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Grating-coupled surface plasmons at microwave frequencies
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This work presents a detailed investigation of electromagnetic coupling to the surface
plasmon-polariton~SPP! at microwave frequencies. We have recorded the wavelength-dependent
reflectivity from a metallic sinusoidal diffraction grating of pitch 15 mm. In order to minimize the
problems associated with nonplanar incident wavefronts, we have developed an apparatus that
collimates the incident beam. We illustrate resonant coupling to the SPP at wavelengths of the order
of 10 mm. The wavelength-dependent reflectivities recorded have been successfully fitted using a
differential formalism of conical diffraction with a single set of grating parameters describing the
grating profile and metal permittivity. ©1999 American Institute of Physics.
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I. INTRODUCTION

The electromagnetic surface waves discussed in
work propagate along an interface between two dissim
media without radiation losses. Surface waves1,2 have at-
tracted much scientific attention over the last one hund
years. For example, Zenneck3 in 1907 realized the possibility
of propagation of radio waves around the Earth when
considers one half-space as a pure dielectric and the oth
a conductor. A similar wave of radiation coupled to oscilla
ing charge density may propagate along a metal–dielec
interface. We refer to this mode as asurface plasmon–
polariton ~SPP! and its influence on the reflectivity from
metallic gratings may be realized in the visible part of t
spectrum as aWood’s anomaly.4–7

Because the real parts of the dielectric functions of
media either side of the interface are of opposite signs,
normal components of the electric field at the meta
dielectric interface oppose each other. Hence the sur
mode is strongly localized at the surface with exponentia
decaying fields into the adjacent media. The propagation
the SPP along the interface is then extremely sensitive to
dielectric permittivities of the media surrounding it.6 How-
ever, the dispersion relation of a SPP on a planar surfa5

~Fig. 1! is such that the wave vector of the mode is alwa
greater than the maximum photon wave vector available
the adjacent dielectric. Hence, on a flat surface of infin
extent, the SPP is unable to radiate or be directly couple
by incident planar waves. Resonant interaction of elec
magnetic radiation with the surface may only be achieved
increasing the wave vector of the incident radiation, poss
by using a high-index prism8,9 or through surface roughnes
The latter is most commonly found in the form of a diffra
tion grating, where the periodic corrugation provides the n
essary in-plane wave-vector enhancement in multiples of
grating wave-vectorkg52p/lg . This gives rise to diffracted

a!Electronic mail: a.p.hibbins@exeter.ac.uk
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orders which no longer propagate in the dielectric when th
in-plane wave vector is increased such that it becom
greater than that of the incident radiation. It is the enhan
wave vector of these evanescent fields that allows incid
radiation to couple to the SPP according to the condition

kSPP5~ndk0 sinu!x̂6Nkg . ~1!

Here,N is an integer andndk0 sinu is the projection of the
wave vector of the incident radiation along thex axis ~Fig.
2!. If the angle between the plane of incidence and the g
ing wave vector~called the azimuthal angle,w! is equal to
zero, then all the diffracted beams lie in the plane of in
dence and Eq.~1! reduces to a scalar equation.

Variation of the magnitude of the incident wave vect
in the plane of the grating may be achieved by scann
either the wavelength (l0), or angle of incidence~u or w!.
Hence, provided that there is a component of the elec
field normal to the interface in order to create the necess
surface charge, and the grating is of suitable pitch, w
vector values will exist at which radiation may couple res
nantly to the SPP mode. This SPP may then reradiate
any propagating order or it may be absorbed. The subseq
loss of intensity from the specular reflectivity is recorded
a function of wavelength and then compared with that p
dicted by a rigorous grating theory model, which uses a co
cal version10 of the differential formalism of Chandezo
et al.11 This allows one to characterize the surface profile
the grating12 and the dielectric properties of the media eith
side of the interface.13

Many previous workers have studied extensively t
grating-coupled SPP mode at visible5,12,13 and infrared14

wavelengths on corrugated surfaces produced by stan
interferographic techniques.15 Before this method of grating
manufacture was established, gratings had to be ruled
hand,4 hence experimentalists often made use of the lar
scale of systems available in the microwave regime. For
ample, in 1957, Meecham and Peters16 studied the reflection
of radiation of wavelengthl0532 mm from an echelette
1 © 1999 American Institute of Physics
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grating with the electric field of the radiation parallel to th
grooves. As they scanned the angle of incidence, they
served a redistribution of energy among the diffracted bea
at the point at which an order begins, or ceases to propag
the pseudocritical edge or Rayleigh anomaly.17 They com-
pared their experimental reflectivities from a finite grati
~15 elements! to a theory based on a variational techniqu18

which, like many other diffraction theories developed arou
this time, assumed the surface to be of infinite extent
perfectly conducting (e r52`). This is a valid assumption
to make since the frequency of the impinging microwa
radiation is many orders of magnitude less than the pla
frequency, and the effect of any absorption in the metal w
be insignificant due to the negligible skin depth. Hence
these wavelengths, all metals may be treated as n
perfectly conducting.

