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Abstract: The optical response of sub-wavelength silver lamellatirga
has been theoretically investigated. Two distinct typesesbnance have
been predicted for incident radiation with E-field perpenthr to the long
axis of the wires. The first resonance has been identified asity enode
resonance that is associated with transmission enhantefites second
resonance has been identified as an entirely new horizolatsinpn reso-
nance on the incident (and transmission) surfaces of theswifthe grating.
Normal surface plasmon modes are investigated on disaanisgratings,
and their relation to those found on continuous gratingsgblighted by
focusing on the perturbation effect of the discontinuitikss shown that
the new horizontal plasmon mode is in no way related to thé kvedwn
diffractively coupled surface plasmon, and is shown to havparticle
plasmon-like nature. It is therefore termedarizontal particle plasmon
and may be either anncoupled horizontal particle plasmarsonance (a
1-dimensional particle plasmon) orcaupled horizontal particle plasmon
resonance (a 2-dimensional particle plasmon) dependinghenheight
of the grating. It is shown that this resonance may result nefeection
efficiency that is very high, even when the grating would bgoafly thin

if it were a homogeneous film, therefore, it behaves amagrse wire grid
polariseras it reflects more TM than TE incident radiation.
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1. Introduction

Thick metal films, which have small periodic perturbatiods,not have the same optical re-
sponse as that associated with a planar mirror made of the saterial. This has long been
understood as a result of the emergence of diffracted oadetshe excitation of surface plas-
mon polaritons [1-3].

Metallic lamellar gratings, gratings consisting of a pdrtarray of metallic wires whose pe-
riodicity is the same or greater than the wavelength of tbilant radiation, have been an area
of considerable interest in recent years. These have beestigated, both experimentally and
theoretically, for a range of different metals and for a ieecof the electromagnetic spectrum
ranging from the infrared [4—9] through to the microwaveimsg [10, 11]. These well known
surface plasmons have been ternhedizontal surface plasmori8]. It had been thought that
surface plasmons could not be excited in the sub-wavelergime, where the periodicity is
significantly less than the wavelength of the incident raoiia However it has been shown that
surface plasmons may be excited on sub-wavelength gratitigesy form cavity modes in the
slits of the structure.

Such cavity modes have been investigated in closed bottarotstes (surface relief grat-
ings) with a gaussian groove cross section [12], where theg been shown to arise from the
evolution of the surface plasmon standing waves that ocawhallow gratings where, as the
grating is made deeper, the surface plasmons on the grodissmay couple together across
the slit. These have been termeettical surface plasmori8]. They have also been observed
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in the microwave regime for a single slit [10] and for an arodglits [11], and in the infra-red
regime for lamellar gratings with narrow slits [4-8].

This report presents an investigation of two resonant featof sub-wavelength metallic
lamellar gratings, mainly focusing on the visible regiméeTirst feature is associated with
enhanced transmission and is of the same nature as thavetiserthe lower energy part of
the electromagnetic spectrum - simple cavity modes. Thengkfeature is an entirely new hor-
izontal particle plasmon resonance and is associated \gi#icant increase in threflection
response of such gratings.

With a small numbers of exceptions [4, 6], previous studegehassociated horizontal sur-
face plasmon resonances on diffractive gratings with arease in transmission. However,
because a new horizontal plasmon resonance is presentadh iwhassociated only with an
increase in reflection, there is a chance that readers maynasthat the present work is join-
ing one of the previous pieces of work commenting for or agfaémhanced transmission by
normal diffractively coupled horizontal surface plasmadihss emphasised that the horizontal
resonance discussed is an entirely new horizontal resenémat is in no way related to the
normal diffactively excited horizontal surface plasmongdence the present work does not
make any comment on the nature of enhanced transmissiorchyssrface plasmons. Further-
more, as the new horizontal resonance presented may ocdtw nmon-diffactive regime, while
the well known diffractively excited horizontal surfaceapinon resonance cannot, the work
largely discusses non-diffractive structures in ordenmichany confusion between the two.

For very thin gratings, it is possible for this resonanceaose strong reflection of radiation
polarised perpendicular to the wires, where it would nolyna¢ expected that the film would
be optically thin. This leads to the structures reflectingeribM radiation than they transmit,
and vice versa for TE, such that the structrues behawerassewire grid polarisers. We believe
this new resonance has been observed experimentally tglddteut not fully explained.

When the thickness of a semi-infinite metallic film is of theardf or smaller than the decay
length of the evanescent field of the surface plasmon potaiit the metal, then surface plas-
mon polaritons on the top and bottom surfaces of the film mapime coupled. This coupling
may be either antisymmetric or symmetric, that is the tatigemagnetic field (the magnetic
field in the plane of the surface and perpendicular to theggapon direction of the surface
plasmon polariton) may show a zero inside the metal film oraymot, respectively [14].
These two modes split into a higher frequency (antisymmetmd a lower frequency (sym-
metric) resonance [15]. It should be noted that, when thiecliec media on either side of
the film are not the same, the coupling is no longer exactlyrsgtric/antisymmetric. As the
thickness of the film decreases, the higher frequency reseniacreases in frequency away
from the uncoupled surface plasmon resonance while thereguéncy resonance decreases.
For the symmetric mode, as the thickness of the metal filmedeers, the amount of field that
penetrates into the metal also decreases. Therefore,sbgnion loss associated with this field
penetration decreases and the coupled mode may propaghgsr fua long range surface plas-
mon polariton. Conversely, for the asymmetric case, as #talrthickness decreases, more of
the field penetrates into the metal and its propagation fedgtreases - a short range surface
plasmon polariton.

There has also been an examination of the optical respornisdigitiual, and coupled, wires
with a variety of shapes, from simple circular cross-seifil6] to more complex irregular
cross-sections [17, 18]. Under TM illumination in the ciaas mount, these wires exhibit an
optical response that is analogous with the optical reg®$ particle plasmons [19, 20].
Therefore, these resonances typically behave as optjpaledi, where the re-radiation of light
is not necessarily in the same direction as the speculdtfcted light. As such, their response
is typically characterised by the scattering cross-saditd transmission extinction.
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Fig. 1. Schematic representation of the theoretical model.

