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Christopher R. Lawrence
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The surface plasmon modes supported by a nondiffracting 90° bigrating consisting of three grooves
per repeat period with one slightly shallower than the other two are characterized by studying the
reflectivity from the structure as a function of the angle of incidence and the incident wavelength
(11.3,l0,16.7 mm). This structure supports two remarkably angle-independent modes plus a
further, lower-energy mode which is more dispersive. Experimental reflectivity is compared with
that calculated using a finite element model. In addition, to understand the character of each of the
modes, the spatial form of the electromagnetic fields at the resonant frequencies are explored.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1593229#

Since the initial observations of Wood,1 the propagation
of surface plasmons~SP! at a planar metal-dielectric inter-
face has been extensively studied and is well understood.2 In
addition, there exists a substantial body of work concerning
the use of periodic surface profiles to couple radiation to SP
resonances.3 A recent examination into the use of multiperi-
odic grating profiles to give both resonant modes and to al-
low simultaneous control of coupling strength has generated
much interest. Theoretical work4 has shown that it is possible
to couple to flatbanded SP branches which normally exist
beyond the light cone by convolving an originally sinusoidal
profile with a shallower oscillation of longer pitch. Introduc-
tion of this secondary pitch results in successivekg scatter-
ings that effectively fold a section of the SP dispersion curve
back within the light cone thereby permitting radiative cou-
pling. This coupling has been observed5 using a dual pitch
square wave metallic grating in the microwave regime. Here
we present the bigrating as an extension to this work, with
the addition of a second identical profile running at 90° to
the original. Such a bigrating has the potential to act as a
polarization independent selective absorber.6,7

The grating profile of two deep~2.24 mm! and one
slightly shallower ~1.94 mm! evenly spaced rectangular
grooves per repeat period~producing to first order a deep
grating profile oflg/3 convolved with a shallower grating of
periodlg57.2 mm) were milled in orthogonal directions on
an aluminum alloy plate of dimensions 1035003500 mm.
The angle of incidenceu and the azimuthal anglef are
shown in Fig. 1 withf50° when one of the symmetry
planes coincides with the plane of incidence~classical
mount!. Resonant modes may be observed as minima in the
angle-dependant reflectivity with the resonance width being
dependent upon the loss channels available. The grating un-
der study does not support propagating diffracted orders over
the selected frequency range due to the subwavelength peri-
odicity of the grating. Hence to readily observe the resonant

modes in reflectivity the grating grooves are filled with pe-
troleum wax, which is slightly absorbing8 at these frequen-
cies. A collimated beam of microwave radiation9

(18.0, f 0,26.5 GHz with a resolution of
0.02 GHz! is directed onto the sample, which is mounted
upon a rotating turntable, providing data for 0°<f<360° at
fixed values ofu. The signal is normalized to the reflectivity
of a flat plate of the same material and surface plane dimen-
sions as the substrate. Both the source antenna and detector
may be set to pass eitherp-polarized~transverse magnetic!
or s-polarized~transverse electric! radiation allowing reflec-
tivity measurements ofRpp, Rps, Rsp, and Rss ~the sub-
scripts refer to the source and detector polarizations, respec-
tively!.

Figure 2 shows thep-polarized frequency-dependent re-
flectivity data obtained foru552°. The modeled response of
the structure is obtained using a finite element code.10 Good
agreement is obtained between the theoretical model and the
data even though the model assumes a perfect plane wave
~the experimental incident angle spread is approximately

a!Electronic mail: m.j.lockyear@exeter.ac.uk
FIG. 1. The unit cell and coordinate system illustrating the polar angleu,
azimuth anglef, and the plane of incidence.
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1°)9 and treats the sample as infinite in the surface plane.
The grating in this instance is presented in the classical
mount so by symmetry nop–s conversion may occur.11 For
the higher frequency mode, up to 95% of the incident power
is absorbed by the wax, with the resonance half width being
0.56 GHz, while the lower frequency mode is less well
coupled. This difference in depth may be partially attributed
to the probability of coupling to the respective modes. A
Fourier series of the form

A~x!5a1 sin~kgx1F1!1a2 sin~2kgx1F2!

1.........1aN sin~Nkgx1FN! ~1!

may be used to describe the grating where the amplitude
coefficients (aN) determine the probability of each of the
Nkg diffraction events, and hence, control the coupling
strength to each of the modes. However, for a dual pitch
square wave profile with a repeat period of three grooves, the
dominant terms are multiples of theN53 term.4,5 Thus the
3kg scattering process has a Fourier amplitude coefficient
which is much greater than that of thekg component intro-
duced by the long period shallower grating. Hence, the prob-
ability of coupling to the higher frequency mode associated
with a single 3kg scattering event is greater than the prob-
ability of coupling to the lower frequency mode, which re-
quires a multiscattering event.

Figure 3 shows the dispersion of the modes in the clas-
sical mount. The frequency of each resonant mode was ob-
tained for six values ofu in the range 12°,u,78° and
plotted against in-plane momentumkx . The higher fre-
quency mode is remarkably non-dispersive, while the fre-
quency of the lower mode reduces askx increases. Evalua-
tion of the field profiles on resonance demonstrates the 21
GHz mode to be a strongly localized mode associated with
standing waves in the shallower grooves of the grating pro-
file, while the 19 GHz mode is less localized in nature.