In 1965, Harvey Palmeret al.19 reported measuremen
for the spectral distribution of radiation of wavelength 4 m
from metal gratings of rectangular profile. When the wa
propagation vector was lying in a plane normal to the grat
grooves, with the electric field vector perpendicular to t
grooves, dark anomalies were observed that became wid
the groove depth was increased. An attempt was mad

FIG. 1. Schematic dispersion curve for a SPP on a planar metal–diele
interface,kSPP5k0A(emed /em1ed), whereed5nd

2 and em are the permit-
tivities of the dielectric and metallic media, respectively,kSPP is the wave
vector of the surface mode,k05v/c is the wave vector of the inciden
radiation andvp is the plasma frequency of the metal. The light line for
grazing photon is also shown (v5ndk0). Since these grazing photons hav
the maximum possible value ofkx ~along the interface!, it is not possible to
couple directly to the surface mode. However, note that in the low freque
~microwave! limit, kSPP˜ndk0 .

FIG. 2. The coordinate system describing the experimental geometry
plane of incidence with respect to the direction of the grating grooves.
direction of the electric field vectorE is illustrated for the situation when
p-polarized@transverse magnetic~TM!# radiation is incident.
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explain this phenomenon using a theory based on ‘‘surf
wave modes which are supported by the rectangular peri
structure of the grating’’, however no illustration of thes
results is presented.

It is well known that the propagation length of the SP
mode along the interface, and hence the width of the S
resonance, is governed by two damping processes:5,20 the
absorption of energy in the metal substrate~which is propor-
tional to the imaginary part of the dielectric function of th
metal, e i!, and scattered radiative losses into the dielec
media~which is proportional toa2 to first order, wherea is
amplitude of the grating21!. Note that the existence of thi
radiation loss does not invalidate the previous definition
the surface wave since it is dependent only on the surf
profile and not the properties of the adjacent media. Hen
for shallow gratings with almost no scattering of radiati
into diffracted orders, experimental observation of the S
resonance is only possible if the metallic medium is los
~e.g., a corrugated gold surface,12 a/lg'0.05, el05632.8nm

5210.811.3i !. As previously discussed, at microwave fr
quencies, all metals behave as near-perfect conductors
hence the direct Joule-heating loss is insignificant. Howe
as the amplitude of the corrugation is increased, the proba
ity of the surface wave being scattered into a diffracted or
also grows. In other words, the propagation length of
SPP on a highly corrugated surface will be less than tha
a shallow grating. Hence, a propagating surface wave o
highly perturbed surface will not sample an infinite numb
of grooves, instead it will be scattered by a range of grat
wave vectors determined by the Fourier transform of suc
finite set of corrugations. This will introduce a range
angles over which the SPP may reradiate into the specula
one of the diffracted orders, and hence an angular width
be associated with the resonance as measured by the lo
reflectivity in the zero order beam. In addition to the wide
ing of the SPP resonance, we also expect the momentum
the resonance to increase due to perturbation of the sur
away from the planar case.5,20,22–24 The work of Palmer
et al.19 shows such a change in the shape of a resonance
we believe that work provided the first experimental e
dence of the propagation of an electromagnetic surf
mode, the SPP, on a near-perfectly conducting surface.
important to note, however, that the resonance of the m
may only be observed when there is another channel
which energy may be transferred. There are up to three w
in which this may occur. Firstly, Joule heating of any abso
ing media in the system will take place. Second, energy fr
the mode may be reradiated into any propagating diffrac
orders in the system. This is a similar effect to that mode
by Kitson et al.25 who observed an increase in the width
the resonance when the SPP mode is able to couple
propagating diffracted order. The diffracted order provide
strong radiative decay channel for the mode which cont
utes to its damping, and hence width. Finally, reradiation
energy from the mode back into the specular beam may
cur. If the grating grooves are neither parallel nor perp
dicular to the plane of incidence (wÞ0,90°), the phase o
this radiation will be rotated with respect to the incide
beam and a polarization conversion signal may be detec
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This article presents a detailed experimental study of
grating-coupled SPP excited by electromagnetic radiatio
the microwave regime. As mentioned previously, at th
wavelengths, all metals behave as near perfect conduc
and the dispersion of the SPP is dependent only on the in
face profile of the sample.

II. EXPERIMENT

Figure 3 illustrates the experimental arrangement use
record the reflectivity from the sample as a function of wa
length, and Fig. 4 shows a schematic representation of
interconnecting components of the system.