2. Theoretical model

All of the modelling in the present work utilises the rigosotpbupled-wave analysis technique,
also called the Fourier modal method [21]. In this technitpgesystem is split into three regions
as in Fig. 1. The permittivity profile in the-direction is approximated as a Floquet series ex-
pansion. In each region the electromagnetic wave is desteb the superposition afipward’
and ‘downward waves in they-direction. Each of these waves is then described as a Raylei
expansion of eigenmodes, each of which is also expandeddiegdo the Floquet series ex-
pansion associated with the approximation of the perniiftiyrofile. Maxwell’s equations are
explicity solved in each region according to the descriptibove of the electromagnetic fields.
The resultant solutions are then used to match the electnoetia boundary conditions, at the
interface between each region, using the numerically stathttering matrix [22]. The con-
vergence of the calculations, as a function of the numberoofiEr components used in the
decomposition of the fields and grating profile, was verifieddach calculation and was al-
ways in excess dfl = +100.

Figure 1 gives a schematic representation of the model usé¢lis work. Region 2 is a
lamellar grating consisting of silver and air with gratingjdiht, h, period,d, and mark-to-space
ratio, f. Region 1, the incidence medium, is air and region 3, thestragsion medium, is glass
with refractive indexgass= 1.52 unless otherwise stated. The incident radiation is ahgtea
0 to the interface normal with the incident plane containihg grating vector. It is linearly
polarised with the E-field perpendicular to the long axishef grating wires, TM (in the plane
of incidence), unless otherwise stated. All calculatiomsmaade at normal incidence except for
Figs. 13 and 9 wher@ is allowed to vary.

The permittivity of silver is specified by the Drude modelingsthe parametersy, = 1.32x
108 st and1p = 1.45x 10 1 s, taken from Nash and Sambles [23]. One needs to be aware
that the permittivities in the case of a thin 2-dimensionaiewnay be different from those
of an infinite film. It has been discussed elsewhere that thesidal macroscopic approach of
electrical permittivity is adequate for particle dimenmsas small as @m[17]. As a bulk metal
is reduced in thickness towards this value, the mean frdegqdahe electrons decreases as the
electron surface scattering becomes more important. Hemvidhas been shown that, for such
silver wires as studied here, only the imaginary part of therttivity increases slightly [18].
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Zeroth-Order Reflection Efficiency

0 100 200 300 400
h (nm)

Fig. 2. Reflection efficiency as a function of grating heiditfor the parameterd =
144nm f = 0.45, A =550 nm The inset gives an enlarged view of the region <

h <5nm The solid line gives the response to radiation with E-field parallel to the gratin
vector, while the dashed line gives the response to radiation with E-fiefetpéicular to
the grating vector.

Thus, itis the present authors’ belief that the underlyingsics presented here is sound and that
the changes in permittivity will only result in a slight bdening and reduction in magnitude
of the resonances.

3. Initial results

Figure 2 gives the predictions of the specularly reflectdtiency as a function of grating
height of an incident (in air) plane wave, of wavelengths- 550nm, upon a grating of period

d = 144nm with f = 0.45 and@ = 0. There are clearly two types of resonances. One type of
broad resonance is associated with zeros in reflection goebapto be periodic with grating
height. The other, sharper type of resonance, gives refteetihancement and only appears at
very small values of the grating height. There is a weakendtigrder mode &t = 2 nm(see
inset of Fig. 2). Also presented is the reflection efficientsadiation with its E-field parallel to
the long axis of the wires (TE). At small grating thicknesdesgrating reflects more radiation
with E-field perpendicular to the wires than that with E-fipltallel, and hence is acting in the
opposite sense to that which is expected.

4. Resonance dependence
4.1. Dependence of modes with grating height

Figure 3 is a plot illustrating how the resonances dependtsgily on the height of the grating
h. Figure 2 equates to the horizontal section of Fig. 3 at aieaqy ofw = 2rc/A = 3.42x
10 rad.s~1. It should be noted that in all subsequent plots, showinglfgendence of the
resonances of the structure on different parameters, gssraed that the max/minima of the
reflection curves are very close to the resonant frequeniaighais given by the poles of the
scattering matrixS.

In Fig. 3 it can be seen that the two resonances behave véeyatifly with increasindh.
Although they cross, there does not appear to be any inienaoetween the two, as they do
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Fig. 3. Reflection efficiency response of the grating as a function of thahincident
frequency and grating height. The fixed grating parameterslarel44 nm f = 0.45.
The wavelength range is 374m < A < 850 nm, which equates to a frequency range
of 2.22x 10'% rad.s™1 < w < 5.10x 10'® rad.s 1. The grating height is in the range
20nm< h<240nm

not show anti-crossing behaviour, and the resulting reédleefficiency is an average of the two
responses.

We first examine the behaviour of the sharp resonance assdcidgth reflection enhance-
ment, as a function of grating height. Figure 4 gives an gelduwiew of the response in the
region 5nm< h < 40 nm This resonance blueshifts as the grating height is inett&®m
approximatelyh = 5 nmto h = 40 nm, at which point the resonance then becomes independent
of further increases df. We note that the decay length of an SPP atd@0n silver is approx-
imately 25nm, and yet the reflection efficiency associated with this rasoa may be in excess
of 0.8 when the grating height is below this value; where onald/expect a continuous film to
start becoming transparent. This leads to the interestfagteéhat the grating acts as averse
polariser [24] because the grating is becoming optically thin withamels to TE polarisation,
but highly reflective for TM polarisation. Also note thaneatiative device with an interesting
response is possible for wires that are not optically thithia point the structure behaves as a
standard polariser, except at certain frequencies, wheeflects all polarisations and behaves
as a simple mirror.

The magnitude of th¢H,|-field, for one unit cell, is plotted for the reflection peak=£
9.5 nm) in Fig. 5(a). The black line outlines the location of one loé tsilver grating wires.

It can be seen that the grating is sufficiently thin to allow #vanescent fields of horizontal
plasmons that are excited on the upper face of the array titeexed couple to a secondary
horizontal plasmon on the lower surfatierough the metalThe different field strengths of the
upper and lower horizontal plasmons are due to the fact thstis an asymmetric structure
because the refractive indices of the incident and trarsamnismedia are not the same. Also
note that the fields are well localised to each wire intdirection, with little field strength
penetrating beyond approximately h& into the dielectric in the slit. Figure 5(b) shows the
equivalent field plot for the higher order resonanch at2 nm, note the different scales such
that the field enhancement is much less than for the fundainmicide.

