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Coupling of near-grazing microwave photons to surface plasmon polaritons
via a dielectric grating

A. P. Hibbins and J. R. Sambles
Thin Film Photonics Group, School of Physics, University of Exeter, Exeter EX4 4QL, United Kingdom

C. R. Lawrence
Defence Evaluation and Research Agency, Farnborough GU14 0LX, United Kingdom

~Received 8 November 1999!

A dielectric grating on top of a planar metal substrate is shown to couple near-grazing microwave photons
to surface plasmon polaritons~SPPs!. It is shown that when the grating grooves are oriented such that they are
parallel to the plane of incidence (w590°), coupling to SPPs withboth s- andp-polarized photons is possible
at threedifferentenergies. It is demonstrated that one mode is coupled viap-polarized radiation and the other
two modes are both coupled vias-polarized radiation. A multilayer, multishape differential grating theory
allows the identities of each of the modes to be confirmed by modeling the electromagnetic fields above the
metal substrate. In addition, a comparison between the experimentally derived reflectivity scans and the
theoretical model is made.

PACS number~s!: 42.79.Dj, 52.25.Sw, 52.70.Gw, 42.25.Fx
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I. INTRODUCTION

The electromagnetic response of periodically corruga
surfaces has been the subject of scientific study over the
one hundred years. In particular, the series of ‘‘anomalie
@1#, which take the form of sharp changes in the reflec
intensity ofp-polarized~transverse magnetic, TM! radiation
from a metallic grating when the direction of the grooves
parallel to the plane of incidence, have stimulated much
terest. They are associated with the now well-underst
surface plasmon polariton~SPP! and comprise a coupling o
the incident electromagnetic field to the oscillation of t
surface charge density at a metal-dielectric interface.
SPP is strongly confined at the interface and this result
the dispersion of the mode being extremely sensitive to
boundary along which it propagates. This sensitivity may
exploited through suitable reflectivity measurements to
termine the profile of the grating or the complex permittiv
ties of the media surrounding it@2#.

The SPP that propagates along a planar boundary
single-interface system is characterized by a phase velo
greater than that of the incident light, and hence the m
may neither radiate nor be directly coupled. In order to re
nantly excite this mode, the in-plane momentum of the
diation must be suitably enhanced. This may be achieved
using a coupling prism in the Otto@3# or Kretschmann-
Raether@4# geometry, or alternatively surface roughness m
be employed. A controlled version of the latter is a sin
soidal diffraction grating where the periodically corrugat
interface provides the necessary in-plane wave vector
hancement in integer multiples of the grating wave vec
kg @kg5(2p/lgx̂)#. Herelg is the grating pitch andx̂ is the
unit direction vector along the grating surface perpendicu
to the direction of the grooves. Hence we may resona
excite the SPP when its wave vectorkSPPsatisfies

kSPP5ndk0 sinu6Nkg , ~1!
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whereN is an integer,nd5«d
1/2 is the refractive index of the

dielectric, andl052p/k0 is the vacuum wavelength of th
incident radiation.

Many previous workers have investigated the dispers
of the SPP that propagates along a corrugated me
dielectric boundary at visible@5,6#, infrared @7#, and micro-
wave@8# wavelengths. It has generally been considered p
sible to couple only incidents-polarized~TE! radiation to the
SPP when the grating grooves are oriented such that they
parallel to the plane of incidence (w590°). However, recent
work @9# has shown that for sufficiently deep grooves co
pling is also possible with incidentp-polarized~TM! radia-
tion. Here, another mechanism for couplingp-polarized ra-
diation to the SPP when the grating grooves are oriente
this way is established. A two-interface geometry is utilize
where the corrugated boundary, which provides the coup
mechanism to the SPP, is separated from the planar
along which the mode propagates. A similar geometry
pears to have been first used by Mu¨ller et al. @10# who suc-
cessfully coupled visible~632.8 nm! radiation to the SPP
mode. Their sample consisted of an evaporated silver s
strate, overcoated with a 5 nm layer of gold and a photore
layer containing an interferographically produced gratin
Other recent studies involving dielectric grating samples
clude that of Salakhutdinovet al. @11#. They provided a the-
oretical and experimental study of a metal-dielectric grat
that shows increased diffraction efficiency over a conv
tional metallic grating due to the excitation of ‘‘leaky’
guided modes in the dielectric layer. In addition, Sesha
@12# has theoretically investigated the reflection of radiati
from a dielectric grating sample with a metallic substrate a
function of the angle of incidence. On excitation of SPPs a
guided modes in the dielectric film, peaks were observed
the calculated absorption spectra, and it was shown that
angular response of the experimentally determined reflec
coefficient may be used to obtain estimates of the aver
thickness of the film and amplitude of the grating.
5900 ©2000 The American Physical Society
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PRE 61 5901COUPLING OF NEAR-GRAZING MICROWAVE PHOTONS . . .
The experiments undertaken here are carried out a
function of wavelength and azimuthal angle of incidence~w!.
Defining w as the angle between the plane of incidence
the x axis, Eq.~1! generalizes to

