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Enhanced substrate-induced coupling in two-dimensional gold nanopatrticle arrays
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The influence of substrate induced coupling on plasmon excitations is probed by means of visible and
near-infrared extinction microspectroscopy on various arrays of gold oblate spheroidal particles deposited onto
a 20-nm-thick gold film. At zero incidence angle and for an interparticle spacing smaller than 250 nm, the
spectra exhibit two bands instead of the single one observed for similar particles but deposited on indium tin
oxide coated glass. We suggest that the short-wavelength band proceeds from two simultaneous mechanisms:
(i) Excitation of a surface-plasmon resonance localized on the parti@lesseneration at the gold-glass
interface of a propagating surface-plasmon wave due to the fact that the gold particles can act as a grating
coupler. Surface-enhanced Raman-scattering experiments performed on oblate spheroid arrays give arguments
in favor of the attribution of the long-wavelength band to surface-plasmon resonance of an ensemble of
strongly coupled particles. When increasing the spacing between particles of the array beyond 250 nm, extinc-
tion spectra display the emergence of a new band. Calculations suggest that this new band proceeds from the
excitation of a surface-plasmon standing wave on the film due to Bragg scattering. This assignment to Bragg
scattering is supported by the investigation of the effect of varying the incidence angle under both transverse
magnetic and transverse electric polarizations.
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[. INTRODUCTION In this paper, we report on the strong coupling between
nanoparticles mediated by surface-plasmon waves propagat-
Noble-metal particles of sub-wavelength sig@nopar- ing on a gold film. In this purpose, the extinction spectra of
ticles) can sustain resonances of collective electron oscillagold nanoparticles regularly arranged as square arrays onto a
tions known adocalized surface plasmorisSP’s).! The ex-  flat gold film are investigated such that the effect of the sub-
citation of LSP’s leads to the emergence of strong extinctiorstrate on the interaction between particles can be probed.
bands and to a giant amplification of the local electromag-SPectra of gold oblate spheroids on gold film display two or
netic field. These effects are of high general interest in théhree bands instead of the single one observed for similar
context of future optical device applications such as guidingimays but deposited on indium tin oxide coated glass. We
light on the sub-micrometer scal@ptical spectroscopy such Suggest some explanations for the origin of these bands
as second-harmonic generatfband surface enhanced Ra- based on the comparison with spectra of elongated ellipsoid
man scattering. arrays, surface-enhanced Raman-scattering experiments,
For asingle isolatedparticle, the individual plasmon reso- 9rating coupling, and Bragg scattering calculations.
nance depends on the particle size and shape as well as on
the dielectric functions of the particle and the surrounding
medium?! For any assembly of particles that are commonly
used for experiments, the properties of individual particles Our samples are constituted of square arrays of gold par-
are considerably modified on account of the interaction witHicles deposited on a smooth gold film whose thickn@s
the substrate and with other partiche$? Electromagnetic nm) enables us to measure the optical spectra in transmission
coupling between particles can arise both from very shortmode. The shape of the particles approaches oblate sphe-
distance interaction and from long-range interaction. Nearfoids, the major axis of which lies along the gold film. These
field coupling occurs for close particles in the order of somesamples were fabricated by electronic beam lithography us-
tens of nanometerst3and can produce a strong confinementing a modified JEOL 6400 scanning electronic microscope
of the local electric field? while far-field coupling is medi- equipped with a software driving the electron beathThe
ated via scattered light fields that are of dipolar charactenvhole array size is a square of 100 or 206 side. Absorp-
Most of the previous investigations on the optical propertiedion spectra were obtained from a LOT-ORIEL model
of gold nanoparticles arrays were performed on insulating oMS260 spectrometef260 mm focal lengthwith a 1024-
only weakly conducting substrates; generally a rather weakliode array detector thermoelectrically cooled. This spec-
far-field dipolar coupling was fount®°-2However, re- trometer is coupled by fiber optics to a LEITZ microscope
cently published results show that enhanced interaction beequipped with a 5& objective of 0.55 numerical aperture.
tween particles may occur, provided the structure of the unThe light source is a halogen lamp illuminating the sample
derlying surface can mediate propagating waveguidevith an almost collimated beam. The investigated array zone
modes>1115-18 is limited by a small hole to a radius of approximately