The field plots for the reflection enhancing mode indicate the very thin wire is acting
like a particle plasmon [19, 20], except that it ialimensionaparticle plasmon. In this in-
terpretation, the fundamental resonance is equivalentdip@ar resonance, while the higher
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Fig. 4. Reflection efficiency response of the grating as a function ofthetincident fre-
quency and grating height. The fixed grating parameterslarel44 nm f = 0.45. The
frequency range is.22x 10 rad.s 1 < w < 4.7 x 10'%rad.s~1, which equates to a wave-
length range of 408m< A <850nm The grating height is in the rangen< h <40nm
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Fig. 5.|H| for the two reflection peaks at low grating thickness in Fig. 2, dith 144nm,
f =0.45,A =550nm
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Zeroth-Order Reflection Efficiency
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Fig. 6. Reflection efficiency as a function of grating height for two higtalues. The
grating parameters ate= 144nm, f = 0.9 andf = 0.98,A =550nm

order mode is a multi-polar resonance [13]. Therefore, tiggestion is that this resonance
is essentially the same as the resonance found previousiydonidual wires with different
cross-sections [16—18]. However, what makes this res@namiotly distinct, from the particle
plasmon resonances described in previous work (whereibgte-radiated in a variety of di-
rections), is that the planar structure and periodicityhaf wires causes the re-radiated light
to propagate in the same direction, and with the same phasbeapecularly reflected radi-
ation. Therefore, a reflection enhancement occurs and #ponse can be fully described by
the transmission, reflection, and absorption, rather tiyahdoscattering cross-section. Itis this
effect that allows the grating to behave as an inverse wiceplariser, which may be useful
for optical devices.

Field plots of the horizontal plasmon resonance in the flatled region are almost identi-
cal to those in Fig. 5(a), except that the field enhancemeslightly weaker. Therefore, the
coupling that occurs for low grating heights causes an erdraant in the field strengths of the
resonance as well as a redshift. We call the low grating tt@sk resonance,cupled hori-
zontal particle plasmomnd the resonance at large grating thicknesaramoupled horizontal
particle plasmonThus, the coupled resonance may be thought of as a 2-diomehgarticle
plasmon, while the uncoupled resonance is effectively arfedsional particle plasmon.

We now consider the two reflection minima in Fig. Zhat 160nmandh ~ 375nm, which
are associated with cavity mode resonances in the slitseestthe wires [10]. By increasing
the mark-to-space ratio(the fraction of a period that is metal, and hence narrowlite) & is
possible to sharpen these resonances, as shown in Fig. 6:

In fact, Fig. 6 illustrates that, as the slits of the grating marrowed, the resonance not only
sharpens, but it redshifts considerably. As the slits bexsowery thin ¢ = 0.9 — slit width=
14.4nm), itis possible to fit a 55@mincident wavelength into a 9iImwide slit and still achieve
~ 0 reflection efficiency. Decreasing the slit beyond this eatilke modes to redshift to a greater
extent, however, there is significant increase in refleq@ml hence loss of transmission).

Figure 7(a) gives the magnitude of thd,|-field, for one unit cell, for the case of very nar-
row slits whered = 144 nm, f = 0.9, A = 550 nm, note the increase in the maximum field
enhancement from 3 in Fig. 5 to~ 7 in Fig. 7. The fundamental resonancéhat 91 nmis
shown in Fig. 7(a), as is the first harmonic resonande-at215nmin Fig. 7(b). From these
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Fig. 7.|H| for the two reflection minima of Fig. 6, with = 144nm, f =0.9,A =550nm

field plots itis clear that the periodic reflection extinctso observed in Figs. 3 and 6, are due to
the excitation of cavity modes in the slits of the gratingglagous to those discussed in Hooper
and Sambles [12], except with the different boundary caokt of a slit compared to a deep
groove.

Figure 3 illustrates that the frequency dependence of thigyamodes is highly asymmetric
with grating height. It can be observed in Fig. 3 that, forgenwavelengths, the cavity modes
are free to decrease in frequency approximately/&sak one would expect. However, Fig. 3
also demonstrates that the high frequency cavity modesadralie to increase in frequency
linearly with decreasing grating height. Each mode maymorgase in frequency beyond its as-
sociated light line and we observe an anti-crossing betwdew-order high energy branch and
a high-order low energy branch [7,12] at approximatels 400nm, w = 4.7 x 10*°rad.s 1.

It is this behaviour that shows that these cavity modes dartetye subtly distinct from the fa-
miliar TEM cavity mode in a single slit, which would increaisefrequency with decreasing
grating height for all heights/frequencies (this is onljcsly true for a perfect conductor [11]).
This is because, as discussed in the Introduction, on angrite cavity modes evolve directly
from diffractively coupled surface plasmon modes, whickdmee vertical surface plasmons
that self couple across the walls of the slits. This is pdssen for non-diffractive structures
due to the significant perturbation to the dispersion of tenal surface plasmons on shallow
gratings, which the large amplitude grating introduce4 23,

In order to confirm the nature of these two resonances, thiedmtal particle plasmon reso-
nances and cavity modes, which may also be thought of ag&kstirface plasmon resonances
coupled across the slit, it is instructive to also obserwe tiey depend on wire and slit width
and on the in-plane momentum of the incident radiation.

4.2. Dispersion of cavity resonance with slit width and laf@ momentum

We briefly confirm that the reflection minima are associateith wavity modes by observing
that they behave with varying slit width and in-plane moruemtas expected. In Fig. 8 we
give the dependence of the cavity motie<( 91 nm) on the slit spacing from 18mto 100nm
with a constant wire width 0129.6 nm As the slit width is increased from very thin values
the resonance blueshifts. This thin slit width behavious baen observed previously for a
single slit in the microwave regime and has been attribubetthé finite penetration depth of
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Fig. 8. Reflection efficiency response of the cavity mode resonanadwasction of both

the incident frequency and slit width, for a constant wire width o8G#m The grating
height ish =91 nm The frequency is in the same range as in Fig. 4 and the slit width is in
the range 1im < slit width< 100nm
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Fig. 9. Reflection efficiency response of the cavity mode resonanadiagction of both

the incident frequency and in-plane momentum. The grating paramaehs= 91 nm,

d =144nmandf = 0.9. The frequency is in the same range as in Fig. 4 and the in-plane
momentum is in the range 0 2ky/ky < 1.

the evanescent fields in the metal. At large slit widths thedihg wave may be considered as
approximately a plane wave-front, whereas, when the dlitiwis reduced, the finite penetration
depth in the metal induces an increase in the imagikamyhich in turn increases the curvature
of the wave-front [11]. For increases in slit width one woelghect a down turn in the resonant
frequency as this effect decreases and changes in the bguwuataditions due to end effects
start to dominate [26,27]. However, beyond a slit width girximately 50hmthe cavity mode
is very weak and diminishes quickly with increasing slit thidtherefore, it is not possible to
observe this effect at large slit width in the optical regime

