordinary transmission, so that this effect can
also be asymmetric. At the same time, the transmission
mechanism studied in Ref. 17 can be interpreted as an extension of that suggested earlier for the gratings based on the
two-dimensional photonic crystals19 and gratings containing
solid metallic or wire slabs with the effective index of refraction 0 ⬍ n ⬍ 1.20 However, for the mechanism in Ref. 17,
surface plasmons are necessary, rather than specific dispersion features of the waves propagating in the structure/
material, on which the unidirectional gratings in Refs. 19 and
20 are based.
In this letter, we theoretically and experimentally study
directional selectivity, which appears at microwave frequencies in transmission through the subwavelength slit in the
metallic slab with the corrugated interfaces at fixed angle of
incidence, . Based on the comparison of several theoretical
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FIG. 1. Schematic of the metallic 共aluminum兲 gratings. Slit width is 2 mm,
slit length between the interfaces is 8 mm, and groove depth is 4 mm.
Grating periods of the back and front sides are denoted by a and b,
respectively.

grating performances, the role of the grating nonsymmetry in
achieving unidirectional transmission is demonstrated, and
the performances, which are particularly appropriate for the
purposes of experimental investigation, are selected. We restrict our consideration to the gratings with double-side corrugations, where surface plasmons might appear on the both
sides.
Figure 1 shows the geometry of gratings, which are assumed to be made of aluminum 共Al兲, with a subwavelength
slit at the center. Three samples were chosen to be in focus of
our study, based on the comparison of several similar structures. Further, we refer to them as samples A–C. Grating
periods of the front-side and back-side interfaces are different for the all three samples. However, they are kept symmetric with respect to the slit axis. For sample A, we assume
that a = 26 mm and b = 16 mm. For sample B, a = 22 mm
and b = 16 mm. Finally, for sample C, we set a = 22 mm and
b = 14 mm. The structures are illuminated with a TMpolarized plane wave 共magnetic field vector is parallel to the
slit兲.
Before performing microwave experiment, we compare
simulation results obtained by using finite-difference time
domain technique for samples A–C. The transmission calculated 50 cm away from the center of the slit is presented in
Fig. 2, for the observation angle ⌽ = 0 that is associated with
the direction which is perpendicular to the grating. The incident Gaussian beam has been assumed to be 9 cm wide. The
value of  was chosen so that the angle-dependent resonance
frequencies differ substantially, depending on which side is
illuminated. The chosen value of ⌽ 共nearly兲 corresponds to
the angle where strong beaming can appear. For sample A,
the strongest transmission is observed at f = 9.8 GHz in the
case of the front-side illumination and at f = 15.7 GHz in the
case of the back-side illumination. In turn, transmission is
substantially weaker at f = 9.8 GHz in the case of the back-

FIG. 2. 共Color online兲 Calculated transmission for samples A–C at  = 30°.
Illumination side is specified in brackets.

FIG. 3. 共Color online兲 Experimental and simulated transmission results for
sample A at  = 30°.

side illumination and near f = 15.7 GHz in the case of the
front-side illumination. In the last two cases, transmission is
weak for all ⌽. Hence, strong directional selectivity occurs
in the vicinity of these two peculiar frequencies. Similar features are observed for samples B and C. The maximal transmittance is obtained for these samples at the front-side illumination in the vicinity of f = 11 GHz, while they show a
smaller period a than sample A. The maxima locations and
transmittance values observed in this case can be considered
as confirmation of the dominant role of the exit interface for
the beaming. The same remains true concerning those for
samples A and B in the vicinity of f = 15.7 GHz, at the backside illumination. From the obtained results, the role of nonsymmetry of the grating 共a ⫽ b兲 as a necessary condition of
unidirectional transmission is clearly seen.
Figure 3 compares the results of experiments and simulations for sample A at ⌽ = 0. The experimental results are
obtained by sending an incident beam, whose source 共a horn
antenna兲 is 20 cm away from the input interface, and measuring transmission 50 cm away from the output interface.
Measurements were carried out in the frequency range from
8 to 18 GHz by using two standard horn antennas and an HP
8510C network analyzer. The main attention has been paid to
the detection of cases when transmission strongly depends
on the illumination direction at fixed . In Fig. 3, good coincidence between the simulation and experimental results is
observed.
In order to validate that unidirectional transmission appears in the beaming regime, we investigated details of the
angular dependence of transmission near the frequencies, at
which the maxima are observed in Figs. 2 and 3. In Fig. 4,
the calculated and measured ⌽-dependences of transmission
are presented for sample A. The coincidence is good, while
the unidirectional transmission is strongly pronounced. The
half-power bandwidth in the angle domain is nearly equal to
9° at the front-side illumination.
Finally, the experimental and simulation results are presented in Fig. 5 for sample B at f = 11.2 GHz and  = 0.
Again, the coincidence is quite good. For the front-side illumination, the beaming is observed with the transmission
maximum at ⌽ = 0. However, when the structure is illuminated from the back side, no beaming is observed while
transmission remains significant. Despite this, rather strong

051103-3

Appl. Phys. Lett. 98, 051103 共2011兲

Cakmakyapan et al.

FIG. 4. 共Color online兲 Experimental and simulated angular distributions of
transmission at f = 9.8 GHz for sample A at  = 30°. Positive angles represent the right-hand side of the structure, while negative angles represent the
left-hand side of the structure.

directional selectivity occurs within a limited range of observation angles. At 20° ⬍ 兩⌽兩 ⬍ 30°, transmission is significant
at the back-side illumination but relatively weak at the frontside illumination. At the same time, there is no feature of
one-way transmission in the vicinity of ⌽ = 0.
The obtained results promise that a diodelike device can
be designed after a proper optimization, opening a route to a
new class of unidirectional devices which operate in the
beaming regime. It is noteworthy that more various regimes
of strong unidirectional transmission can be obtained in the
gratings based on the advanced structures like three-

FIG. 5. 共Color online兲 Experimental and simulated angular distributions of
transmission at f = 11.2 GHz for sample B at  = 0.

dimensional photonic crystals21 and photonic crystals with
defects.22 In turn, advanced performances of the studied
structures are possible, based on the analogy with the mentioned photonic crystals. A smaller structure thickness D than
in Refs. 19 and 20 is sufficient in our gratings for obtaining
a well pronounced unidirectional transmission at fixed . For
samples A–C, D = 16 mm, and D /  = 0.52, where the freespace wavelength  corresponds to f = 9.8 GHz.
To summarize, we validated the unidirectional beaming
that appears at a single subwavelength slit in nonsymmetric
metallic gratings at microwave frequencies. The role of nonsymmetry of the grating and, hence, of the surface plasmons
at the input and exit interfaces in the appearance of the
strong directional selectivity was studied theoretically and
experimentally. The obtained results demonstrated how the
exit interface affects transmission spectra and spatial features
of the outgoing waves.
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