The arrangement shown in Fig. 3 is similar to that of t
Czerny–Turner spectrometer26 and has been developed
order to reduce the undesirable effects of spherical wa
fronts which will provide excitation of the SPP even witho
the grating. The problem of near-spherical wavefronts ar
from the standard gain horn geometry and the large radia
wavelength. Typically the beam divergence is some 20°.
placing the transmitting horn at the focus of a 2 m focal
length mirror, the incident beam is well collimated. A circ
lar, metallic aperture is also used to reduce the width to g
a well-collimated beam. A second mirror is positioned
collect the specularly reflected beam from the grating a
focus it into the detector. The aluminum–alloy mirrors ha
been milled with a diameter of 450 mm and have a radius
curvature,R54 m.

FIG. 3. Schematic diagram illustrating the apparatus used to measur
wavelength-dependent response from corrugated test samples.

FIG. 4. Schematic representation of the interconnecting components us
record reflectivities in the 7.5–11.3 mm wavelength range.
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Data are recorded as a function of wavelength betw
7.5 and 11.3 mm at a polar angle of incidence of appro
mately u531°, and a series of azimuthal angles~w! every
15° between 0° and 90°.~The azimuthal anglew is defined as
the angle between the plane of incidence and the gra
vector,kg52p/lg .! These angles are set to a precision
61°. The transmitting and receiving horn antenna are se
pass eitherp @transverse magnetic~TM!#, or s @transverse
electric~TE!# polarizations, defined with respect to the pla
of incidence. This enables the measurement ofRpp , and
Rss, and polarization conversion12,27Rsp , andRps reflectivi-
ties where the subscripts refer to the incident and dete
polarizations in that order. To account for any fluctuations
the power of the source, the output from the signal detec
is divided by that of the reference, and the resulti
wavelength-dependent data were normalized by compar
with the reflected intensity from a flat metal plate.

For each angle of incidence, the reflectivity data we
fitted to the grating modeling theory. The theory uses a s
tering matrix technique28 based on a conical version10 of the
differential formalism of Chandezonet al.11 It involves the
transformation of the mathematics into a new, nonrectilin
coordinate system in which the boundary conditions at
corrugated interface are more readily solved, effectively fl
tening the surface. This requires that the field amplitudes
represented as a Fourier expansion. The surface itself is
described by a Fourier series:

A~x!5a1 cos~kgx!1a2 cos~2kgx!1...1aN cos~Nkgx!1...,
(2)

where aN provides the first-order scattering mechanism
the 6N SPP. By fitting the reflectivity data to the modelin
theory, assuming that the metal substrate is perfectly c
ducting, it is possible to accurately parametrize the grat
profile.

The grating studied in this work has been manufactu
from the same alloy as the mirrors, using a computer-ai
design and manufacture technique with a 6 mm diameter
ball-ended slot drill. The mill was programmed to produce
purely sinusoidal profile, with a pitch oflg515 mm and
amplitude ofa152 mm ~Fig. 5!.

III. RESULTS

Figure 6 shows four typical sets of experimental da
~1! at azimuthal angles ofw530°, 45°, 60°, and 75° show
ing the selected reflectivitiesRpp , Rsp , Rps , and Rss, re-

the

to

FIG. 5. Schematic diagram of the aluminum–alloy grating used in t
study.
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spectively. The solid curves are the theoretical fits, which
in excellent agreement with the experimental data.

In an ideal system the wavefronts incident on the sam
would be completely planar. However, the radiation sou

FIG. 6. The normalized~a! Rpp, ~b! Rsp, ~c! Rps, and~d! Rss experimental
wavelength-dependent signals~1! compared with the theoretically modelle
results~—! created from a single set of profile and metal-permittivity p
rameters. Radiation is incident on the test sample at polar angleu531° and
at azimuth angles of~a! w530°, ~b! w545°, ~c! w560°, and~d! w575°. The
angles quoted are approximate~61°!, and only one point in four is shown
for clarity.
e

le
e

is finite and the source antenna and aperture diffract
beam. Hence, in order to achieve this quality of fits, a deg
of Gaussian beam spread had to be introduced into the
oretical modeling. We have assumed a simple linear relat
ship between wavelength and incident-angle spread since
diffraction effects will clearly increase with wavelength. W
also find that the angle spread is dependent on the orienta
~i.e., polarization! of the rectangular transmitting and recei
ing antennas. Typically, at the center of the wavelen
range, the standard deviation of Gaussian angle sprea
s(u)'0.9°. This represents a dramatic improvement o
the uncollimated systemDu;20°, but it is still large enough
to significantly affect the measured reflectivities.