The dependence of the cavity mode on the in-plane momenhowysin Fig. 9, behaves sim-
ilarly to those previously observed, both in continuoudae relief gratings [12] and lamellar
gratings [4-8]. In narrow slits the strong coupling of thetieal SPPs across the slits induces
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Fig. 10. Reflection efficiency response of coupled horizontal partielenpon resonance
as a function of both the incident frequency and slit width, for a consténet width of
64.8 nm The grating height is = 9.5 nm The frequency is in the same range as in Fig. 4.
The slit width is in the range.2 nm< (1— f)d <1002 nm

the opening of very large bands gaps, which results in a flatiée dispersion curve. These
flat bands interact with the free radiation, whose densitgtafes becomes divergent at graz-
ing incidence [12], and the flat bands strongly anti-crogh wie light line at large angles of
incidence. The interaction of the flat SPP bands with thet ligie highlights another subtle
difference between a TEM cavity mode and a periodic arrayitst s

There is a slight decrease in the magnitude of the reflecktination at the higher angles of
incidence. The total reflection efficiency is a superpositibthe directly reflected radiation and
that which is reradiated by the surface plasmon/cavity rmokhean analogy with the Brewster
Angle at a dielectric interface, at grazing angles on a digtemetal interface, the directly
reflected radiation is of a different phase to that reflectstt normal incidence [25]. Therefore
the slight reduction in reflection extinction at larges due to the reradiated radiation from the
cavity mode not having the same phase difference to thetljineflected radiation at grazing
angles as it does near normal incidence.

4.3. Dependence of horizontal plasmon resonance with wigéhwslit width and in-plane
momentum

In order to show that the horizontal particle plasmon resoaa are new resonances, and not,
for example, a combination of normal diffractively exciteatface plasmons and the observed
cavity modes, we continue to use sub-wavelength structacethat normal surface plasmons
are not diffractively excited. In addition we focus on theipted horizontal particle plasmon
mode because it only occurs on very thin structures, whefigyaaodes cannot exist.

Figure 10 is a plot demonstrating the spectral dependentteeafoupled horizontal particle
plasmon resonancd & 144nm h = 9.5 nm) for a constant wire width of 68 nmand varying
slit width from 0.2 nmto 1002 nm The resonance is independent of the slit width aboverg0
whereas below this slit width, the resonance rapidly desge@ frequency and broadens. This
is interpreted as thiocalised horizontal particle plasmons being able to interact actbes
narrow slits, in a manner similar to how the resonances dfgbaiplasmons shift when indi-
vidual particles become close enough to interact. Furtiygpart of this effect is evident when
one considers the fact that, in tkealirection, Fig. 5(a) shows that the fields penetrate inéo th
dielectric for approximately 1mm The large grating height (uncoupled) horizontal particle
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Fig. 11. Reflection efficiency response of the coupled horizontal papi@smon resonance
as a function of both the incident frequency and wire width, for a cohsférwidth of
79.2 nm The grating height is = 9.5 nm The frequency is in the same range as in Fig. 4.
The wire width is in the range 40m < fd < 184nm

plasmon resonance depends similarly on wire width.

Figure 11 gives the spectral dependence of the same resgithisdime for a fixed slit width
of 79.2 nm while varying the wire width from 40hmto 184 nm The resonance frequency
behaves as/ifd as the width of the wiresf() is increased. The secondary, weaker, resonance
toward the upper right corner is of the same nature as showigirb(b), illustrating that it is
possible to obtain the higher order mode at a more pracgdhlitkness. This linear redshift
with varying wire width accords with the suggestion that mhede is localised to the wires of
the structure.

Figure 12 gives a slight variation on these two investigegjdere the period of the grating is
held at a constant 14@mwhile the mark-to-space ratio is varied fron2@o 0.8. This results in
both the wire width and slit width changing concurrentlywewer, the slit width is always kept
above 30nmand so, from Fig. 10, we expect this to have no effect on theorese. Again, we
see a 1 fd dependence of the resonance with wire width. In this caseetied is held constant,
yet the resonance depends on wire width, whereas, in FidielBesonance is independent of
slit width (for constant wire width) and hence changing périTherefore we conclude that the
coupled horizontal particle plasmon resonance on lamgiings isnot the same as the well
known diffractively excited surface plasmon resonancédhiaes on continuous surface relief
gratings, which obeys Equation 1, and is dependent on thedef the grating.

ksp = kosin(8) = qky 1)

whereksy, is the surface plasmon momentukg,is the incident radiation momenturky is
the grating vector, angis any integer.

Figure 13 is a plot showing how the fundamental coupled bote&l particle plasmon res-
onance § = 144nm, f = 0.45, h = 9.5 nm) depends spectrally on the in-plane momentum
k. This result is another example of how the localised hotiloparticle plasmons presented
here behave differently to the well known normal surfacesiplan polaritons that are excited
by diffractive continuous surface relief gratings (whiale aot confined to each of the grating
wires by the slits and may propagate between surface pattons). In the latter case it is well
known that the dispersion of the mode with follows the dispersion of a surface plasmon
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Fig. 12. Reflection efficiency response of the coupled horizontal papi@smon resonance
as a function of both the incident frequency and mark-to-space ratia,donstant grating
period of 144m The grating height i = 9.5 nm The frequency is in the same range as
in Fig. 4. The mark-to-space ratio is in the rang2 € f < 0.8, giving a slit width that is
always> 28.8 nm

polariton on a flat surface that has been band folded by thHediertranslational variance of
the grating. Here we show that, in the case of the localisezdwtal particle plasmons that
may be formed on a discontinuous grating, there is no depeedef the spectral position of
the resonance on the angle of incidence. This independdribe mesonance witky has been
observed previously for particle plasmons as well as othealised modes. Field plots show
that the nature of the resonance does not significantly&ltbrthe angle of incidence. As with
the results of the dependency on wire and slit width, thisilitesonfirms the localisation of
the resonance to the surface of the wires, rather than beieg@ propagated freely between
perturbations, as is the case on a continuous grating, arekhis distinctness from the latter.
This localisation also demonstrates that these modes reayalexcited on individual wires as
well as arrays.

As for the dependence of the cavity modes, the reductioneofdfiection efficiency, to the
point where the grating becomes almost transmissive airgyangles is attributed to a pseudo-
Brewster angle.

Similar investigations into the uncoupled horizontal jz&tplasmon resonance (the large
h high reflection resonance) illustrate that this resonaregedds on wire width, slit width,
period, and in-plane momentum in the same way as the $ncallipled resonance.