kSPP
2 5«d

effk0
2 sin2 u1N2kg

262~«d
eff!1/2Nkgk0 sinu cosw,

~2!

where«d
eff(t) is an effective complex permittivity of the di

electric that is dependent on the thickness of the overla
(«d

eff→«d as t→`!. Notice that all the surface vectors a
collinear whenw50°.

In previous studies@8,13#, it has been shown that one ma
couple incident microwave radiation into a SPP~TM0 mode!
propagating along a metal-dielectric interface by using a
fraction grating of suitable pitch. If this grating profile
formed in the metal substrate then the width of the obser
resonances will depend only on the radiative decay of
mode and hence the amplitude of the grating@14,15#. This is
because no energy may be dissipated into the substrate
metals behave as near-perfect conductors at microwave
quencies. However, it has been shown@13# that it is also
possible to couple radiation into the SPP by depositin
corrugated wax overlayer on top of a planar metal substr
The grating again provides the mechanism for radiative
cay, but as the wax is slightly absorbing the SPP may a
decay via loss into the wax. In this situation, both damp
terms will contribute to the width of the surface plasm
resonance. In addition, if the grating grooves are neither
allel nor perpendicular to the plane of incidencew
Þ0°,90°), then the polarization of the reradiated signal w
be different from that of the incident beam and a polarizat
conversion@16# signal may be detected. If one chooses
detect linearly polarized radiation, then this mechanism p
vides a third channel into which energy may be transfer
from the detected beam—it is ‘‘absorbed’’ by the polariz
tion setting of the detector.

In this study, the reflectivity of near-grazing microwav
radiation is recorded as a function of wavelength and a
muthal angle of incidence from a sample consisting o
slightly absorbing, thin dielectric~wax! grating on top of a
near-perfectly-conducting metallic~aluminum-alloy! sub-
strate. Such a sample allows the coupling ofboth p- ~TM!
ands- ~TE! polarized incident photons to the SPP at all o
entations other thanw50°, and according to the conditio
stated in Eq.~2!. The grating pitch and wavelength range a
chosen so that atw590° the grating is effectively ‘‘zero
order,’’ i.e., the only order propagating is the specularly
flected beam. Hence any detected losses on excitation of
modes propagating in the system recorded atw590° are
solely due to absorption of energy into the dielectric lay
~since there is no polarization conversion at this ang!.
Wavelength-dependent reflectivity scans are fitted to a rig
ous grating modeling theory@17# using the corrugation am
plitude, wax thickness, polar angle of incidence, and the
sorption of the wax («d9) as fitting parameters. As grazin
incidence is approached, one observes an evolution of
s-coupled SPP into two different modes. Utilization of th
modeling theory to predict the field distribution througho
the sample provides an explanation of this phenomenon
a
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This paper is structured in the following manner. Secti
II concerns the design and manufacture of the sample,
gether with a description of the experimental apparatus
method used to record the reflectivity data. Section III co
tains the experimentally determined reflectivities, and p
vides a comparison with the predictions from the grati
modeling theory. Section IV details the primary result th
when the grating grooves are oriented such that they
parallel to the plane of incidence (w590°), coupling to
SPPs with boths- and p-polarized photons is possible a
three different energies. Grating theory is used to identify
coupling mechanism for each of the modes by modeling
electromagnetic fields above the metal substrate. Fina
Sec. V provides a brief summary of the work presented.