Figure 4 shows~a! p-polarized and~b! s-polarized ex-
perimental reflectivity data as a function of both frequency
and azimuth atu552°. The nondispersive mode and disper-
sive lower frequency mode are clearly symmetric in charac-
ter aboutf545°. It is apparent that unlike the monograting
results5 which showed the modes supported by the dual pe-
riod monograting to be non dispersive withu only, the fre-
quency and depth of the localized mode are now almost en-

tirely independent ofu, f, and polarization. This effect is due
to the extra dimensionality that the bigrating possesses over
the monograting. Asf increases, the projection of the inci-
dent wave vector in the direction of the grating wave vector
decreases, and hence, the frequency of the lower mode in-
creases to satisfy the momentum conservation criteria. The
fourfold symmetry of the bigrating results in the frequency

FIG. 2. p-polarized experimental and modelled frequency-dependent reflec-
tivity data obtained foru552°.

FIG. 3. The theoretical and experimental dispersion curves of the modes
supported by the structure when presented in the classical mount. The ver-
tical line represents the Brillouin zone boundary.

FIG. 4. ~a! p-polarized and~b! s-polarized reflectivity data~experimental!
as a function of both frequency and azimuth angle at a fixed polar angle of
52°. Light regions correspond to strong reflection while dark regions corre-
spond to absorption.
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of the lower mode becoming degenerate at the symmetry
anglef545°. Beyond 45°, coupling to the mode associated
with the second orthogonal grating strengthens and further
rotation of the sample results in a reduction off as measured
with respect to the second grating wave vector, and a con-
sequent reduction in frequency. Coupling atf590° is
therefore entirely associated with the second orthogonal
corrugation.

From comparison of Figs. 4~a! and 4~b!, the nondisper-
sive but less well coupled 22.25 GHz mode has its strongest
coupling at 45° forp-polarized incident radiation and at 0°
for the s-polarized case. This mode is associated with~1,1!
scattering. Coupling to the lower more dispersive mode is a
maximum forp-polarized radiation at 0° and reduces asf is
increased up to 45°. Fors-polarized radiation the maximum
coupling strength to the lower mode is centred atf545°.
However, coupling to the nondispersive deep mode is pos-
sible for bothp ands polarizations at allf. To help under-
stand the different coupling characteristics of the two~1,0!
modes, the nature of the electromagnetic fields at each of the
resonant frequencies are explored.

Figures 5~a! and 5~b! show the electric vector of the
electromagnetic field~arrows! at the resonant frequency of
the 21 and 19 GHz modes, respectively, evaluated over a
plane that cuts through the grating cavities at 1/3 the depth of
the deep grooves. Also shown are the relative field magni-
tudes. Grooves1 and A are the slightly shallower grooves.
Radiation is incident in thex–y plane at an angle of 52° to
the normal and isp polarized. The regions of high field occur

within the cavities running parallel to thez direction. Evalu-
ation of the electric vector for the 21 GHz mode over 360° of
phase shows the oscillating nature of the fields pertaining to
groovesA and B to be antisymmetric while the field in
grooveC leads that ofB by 90°. The field magnitude shows
that the high field is confined to a region of the shallow
groove (A) bounded by two deep grooves. As a result, cou-
pling to the nondispersive mode is dependent predominantly
on field oscillation in the shallow grooves only. Thus, this
nondispersive mode may be excited by eitherp- or
s-polarized radiation for values ofu up to and including
normal incidence.

The fields of the more dispersive 19 GHz mode are seen
from Fig. 5~b! to be associated with the two deeper grooves
(B,C). Field magnitudes in these two regions are compa-
rable, and the charge density oscillation is close to being in
antiphase. For thep-polarized case at finiteu the incident
plane wave is able to excite an antiphase oscillation atf
50° due to the phase reversal of the incident electric vector
providing a component of electric field in the1x and 2x
directions in the vicinity of adjacent grooves simultaneously.
However, in thes-polarized case the phase reversal of the
incident electric vector occurs in thez direction, perpendicu-
lar to the direction of mode propagation and thus atf50° it
may not excite this mode.

In summary a reflectivity study of a dual pitch nondif-
fracting metal bigrating in the microwave regime is pre-
sented. The dual periodicity and fourfold symmetry of the
bigrating results in a structure which not only supports a
remarkably nondispersive SP mode that is largely indepen-
dent of u, but unlike previous dual period gratings is inde-
pendent of both azimuth angle and polarization of the inci-
dent beam. This mode is shown to be an extremely efficient
absorber of incident radiation at frequencies which may be
tuned by the physical parameters of the grating, clearly dem-
onstrating the potential of selectively absorbing designer sur-
faces. Coupling to a further flatbanded mode associated with
~1,1! scattering is also noted. Experimental data show excel-
lent agreement with model predictions.
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FIG. 5. The modeled electric vector~arrows! of the scattered field at the
resonant frequency of~a! the 21 GHz mode and~b! the 19 GHz mode. Also
shown are the relative field enhancements which range from dark gray58 to
white515, averaged over 360° of phase.

808 Appl. Phys. Lett., Vol. 83, No. 4, 28 July 2003 Lockyear et al.

Downloaded 17 Apr 2008 to 144.173.6.75. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