5. Surface plasmon modes on discontinuous gratings and the origin of the particle plas-
mon mode

For surface plasmons on continuous gratings it has beenrsti@at; as the grating amplitude
is increased, the unperturbed resonances may be scattefethst they self-interact to form

localised modes within the deep grooves of the structurelwbehave as cavity modes [12].
Therefore, it is possible that the localised horizontakipkr plasmon modes formed on dis-
continuous gratings may also be the result of an evolutiomoofal surface plasmons as the
confinement of a discontinuous grating is introduced. Ireotd interpret the following results

correctly, it is important to first highlight the perturbai effects that the discontinuities of a
lamellar grating can have on the dispersion of the normé&seiplasmon polariton resonance;
which is also an interesting investigation in its own riginid to the Authors’ knowledge, has
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Fig. 13. Reflection efficiency response of the coupled horizontal pamplasmon reso-
nance as a function of both the incident frequency and in-plane momeifite grating
parameters aré = 144nm, f = 0.45 andh = 9.5 nm The frequency is in the same range
as in Fig. 4 and the in-plane momentum is in the range2ky /ky < 1.

not been examined in detail on lamellar gratings in the aptiegime. This briefly requires a
shift to diffractive structures.

In order to investigate in more detail the evolution of thetigke plasmon resonance a more
complex system is modelled. The system is identical to themmatic shown in Fig. 1, except
that a new layer is introduced between the grating and tinsitnession (substrate) layers. This
is @ homogeneous silver layer of thickneéssuch that when this layer is optically thick, the
structure resembles a continuous surface relief gratimdjwanen this layer has zero thickness,
the structure is identical to a discontinuous structureréfore, the variation of the thickness
of this layer allows the examination of the evolution of tlesgnances as the structure tends
from a continuous to a discontinuous one.

It is clear that a surface plasmon on a continuous grating avitectangular profile of small
amplitude will occur at the same frequency as that expectad finy continuous diffraction
grating with a small perturbation e.g. a sinusoidal gratlhthe grating amplitude is not small
then it will perturb the surface plasmon propagation sigaiiily, resulting in the frequency and
dispersion of the mode being modified. It has been shown titaéésing the grating height,
increasing the perturbation to the surface plasmon modaltsdn a flattening of the dispersion
diagram along with a redshift in frequency [12]. Howeveljkea sinusoidal grating, a rectan-
gular grating with a large amplitude, but also very narroaoyes, will also allow unperturbed
surface plasmons to exist on its upper surface. This is lsecaapproximates a homogeneous
interface, and so does not significantly disturb the sunfd@smon propagation, while the peri-
odicity still allows diffractive coupling. Likewise, an tipally thick, discontinuous rectangular
grating with very narrow slits will also allow unperturbedrface plasmons to exist on its up-
per surface. Thus large amplitude rectangular gratingsiecontinuous or discontinuous, with
very narrow grooves/slits will support very similar oplicesonances, they will both allow nor-
mal surface plasmon modes and cavity modes to exist on tHémugh the cavity modes on
the continuous grating will occur at approximately twice thiavelength of the discontinuous
grating due to the different boundary conditions of the gbplane. However, this is not the
case for lamellar gratings with a small height.

As described in the Introduction, for homogeneous filmdef height of the film is reduced
below the decay length of the evanescent fields of the sugl®nons in the metal, then
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the evanescent fields associated with the surface plasmaneompper surface will be able
to excite surface plasmons on the bottom surface. The upgkloaver surface plasmons then
become coupled, resulting in a splitting of the normal stefalasmon mode into the long range
and short range coupled surface plasmon resonance, wtsphrde in frequency in opposite
directions with further decreases in grating height. Thisalso be true for thin discontinuous
gratings with very narrow slits. Figure 14 demonstratestigdution of normal surface plasmon
modes to coupled normal surface plasmon modes, on a graitihgarrow slits, as the grating
tends from a continuous one to a discontinuous one by gfanith a larget and reducing it

to zero. They are plots of the poles of the scattering matrich are determined by summing
over all of the global scattering matri$, This technique leads to very sharp and large peaks,
thus for ease of visualisation, in each plot the poles arenatised to the maximum value
obtained in the given plo(y |§) a0 9iving a range 6< 5[5/ (3 |S)max < 1, and the grey-
scale set between 0 and 0.5. The pole plots show the dispexktbe modes as the height of
the metal substrate layer is reduced from64 nm(almost optically thick so that the grating is
almost continuous) to= 0 nm where the grating is fully discontinuous. The grating paeters
are:h=10nm d =500nm fd =480nm and the substrate is vacuum so that surface plasmons
on either interface will be degenerate. The dotted lineatd the location of the light line (and
the diffracted lines).

The dispersion plot shown in Fig. 14(a) shows that the homeges silver layer is not quite
optically thick at 64nmas the normal surface plasmon mode has already startedttm&pthe
low and high frequency branches. The zeroth order SPP masteedkist, although it is difficult
to see as it is very weak and overlaid by the light line. Thekmeas is a result of the fact that
a lamellar grating with very narrow slits is described by aifier expansion with very small
(in magnitude) lower order Fourier harmonics, therefdne,lower order SPPs are excited only
weakly. Att =8 nm, as in Fig. 14(b), the modes have split significantly, with liw frequency
mode redshifting in frequency while the high frequency mbés blueshifted. There are also
higher order (Ry, 3Kg. .. gkg) low frequency modes that have been brought down into viedv an
the high frequency branch appears to have weakenend irggirsignificantly. Byt = 2 nm
as in Fig. 14(c), the low frequency modes have redshiftethéuy and the lowest order low
frequency mode has weaknened significantly. The high freguéranch does not appear to
have moved significantly sinde= 8 nmand has weakened further. When the grating is finally
discontinuoust(= 0 nm), as in Fig. 14(d), many low frequency modes have come dowm in
view. However, note that the high frequency mode appearste diminished greatly, not by
blueshifting as there was no noticeable blueshift belew8 nm, but by weakening until it
has very nearly vanished. Also note, from (c) and (d) of Fi. that the lowest order low
frequency mode has also weakened and vanished, and thalogkatlike the lowest order
coupled surface plasmon mode is in fact a higher order moalehths been brought down
in frequency. Therefore, this structure will support nofrmaupled surface plasmon modes,
however, it only appears to support the low frequency brarfche coupled surface plasmon
modes. Furthermore, it does not support the lowest ordegpledwsurface plasmon mode, and
that there is a noticeable band gap between modks-atO, 1. This is because the slit, even
at only 20nm, is large enough to cause significant perturbation to thenabsurface plasmon
modes and to prevent the lowest order mode existing.