II. EXPERIMENTAL PROCEDURE

It is necessary to design a sample whose wax grating p
(lg), amplitude (a1), and thickness~t! will permit resonant
coupling to the SPP using near-grazing photons within
available wavelength range (7.5,l0,11.3 mm). By utiliz-
ing the grating modeling theory, the optimum paramet
required in order to achieve these results are deduced.
sample chosen has a purely sinusoidal top interface pro
A(x)5a1 cos 2px/lg , where a151.50 mm and lg
515.00 mm, with mean thickness of waxt51.60 mm. The
real part of the complex permittivity of the wax has be
determined via interferographic reflectivity measureme
from a planar slab of known thickness, and the imagin
part has been measured by fitting the predictions from
grating modeling theory to reflectivity measurements in
previous study@13#.

The sample is prepared by filling a metallic, square tray
side approximately 400 mm and depth 5 mm with hot w
and allowing it to cool. A sinusoidal template is manufa
tured with a pitch oflg515.00 mm and fundamental ampl
tude of a151.50 mm. It is used to remove unwanted w
from the sample by carefully dragging it across the surfa
until the required grating profile is obtained~Fig. 1!.

Figure 2 illustrates the experimental arrangement use

FIG. 1. Schematic diagram illustrating the sample, coordin
system, and experimental geometry used in this study. The direc
of the electric field vectorE is illustrated for the situation when
p-polarized~transverse magnetic, TM! radiation is incident. Heret
is the average thickness of the wax overlayer,l0 is the wavelength
of the incident radiation,lg is the grating pitch, anda is the grating
amplitude.
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5902 PRE 61A. P. HIBBINS, J. R. SAMBLES, AND C. R. LAWRENCE
record the reflectivity from the sample, and Fig. 3 show
schematic representation of the interconnecting compon
of the system. The arrangement shown in Fig. 2 has b
developed in order to reduce the undesirable effects
spherical wave fronts that may provide excitation of the S
even without the grating. The problem of near-spheri
wave fronts arises from the standard gain horn geometry
the large radiation wavelength. Typically, the source be
divergence is some 20°. By placing the transmitting horn
the focus ofa 2 m focal length mirror, the incident beam
well collimated and the beam divergence may be reduce
approximately 1°. A second mirror is positioned to colle
the specularly reflected beam from the grating and focu
into a detector. The aluminum-alloy mirrors have be
milled with a diameter of 450 mm and a radius of curvatu
R54 m.

Variation of the magnitude of the incident wave vector
the plane of the grating may be achieved by scanning ei
wavelength (l0) or angle of incidence~u or w!. In this study
the reflectivity data are taken as a function of both wa
length (7.5,l0,11.3 mm) and azimuthal angle of inc
dence (0,w,90°), fixing the polar angle of incidence a
u'80°. Figure 1 illustrates the coordinate system used
describe the geometry of the sample.

The source and receiving horn antennas are set to
either p- ~TM! or s- ~TE! polarizations, which enables th
measurement ofRpp , Rps , Rss, andRsp reflectivities, where

FIG. 2. Schematic diagram illustrating the apparatus used
measure the wavelength- and azimuthal-angle-dependent resp
from the sample studied in this work.

FIG. 3. Schematic representation of the interconnecting com
nents used to record reflectivities in the 7.5–11.3 mm wavelen
range.
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the subscripts refer to the incident and detected polarizat
in that order. To account for any fluctuations in the emitt
power from the source, the analyzer divides the output fr
the signal detector by that from the reference. The norm
ized reflectivities over the entire frequency range are dow
loaded from a scalar network analyzer to a PC and are sa
to disk. The resulting wavelength-dependent reflectivit
from the sample are normalized by comparison with the
flected signal from a flat metal plate of exactly the sa
dimensions.

In the process of forming the grating profile, wax fro
approximately 1 cm wide strips at the edges of the sam
was removed in order to be able to adjust the height of
sinusoidal comb and hence the overlayer thickness. Clea
reflected radiation from these areas of bare metal subs
may cause interference oscillations in the normalized sig
In addition, at the high polar angle of incidence used in t
work, the effective incident beam spot size on the grat
may be larger than the sample itself, causing unwanted s
tering and possible interference from the sample edg
However, by aperturing the two mirrors with microwave a
sorbing material, it is possible to restrict the size of the in
dent beam and reduce the magnitude of the interference
cillations. In addition, placing randomly angled reflectin
material on the exposed areas of the metal base ensures
only radiation striking the wax surface will reach the collec
ing mirror and detector. Any effects associated with diffra
tion from the edges of the sample or the mirrors, or the fin
size of the beam, are also largely removed in the normal
tion process.