The theoretically modeled data were fitted to the expe
mental data using the angles of incidence~u and w!, the
above linear variation of beam spread@s~u!#, and the grating
profile ~a1 , a2 , a3 , anda4! as fitting parameters. The profil
of the grating is initially assumed to be purely sinusoid
and the angles of incidence are allowed to vary in each s
by up to 1° from their measured values. We then introduc
small amount of distortion to the profile to further improv
the fits, finally adjusting the degree of beam spread to
count for the finite source size and diffraction in the syste
The grating profiles determined for each wavelength scan
averaged and the error about the mean calculated. The
fits shown are then all generated from this averaged se
profile parameters: a152.0160.01 mm, a2520.02
60.02 mm,a350.0260.01 mm, anda4520.0160.01 mm
with a grating pitch oflg514.95 mm. The permittivities
were taken to beed5nd

251.0 and em5e r1 i e i52106

1106i for the dielectric~air! and metal, respectively.

IV. DISCUSSION

This work has demonstrated that it is possible to cou
microwave radiation to a SPP that propagates on a n
perfectly conducting metal–dielectric interface. Figure 6
lustrates that by using the rigorous diffraction modeli
theory we are able to produce high-quality fits to the expe
mental data allowing the grating profile to be characteriz
The grating profile has also been determined by scannin
dial gauge, sensitive to 0.025 mm, across the metallic s
face. The profile was fitted to the functiony
5a1 sin(2p/lg), where lg514.99 mm anda152.01 mm
provided the best fit. These values compare favorably w
those determined via reflectivity measurements. During
process of fitting the reflectivity measurements, both
grating pitch and incident polar angle were used as fitt
parameters. Since degeneracy exists betweenu andlg , the
small deviation between the values of the pitch is n
surprising.

Virtually all of the previous experimental studie
of SPPs propagating along metal–dielectric interfaces h
been undertaken at visible or infrared wav
lengths.4,5,7,12,13,20,29At these frequencies the electromagne
response of the metallic sample is dependent on both the
and imaginary parts of the dielectric function of the su
strate, in addition to the interface profile. However, at mic
wave wavelengths, all metals behave as near-perfect con
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tors and hence the penetration of the electric field into
substrate is small compared to the radiation wavelength
effect, the electromagnetic response of perfectly conduc
gratings is largely independent of their permittivities. T
reflectivity is only dependent on the surface profile of th
sample, defined in the modeling theory as the sum of a tr
cated Fourier series,A(x) @Eq. ~2!#.

The resonant coupling to the SPP is clearly illustrated
Fig. 6. Consider, for example, graph~a!. The two peaks cor-
respond to two different coupling mechanisms to the surf
mode. The peak at just over 10.5 mm corresponds to a
order coupling to the11 SPP~via one grating wave vector
kg!, while the peak at around 8 mm represents a second o
coupling to the22 SPP via two successive2kg scatterings.
Coupling to the22 SPP is also possible via a single22kg

interaction. However since the profile of the interface h
been milled, and shown above, to be very closely sinuso
~i.e., the magnitude of the surface profile Fourier coefficie
a2 and higher, are small compared to the fundamental
plitude, a1! the above-mentioned second order interact
dominates. As the azimuthal angle is increased the re
nances move towards each other and coalesce atw560°,
having separated again atw575°. Note also the correspond
ing pseudocritical edges, normally visible in momentu
scans undertaken on real metals at visible frequencie12

(2`!e r,0) are not visible in these results. This is attri
uted to two differences between these microwave exp
ments and those conducted in the visible regime. First, as
frequency is reduced, the SPP dispersion approaches
light line ~Fig. 1! hence we find that the momentum diffe
ence between the critical edge and the resonance conditi
much less than for the visible, making the critical edge d
ficult to experimentally separate from the surface plasm
resonance. We also suffer from a reduced resolution in
mentum due to the angle of incidence spread that is ass
ated with the nature of the source and distances involve
the experiment.

V. CONCLUSIONS

In this article, we have provided a thorough experime
tal investigation of the coupling of microwave energy to, a
reradiation of energy from a surface mode propagating o
corrugated metal–dielectric interface. This surface wave
been identified as the surface plasmon polariton, the dis
sion of which is determined by the surface profile and
dielectric characteristics of the media either side of the in
face. Many previous workers have investigated the exp
mental excitation of the mode on lossy-metallic gratings
visible and infrared wavelengths. However there is little e
perimental evidence in the literature regarding the reson
coupling to the SPP that propagates on near-perfectly c
ducting metals using radiation of the microwave regime.
these frequencies, it is only possible to experimentally
serve the resonance of the mode if the corrugation is m
e
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sufficiently deep such that the mode’s propagation lengt
reduced.

Experiments at microwave frequencies often suffer fro
a large amount of beam spread.30 However we have devised
an experimental arrangement that reduces this problem
collimating the incident beam. We have recorded the spe
larly reflected signal from a 15-mm-pitch metallic gratin
between 7.5 and 11.3 mm, and have obtained theoretica
to the reflectivity data of an unprecedented quality.
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