At first it may be surprising to find that the high frequency plead SPP mode cannot exist
on lamellar gratings, this is because, it must have a shadeelength than the low frequency
mode, and therefore, it would be expected that each wiredvaybear more like a planar film
to the high frequency mode. However, one has to considereghaviour of the fields as the
grating thickness is reduced. It has been discussed in ttadlrction that, the high frequency
(short-range) mode is associated with fields that have aldraction inside the metal than the
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Fig. 14. Poles of the S matrix of a silver rectangular grating as a functidrothf the
incident frequency and in-plane momentum for decreasiige fixed grating parameters
ared = 500nm, fd =480nm, h = 10 nmand the substrate is vacuum. The frequency is
in the range O< w < 6.28x 10'® rad.s ™1, giving a wavelength range of 30n< A < oo,

and the in-plane momentum is in the range @ky/ky < 1. The dotted line indicates the
light and diffracted lines.
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Fig. 15. Poles of the S matrix of a silver lamellar grating as a function of betinttident
frequency and in-plane momentum for increasing slit widths. The fixatng parame-
ters ared = 500nm, h = 10 nmand the substrate is vacuum. The frequency and in-plane
momentum ranges are the same as in Fig. 14.

low frequency (long-range) mode, and that, as the film theskrs reduced, this proportion of
fields increases. Therefore, the fields associated withigtefrequency mode experience the
metal to a much greater degree than the low frequency modehas, the mode must be much
more significantly perturbed by the presence of the slits tha low frequency mode, or indeed
the uncoupled mode. This explains why this mode does nat@xithin lamellar gratings. This
can also be considered due to the fact that the high frequaadg occurs at higher frequencies,
while the low frequency mode red-shifts. Therefore, théntfirgquency mode becomes more
surface plasma-like, while the low frequency mode becoma®mrazing photon-like, which
is naturally perturbed much less by the slits.

In order to investigate the perturbation effect on the ndsngace plasmon modes that the
slits introduce, Fig. 15 shows the dispersion plots for dlaindiscontinuous grating as in Fig.
14, but the slits of the grating are varied in width.

Figure 15(a) gives the dispersion plot of a similar gratirtiew the slit width is only hhm
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Although, even at this incredibly small slit width, the madestill noticeably red-shifted from
its normal position (see Fig. 14(a)), its dispersion cundidates that it has a largely normal
character. As for the previous investigation, only the loagfiency coupled surface plasmon
modes appear to significantly exist on a discontinuousrggasind these have been significantly
redshifted from the uncoupled normal surface plasmon #rgudue to the low grating height.
Therefore, as this is such a small slit width, it appears ¢imd low frequency coupled order
modes may exist on a discontinuous grating, regardlessedlitwidth.

There are also no noticeable bandgaps in the structureg seith small slits must not be per-
turbing the surface plasmon propagation along each iedanificantly. It should be noted
that, unlike in Fig. 14(d), the lowest frequency mode in thigpersion plot is indeed the low-
est frequency coupled surface plasmon mode, again, betaisery narrow slit causes little
perturbation to the coupled surface plasmon mode. As tke ale widened to 3Bm as in
Fig. 15(b), the perturbation becomes significant, theeetoe surface plasmon modes become
significantly perturbed, and band gaps are openég-at0, 1.

Further increases in slit width to 128n(Fig. 15(c)) results in the family of modes redshifting
and flattening more significantly. At the same time the loweleo modes also weaken, until
finally, at a slit width of 256nm (Fig. 15(d)), they vanish altogether. Then only the veryhhig
order modes can exist, because they have an effective vmaxklthat is short enough such that
they are not as strongly perturbed by the slits. From theudision above, it might be expected
that the higher order low frequency (long range) coupledesatb not exist because they occur
at similar high frequencies to the lower order high freqyeshort range) modes, which have
been shown not to exist due to a large fraction of their fiekistimg within the absorbing
metal. However, it is emphasised that these are the higder low frequencycoupled modes,
therefore, their fields are more excluded from the metal fbathe high frequency mode, such
that they are less perturbed by the slits, and they can esaésta& high frequencies.

It has, therefore, been shown that the normal (lower ordefase plasmon modes cannot
exist on discontinuous gratings, with the caveat that ths il the grating must not be very
narrow. The results presented here suggest that, in theabptigime, the slits of the grating
must be< A /100 for the surface plasmon polariton to exist, howevemaetethis narrow slit
width, the mode will still be significantly perturbed frons ihormal location. However, previous
work in lower frequency regimes suggest that this condtidoes not have to be as severe, for
example, in the infra-red regime, unperturbed surfacenplaispolaritons have been observed
for slits as large as- A /10. This can be understood by similar dispersion argumestause,
the surface plasmon polariton mode, at higher frequenbi&s,a more surface plasma char-
acter, whereas, decreasing the frequency of the surfasmptapolariton causes its character
to become more like a grazing photon. Naturally, if the resme behaves more like a graz-
ing photon then it is going to be less perturbed by the slités Explains why the slits of a
grating can be a larger fraction of the incident wavelengtthe frequency of the resonance is
decreased.

Figure 16 shows the corresponding reflection efficiencysgdlmtthe pole plots of Fig. 15. For
the narrowest slit width of bm(Fig. 16(a), it can be seen that the normal, although sitijhglly
perturbed, surface plasmon polariton modes may be extiteés expected, only very weakly.
As the slits are broadened, the high reflection horizontdigb@ plasmon resonance can be seen
to appear from very low frequencies, it sharpens and blétseshifrequency (as expected from
Fig. 10), until Fig. 16(c) where the high reflection horizalrgarticle plasmon mode can clearly
be seen. At no point is the resonance affected by the diifra&dge, apart from an expected
decrease in reflection efficiency when diffracted orderspmesent, and so does not appear
to be a resonance associated with diffractive couplingréfoee, Figs. 15 and 16 shows that
the horizontal particle plasmon mode appears not to evetwa the normal surface plasmon
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as a function of both the incident frequency and in-plane momentumfiféxe grating
parameters areé= 140nm, f = 0.5, h=10nmand the substrate is vacuum. The frequency
and in-plane momentum ranges are the same as in Fig. 14.

modes, nor does it appear to be related to the periodicitie&tructure. However, there also
appears to be no pole relating to the horizontal particlerptan mode.

In order to investigate the evolution of the horizontal éetplasmon mode further, and why
there appears to be no associated pole, the investigatkig.df4 is repeated for a grating where
the resonance is stronger and sharper; this requires dsbktto non-diffractive structures.