III. RESULTS

Figure 4 illustrates two polar gray-scale maps of the n
malized experimentalRss andRpp signals from the sample
The data have been plotted as a function of frequency
azimuthal angle of incidence, at a fixed polar angle of in
dence (u'80°). The response of the sample was recorde
the wavelength range 7.5,l0,11.3 mm ~40.0. f
.26.5 GHz wheref represents the frequency! and azimuthal
angle range 0°,w,90°, and then simply reflected about th
axes to produce full 360° plots. Similar dispersion diagra
were plotted in a previous study, and an explanation is p
vided there@13# of the way in which the modes can be ide
tified and labeled according to the diffracted order w
which they are associated.

The band labeled 1 corresponds to the SPP that is cou
via the second-order diffracted beam (N562) and is ob-
served as a slight dip in theRpp signal, and a peak in theRss
response. The Rayleigh anomaly that corresponds to this
fracted order occurs at a slightly lower angle of azimuth th
the SPP, but is not visible in the experimental data.~The
Rayleigh anomaly is the point at which one of the diffract
orders emerges from the grating at grazing angle, resultin
a sudden redistribution of the available energy.! However,
the Rayleigh anomaly associated with the first diffracted
der is clearly visible in theRpp data as a dramatic change
reflected intensity in the specular order response~indicated
by the arrow!. The bands labeled 2, 3, and 4 all correspond
the SPP excited by the evanescent fields associated with
diffracted order (N561). Notice also the faint circular
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PRE 61 5903COUPLING OF NEAR-GRAZING MICROWAVE PHOTONS . . .
rings in theRss signal aroundw50°,180° in Fig. 4. These
variations, which are weak interference oscillations,
strongest in the data aroundw50°,180°, and hence they ar
not seen in the slices taken atw590° in Fig. 5.

Figure 5 illustrates theRss and Rpp response of the
sample with the grating orientated so thatw590°, which is
equivalent to taking a slice through the respective pl
shown in Fig. 4. It is important to note that, at this azimuth
angle of incidence, the grating wave vectorkg is perpendicu-
lar to the plane of incidence, and hence no polarization c
version can occur. The reflectivity data recorded atw590°
were fitted to the grating modeling theory using the sa
parameters for bothRss and Rpp scans. This theory uses
scattering matrix technique based on a conical version of
differential formalism of Chandezonet al. @18#. It involves
the transformation of the mathematics into a coordinate s
tem in which the boundary conditions at the corrugated
terface are more readily solved, effectively flattening the s
face. This requires that the field amplitudes are represe
as a Fourier expansion. The surface itself is also describe
a Fourier series:

A~x!5a1 cos~kgx!1a2 cos~2kgx!1¯

1aN cos~Nkgx!1¯ , ~3!

where aN provides the first-order scattering mechanism
the6N SPP. During the fitting process, the amplitude of t
corrugation, thickness of the wax, and polar angle of in

FIG. 4. NormalizedRss and Rpp response of the sample as
function of frequency and azimuthal angle of incidence. Data h
been recorded betweenw50° andw590° and reflected about th
axes to produce full 360° polar maps. The band labeled 1 co
sponds to the62 SPP, and the bands labeled 2, 3, and 4 all co
spond to the61 SPP. The arrow on the upper diagram identifies
corresponding61 Rayleigh anomaly.
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dence are all allowed to vary from their estimated valu
The permittivity of the wax is initially assumed to be ide
tical to that determined in the previous study@13# («d
52.2910.04i ); however, the imaginary part is allowed t
vary in the fitting procedure. The azimuthal angle is set
w590° and the permittivities of the metal and air are a
sumed to be«2521041106i and «151.010.0i , respec-
tively. In addition, the pitch of the grating is independen
measured to belg515.0160.03 mm. Distortion of the grat-
ing profile (a2 ,a3) is also introduced; however, it does n
improve the average quality of the fits, confirming the sin
soidal nature of the corrugation.

The best comparison between the model and the exp
mentally derived reflectivities is achieved when the follo
ing fitting parameters are used:a151.4960.01 mm, t
51.5960.01 mm, u580.060.5°, and «d950.06160.004.
Comparisons between the predictions using these param
and the experimental data are shown in Fig. 5.

IV. DISCUSSION

The fitted Rpp and Rss reflectivity data recorded atw
590° and shown in Fig. 5 illustrate good agreement betw
the theory and the experimental results. Clearly, the kno
amplitude of the grating template agrees with the amplitu
determined via the fitting procedure. In addition, the value
the imaginary part of the dielectric constant of the wax d
termined here compares favorably to that measured in a
vious study@13#.