First, in Fig. 17 we show the poles of the scattering matrixalang with the resulting
reflection efficiences (b) for a system where 0 nm, a purely discontinuous structure, with a
period 140nm, wire and slit width 70nm, height 10nm, and with a substrate that is vacuum.
There is a clear pole beyond the light line that appears ta mheelight line at the correct
frequency for the reflection peak (the localised coupledziootal particle plasmon), however,
there appears to be no pole in the radiative region.

Figure 18 gives an enlarged line plot of the poles of the sdaty matrix whenk, = 0 -
normal incidence. In fact, as Fig. 18 shows, there is a vergkwmle that can be observed at
the correct frequency of the resonance. The reason for th&nvess of this pole is the spectral
broadness of the resonance, this is caused by a high amodaitnufing that is occuring due to
the enhancement and high localisation of the fields arouadvires - another similarity with
particle plasmons. The pole becomes much sharper to theaighe light line because the
radiative damping is removed and hence the resonance aadeobme significantly sharper.
The localisation of continuous interface surface plasnu@tseases in the non-radiative regime
because there is an increase of the field penetration intdidtectric. It is expected that a
similar reduction in localisation occurs for the resonappesented here and hence there is a
dispersion of the mode witk, beyond the light line.

The switch back to non-diffractive structures allows eaamalysis of why there does not
appear to be a pole associated with the particle plasmon rnedause these yeild simpler
dispersion diagrams. Furthermore, when this investigati@arried out for diffractive gratings
with narrow slits, such that it would be expected that norfoalipled) surface plasmons and the
horizontal particle plasmon may exist on the same structbeshorizontal particle resonance,
as shown in Figs. 10, 15(a) and 16(a), would become dragtrealshifted away from its normal
position. In addition, it would be significantly broadenead therefore, the associated pole
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would become even less visible. Thus, a similar investigatin diffractive gratings with very
narrow slits, where both normal (coupled) surface plasnaoighe horizontal particle plasmon
modes both exist far= 0 nm is impracticable.

Figure 19 presents the dispersion of the poles fer64,4,2,1 nm Naturally the plot for
t =64 nm19(a) is almost blank before the light line due to the subeklenvgth nature of the
structure. At very high frequencies, near the light lineréhare some poles that can be seen,
this is because, at 64m the structure is not quite optically thick. Therefore, tharmescent
fields of the normal surface plasmon modes, expectad-a280nmfor ky = ky/2, penetrate
far enough into the homogeneous region to be able to formledwgurface plasmon modes.
Thus, the lower frequency mode of the sijtscattered pole has started to come into view.
This can also be seen beyond the light line, where the uesedtpole has clearly decreased
significantly from its expected location.

The plot fort = 4 nm (19(b)) shows that this split pole has reduced further igudsncy,
furthermore, there are clearly thig23ky. . . gkg poles that have also split and the low frequency
pole has been brought down into view, with the same band fflageas expected from the
results above (Fig. 14). The remaining pole plbts,2,1 nm(19(c) and (d) respectively) show
the same behaviour as many more poles come down in frequentyeacoupling becomes
more extreme. At the same time the poles weaken in strengilifamt = 0 nm, as in Figs. 17
and 15(d), they disappear completely. Here, not even theehigrder normal surface plasmon
modes may be seen because the wire width is so small that enytngh order modes may
exist and they are at far too high a frequency to be observetadt, they are beyond the
frequencies when silver becomes a dielectric and so no n@untace plasmon modes may
exist at all in this case.

Beyond the light line there is a pole that, while also redgémfrequency asis reduced, is
reducing much more slowly, and the poles associated withhdnmal surface plasmon modes
pass freely through it without any interaction. Clearlyrthéhe pole does not evolve from
normal surface plasmon modes and is in no way related to ttealeurface plasmon modes.
As discussed previously, this pole is associated with a wergk pole in the radiative zone
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Fig. 19. Poles of the S matrix of a silver rectangular grating as a functidrothf the
incident frequency and in-plane momentum for decreasiige fixed grating parameters
ared = 140nm, f = 0.5, h =10 nmand the substrate is vacuum. The frequency and in-
plane momentum ranges are the same as in Fig. 14.
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Fig. 20. Reflection and transmission efficiency responses of a silegangular grating
as a function of both the incident frequency and in-plane momentumfiféxe grating
parameters areé= 140nm, f = 0.5, h=10nmand the substrate is vacuum. The frequency
and in-plane momentum ranges are the same as in Fig. 14~a@dm

that defines the broad high reflection resonance we call dedinprizontal particle plasmon
polariton. A similar investigation can be produced for tineaupled resonance. Therefore, this
result confirms that the horizontal particle plasmon resoaadoes not evolve from normal
surface plasmon modes.

Figure 20 shows the corresponding reflection and transomssfficiencies for the system
wheret = 2 nm The high reflection resonance associated with the coupdaddntal particle
plasmon resonance can clearly be seen at a frequency ntatbkipole beyond the light line,
which are both slightly blueshifted by the non-zérd@here is also a series of reflection min-
ima (transmission maxima), one of which coincides with theal reflection peak, which are
associated with the other family of poles. These are theledumrmal surface plasmons and
this plot is only shown in order to illustrate that the norreafface plasmon modes are indeed
associated with transmission enhancement and, furtheymren they coincide with the high
reflection horizontal particle plasmon resonance, theyatanteract in any way and the resul-
tant efficiencies are merely the average of the two resosargimilarly to when the horizontal
particle plasmon resonance coincides, but does not irifevah a cavity resonance.

It is now possible to conclusively confirm that the horizomésonance presented is indeed
of a particle plasmon-like nature. Figures 5, 10, 11, 12 @hshbw that the resonance is highly
localised to the wires of the grating and independent of #@ogicity of the structure, such
that the optical response is a superposition of non-intergevire resonances. This behaviour
is analogous to that of an array of independent particlenpdas, and contradictory to the na-
ture of normal diffractively excited surface plasmons. Whes large, the horizontal particle
plasmon may only exist on the incidence surface of the winelstle resonance is independent
of h because its evanescent decay length is smaller than thiet foéithe grating - the uncou-
pled (1-dimensional) horizontal particle plasmon potaritAs the grating height is reduced,
the evanescent field of the upper horizontal particle plasmsonance is able to excite a sec-
ondary plasmon on the bottom surface of each wire througimigtal. As the grating height
is reduced further the secondary horizontal particle ptasis excited more efficiently, and
hence the coupling efficiency increases, until eventutdl/two resonances become a strongly
coupled pair. This results in field enhancement and a redshihe resonance - the coupled
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Fig. 21. Experimental data published in Fig. 8(c) of Schigleial. [13] (points), with the-
oretical calculations using the present model (line). Experimentahpeteas are given as
d =350nm h=25nm f = 0.43; theoretical parameters agle= 356 nm, h = 27 nm,

f =0.43.

(2-dimensional) horizontal particle plasmon polaritomtiis point the grating is also acting as
an inverse polariser as it is reflecting more TM radiatiomthigransmist, and vice versa for
TE radiation.

It is also concluded that the new horizontal particle plasmmdes presented here (cou-
pled and uncoupled) do not evolve from diffractive surfatismon modes in the same way
as localised cavity modes have been shown to. Thereforgatieen no way related to normal
surface plasmon modes, in an analogous way to the fact thatray of independent particle
plasmons are in no way related to the normal surface plasnoatestthat occur on a diffrac-
tive array of holes (or other perturbations) in a metal s@fdt is a particle-like, resonance
that is only ever associated with a significant reflectionamclement. The reflection enhance-
ment also makes this resonance subtly distinct from thécpgplasmon resonances previously
demonstrated on individual circular (and irregular) cresstion wires.

6. Comparison with experiment

The coupled horizontal particle plasmon resonance has beserved experimentally [13].
This is shown as circles in Fig. 21 (from Fig. 8(c) of [13]), evk theExtinction=log(Tp/T)
is plotted as a function of incident wavelength, our modellis the continuous line.

It can clearly be seen that the transmission extinctiorufeatlthough broader experimen-
tally, may be modelled. The broadening is expected as atraftihie increase of the imaginary
part of the permittivity through the 2-dimensional confiremof electrons in the wire, as dis-
cussed previously, and also the non-ideal geometry of theswi

Itis instructive to plot the reflection efficiency againsatijng height for the same parameters
as Fig. 21, at a wavelength of 6@in, so that the feature may be presented in a similar manner
to Fig. 2; this is done in Fig. 22. The feature is clearly of #ane nature as that in Fig. 2,
including the higher order peaks at even smaller gratinghteiFurthermore, the feature is
located at the correct grating height for the experimeragd dT his indicates that the horizontal
particle plasmon resonance predicted here, giving higlkeagdin enhancement, is the same
resonance that has been observed experimentally by Scdtidek [13]. Field plots for this
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Fig. 22. Reflection efficiency as a function of grating height, for thempatarsd = 356nm,
f =0.43,A =601nm

response are identical to those in Fig. 5(a) except the marifield enhancement is slightly
smaller.

Note that, although this work has experimentally demotetiréhe existence of the particle
plasmon-like mode, its nature was not fully explained. Remnore, although it was hypothe-
sised, but not proved, that this mode may have a dipolar ctearat was not realised that the
transmission extinction was not a result of scattering,dugt to an enhancement in reflection,
and therefore, the mode was subtly different to a typicaigarplasmon resonance.

7. Conclusions

We have presented models of the response of sub-wavelemg#ilar gratings illuminated by
radiation whose electric field lies in a plane orthogonahtodrating wires. It has been observed
that it is possible to excite two distinct types of resonaf¢e first resonance is the excitation
of a horizontal particle plasmon resonance that is asstiaith a high reflection efficiency.
Beyond approximateli = 40 nm, this resonance is independent of the grating height. At thi
point the resonance is essentially a 1-dimensional plaaicfe plasmon. Below this height,
the evanescent field of the resonance is able to penetratadta of the grating and couple
with a secondary horizontal particle plasmon resonancenerbbttom surface of the wires.
As the height is reduced further, these resonances becoomglst coupled and the response
sharpens and redshifts significantly. At this point the nese is effectively a 2-dimensional
particle plasmon. In addition, this resonance still givdsgh reflection efficiency below grat-
ing heights where a continuous film would start becomingspanent, and indeed does so for
radiation with E-field parallel to the wires. Therefore stnhésonance allows very thin gratings
to respond to different polarisations of incident light lre topposite sense to that which is pre-
dicted by the standard wire-grid theory of the restrictediamoof electrons. Furthermore, both
the coupled and uncoupled modes are highly localised resesawhich may not propagate
between wires, and are independent of the grating perioda(émnstant wire width). The be-
haviour of normal surface plasmon modes on discontinucatingys has also been investigated,
and how these relate to the normal surface plasmon modesdbat on continuous gratings
with a shallow perturbation. It has been shown that the bat& particle plasmon resonance
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presented here does not evolve from normal surface plasmwlantpns and is only particle-
like in nature. Furthermore, it is also demonstrated thatrsonance is subtly different than
the well known particle plasmon mode because the planastateiand periodicity of the res-
onance causes the re-radiated light to propagate in the d@ention as, and is in phase with,
the specularly reflected light. This leads to a reflectioraggement not observed before from
a particle plasmon resonance. It is also shown that thisiees® has been previously observed
experimentally by Schidest. al.[13].

The second resonance is the excitation of vertical SPPg alenwire surface that bounds
each slit. It has been shown that, when the slits are thingindbese vertical SPPs may cou-
ple together significantly across the slit and it is possiblefficiently excite standing waves
along the slit - essentially just the classical TEM cavitydmavith some subtle differences due
to the periodicity of the structure. These standing wavesaasociated with reflection extinc-
tion (transmission enhancement). Similar cavity modeg l@en modelled previously for both
deep continuous surface relief gratings [12] and lameltatiiggs in the infra-red [7] and mi-
crowave [10] regimes. We show that the cavity modes, exditetie visible spectrum here,
behave with changing parameters as is expected from thésre$uhese previous investiga-
tions. We also show that, in the extreme case of very narritsy gie finite conductivity in the
optical regime allows incident radiation to be squeezealsiits whose lengths are considerably
less (A /5) than the wavelength of the radiation in free space.

Finally, in the case of the sub-wavelength discontinuoasiiggs investigated here, the new
horizontal resonance presented, which has been shown tstimetly different from the normal
surface plasmon resonance observed on continuous diffinagtatings as it has a particle-
like character, appears to be purely associated with a tieduo transmission, and when the
resonance overlaps with a cavity mode (or indeed a norm#haiplasmons), there is no
transmission enhancement and the resultant transmisEioierecy is an average of the two
resonances. This implies that when the two resonancesideitiere is no interaction between
the two, or at least if they do interact, there is a reductiotiné transmission efficiency (not an
enhancement) compared to that just away from coincidence.
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