Figure 4 illustrates the dispersion of modes that are s

e

e-
-

e

FIG. 5. The normalizedRss and Rpp frequency-dependent re
sponse~h! of the sample orientated atw590°. The solid lines on
each of the graphs correspond to the theoretically modeled re
that have been created from the same set of fitting parameters
two experimental data sets shown have been extracted from the
shown in Fig. 4.
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ported by the sample and are excited using near-grazing
crowave radiation in the 26.5–40 GHz frequency ran
(11.3.l0.7.5 mm). This section will demonstrate th
these modes correspond to the resonance condition o
surface plasmon polariton.

The experimentally measured response of the sampl
the special case when the grooves are oriented so that
are parallel to the plane of incidence (w590°) is shown in
Fig. 5. In this situation, polarization conversion is not po
sible, and since no orders are propagating in the system o
than the specular beam, any energy loss in the reflected
nal on resonance of the SPP can be lost only into the med
surrounding the interface. It is possible to verify the res
nance condition of the SPP by using the grating mode
theory to plot the vector electric fields in thexy plane. A
strong local component of the electric field vector normal
the metal-wax interface (Ey) induces a periodic oscillation
of surface charge along the boundary, showing the coup
of incident radiation to a surface mode. Figure 6 illustra
the predictedExy instantaneous vector fields atw590° for

FIG. 6. The predictedExy vector fields corresponding to each
the three resonances shown in Fig. 5 at the instant in time of st
gest coupling.~a! corresponds to the low-frequencys-coupled mode
2; ~b! to the high-energys-coupled mode 3; and~c! to thep-coupled
mode 4.
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the three resonance wavelengths and it is clear in each
that there is a strong normal component. These graphs h
been calculated at an instant in time at which the coupl
strength to the SPP is strongest~maximumEy!.

It is important to consider how the SPP is created alo
the metal boundary in each of the resonance conditions
scribed above, remembering that it is only the local norm
component of the electric field that excites surface cha
and thus couples to a SPP. Whens-polarized radiation at
near-grazing incidence impinges on the sample, there is
component of the electric field vector normal to the me
interface to directly create the required surface charge. H
ever, there is always a component ofE normal to the profile
of the dielectric grating that is at a maximum at the point
steepest gradient. Hence, polarization charge is induce
these points on the wax-air boundary, which in turn induc
charge at points on the metal surface below@approximately
at kgx5 1

2 p(2p11), where p is an integer#. In the
p-polarized case, there is clearly a component ofE normal to
the metal-wax interface. However, since it is a plane wa
one may initially think that all the charges induced should
in phase, yet a surface charge density oscillation at the m
boundary is induced. This is because of the difference in p
length experienced by a photon striking the top of the hig
index wax groove compared with one impinging near t
trough. Hence we find that the charge centers are loca
symmetrically along the metal boundary with respect to
grating profile~at kgx5pp!, immediately below the peak
and troughs of the dielectric grating.

Of course atw590°, and on excitation of the SPP, the
will be two surface waves propagating in opposite directio
along the metal surface. These two counterpropaga
eigenmodes may be coupled together via two successivkg
scattering events, setting up a standing wave in thex direc-
tion, where the period of the standing wave is the same as
grating pitch (lSPP5lg). The standing wave associated wi
the p-coupled mode will have a different charge distributio
on the surface of the metal from the charge distribution
sociated with thes-coupled mode, and hence two quite di
tinct field profiles will result. One field profile has maxima
Ey below the peaks and troughs of the grating surfa
~coupled to viap-polarized incident radiation!, the other has
its extrema underneath the points of steepest grad
~coupled to vias-polarized radiation!. These correspond to
low- and a high-energy mode, respectively, and hence
energy gap is seen to open up atw590°.

The situation described above is further complicated si
at the polar angle of incidence studied in this worku
580°), there may be coupling to thes-coupled SPP at two
different energies~Fig. 4!, both of which exist at lower en-
ergies than that needed to coupled to thep mode. Therefore,
it is interesting to theoretically model the dispersion of t
SPP mode as a function of frequency and polar angle
incidence~Fig. 7!. The boundary between the areas of lo
and high reflectivity, which forms an arc in the top left co
ner of Fig. 7, is associated with the62 Rayleigh anomaly,
and the dark band that extends from the bottom left corne
both the graphs corresponds to the excitation of the62 SPP.
This figure illustrates that one may only couples-polarized
radiation to a SPP mode at two different energies wh
sinu5kz/k0.0.9 ~approximately!. Notice also that an

n-
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PRE 61 5905COUPLING OF NEAR-GRAZING MICROWAVE PHOTONS . . .
equivalent ‘‘splitting’’ of the p-coupled mode at high pola
angles does not occur. To explain this result, it is usefu
refer back to the vector field illustrations of Fig. 6.

First consider thep-coupled mode, where the standin
wave in thex direction has its charge centers on the me
surface beneath the peaks and troughs of the dielectric
ing. ForuÞ0°, there are two loops ofExy within each grat-
ing period where neighboring loops are in antiphase@Fig.
6~c!#. Now consider thes-polarized case. When sinu'0.75,
there is only one coupling condition to the SPP and ag
two loops ofExy are seen. However, since the standing wa
at the metal interface is out of phase bylg/4 with respect to
the grating profile, one loop exists primarily within the wa
and the other samples the air. As grazing incidence is
proached (kz→k0), one of the field loops becomes domina
at the expense of the other. Eventually one of the loops
most disappears, and now neighboring loops ofE are in
phase with each other and two quite distinct bands are
served. Band 2 corresponds to the mode whose loops ofExy
are almost entirely contained within the wax of the gratin
and by contrast the field loops associated with band 3
concentrated within the air@Figs. 6~a! and 6~b!, respec-
tively#. Since a mode whose field loops are concentrate
the wax samples a higher effective refractive index than
whose fields may penetrate into the air, modes associ
with band 2 exist at a lower energy than those of band
This is also clear from the experimental scan shown in F
5, which corresponds to the black dashed line superimpo
on Fig. 7. Also evident from these figures is that band

FIG. 7. Theoretical prediction of theRss andRpp response of the
sample illustrating the dispersion of the SPP mode as a functio
incident momentum (kz /k05sinu) and frequency. The data hav
been calculated using the fitting parameters derived earlier in
work and the vertical black dashed lines represent the experime
scans undertaken.
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appears to be the dominant one, and modes associated w
are more strongly coupled than modes associated with b
3. However, one may change the relative coupling streng
of the two modes by varying the thickness of the corruga
overlayer. Figure 8 illustrates the dispersion of the mod
with u and frequency when~a! each of the two bands is
equally well coupled (t52.10 mm), and~b! band 3 becomes
dominant (t52.50 mm).

It is important to note that, althoughs-polarized radiation
is able to induce surface charge beneath the points of gre
gradient of the air-wax interface atw590° and hence couple
strongly to modes 2 and 3, there is no coupling in theRpp
response and only weak coupling away from this orientat
~Fig. 4!. This is because incidentp-polarized radiation is not
able to induce the necessary surface charge when the gr
is at thisw. In a similar manner, but for all grating orienta
tions, it is impossible fors-polarized radiation to create su
face charge beneath the peaks and troughs of the wa
interface; hence mode 4 may only be excited w
p-polarized radiation.

V. CONCLUSIONS

In this work near-grazing microwave radiation has be
coupled via a dielectric grating to SPPs that propagate al
a planar metal surface. The reflectivity of the sample is
corded as a function of azimuthal angle and incident wa
length in the microwave regime, using petroleum wax as
high-index dielectric. Good agreement between the pre
tions from a rigorous grating modeling theory and the expe
mental reflectivities has been obtained, and the fitting p

of

e
tal

FIG. 8. Theoretical predictions of theRss response of a similar
sample to that used in this study but with thicker wax overlaye
~a! t52.10 mm and~b! t52.50 mm.
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cess allows verification of the profile of the grating and t
dielectric constants of the wax at these frequencies.

It is shown that when the grating is oriented with
grooves parallel to the plane of incidence, coupling to a S
via both incidentp- and s-polarized radiation is observe
with an energy gap appearing between the two modes.
thermore, at high polar angles of incidence, thes-coupled
mode splits into two bands with different energies. The id
tity of each of the modes is confirmed as the excitation of
SPP, and an explanation is provided for their coupling c
un

m

ce

.
ur

p

et
P

r-

-
e
-

ditions by modeling their resonant electric field profiles a
their dispersion with frequency and in-plane momentum.
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