II. EXPERIMENTAL TECHNIQUES
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Energy (eV) those observed by Freeman and co-worfefsr spherical

2 15 gold particles immobilized on a silanized glass substrate.
These authors attributed the first band at 525 nm to surface-
plasmon localized on individual gold particles and the sec-
ond one, shifted towards much longer wavelengths, to a plas-
mon resonance of a set of particles resulting in a strong
dipole-dipole coupling due to the particle closeness. When
inspecting our experimental spectra, the first arising question
is: Are these two maxima due to extinction bands or to the
occurrence of a dip originating in a destructive interference
phenomenon? In such a process, the incident light can inter-
fere destructively either with the image ficttor with a
propagating wave guide mode resonant to the particle
plasmont® When increasing the inter particle distance, the
energy of the dip should not change in the former s,
400 500 600 700 800 900 decrease in the latter on®Since this is not the cassee
Wavelength (nm ) Fig. 4, we can conclude that the two maxima of spect&im

FIG. 1. Extinction spectrum of arrays of gold oblate spheroidall” Fig- 1 reflect two extinction bands. _
particles deposited on IT@najor axis 110 nm parallel to the ITO _ We propose to assign the two bands observed in spectrum
substrate, minor axis 60 nm perpendicular to the ITO, interparticléB I Fig. 1 according to the Holland and Hall interpretation
SpacingA:ZOO nm) (SpectrurnA)’ and a 20-nm go|d ﬁ|n(maj0r Of reﬂectiVity Spectra Of S”Ver and gO|d iS|and f|ImS depOS-
axis 120 nm parallel to the gold film, minor axis 44 nm perpendicu_ited on a continuous silver film via various thickness spacers
lar the gold film, interparticle spacing =200 nm) (spectrumB). of lithium fluoride (LiF).?? The silver island absorption reso-
The inset displays a scanning electronic microscopy image of th@ance (at 400 nm was found to fall very close to the
array of gold particles on ITO. asymptotic surface-plasmon wavelength for silver at 350 nm.
Replacing silver islands by gold ones, these authors observed
50 wm. Raman spectra are recorded in backscattering geontwo minima at 350 nm and 540 nm. They assign the 540-nm
etry on a DILORXY microspectrometer constituted by a minimum to a gold particle resonance and the 350-nm mini-
double monochromator used in subtractive mode to select @um to the excitation of a propagating surface-plasmon
given spectral range and a third monochromator giving thénode. For a semi-infinite metal, the surface plasmon propa-
dispersion. The detector is a thermoelectrically cooled charggating wavelength arising from a grating coupling mecha-
coupled devicg(Jobin Yvon CCD, 1024256 pixels. The  nhism is giveri® by
excitation is obtained with either an Armodel 165 or a
He/Ne model 107/207 spectra physics lasers. In order to ®
avoid any grating degradation, the laser power never exceeds ksp:E
50 mW at the sample.
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In Eq. (1), Ksp is the amplitude of the surface-plasmon wave
I1l. RESULTS AND DISCUSSION vector,w the angular frequency of the incident light beam,
the speed of light in vacuog; the incidence anglem an
integer, G=2=/A the amplitude of the grating vectos,

In Fig. 1, we compare the extinction spectrum of two ande, the dielectric functions of the metal and the surround-
similar arrays of gold oblate spheroidal particles. In spectruning medium, respectively. In the case of spectra of gold par-
A, the spheroidal particle€l10-nm major axis and 60-nm ticles on a gold film(spectrumB in Fig. 1), the calculations
minor axig are deposited as a square array onto indium tinvere performed using the experimental gold dielectric
oxide (ITO) with 200 nm interparticle spacing. In spec- function?* For the array considered here, the particle spacing
trum B, the particles(120 nm and 44 nm major and minor is A=200 nm and the predicted wavelength value is 513 nm
axes, respectivelyare deposited onto a gold film with the for the first grating order, which is close to the 525 nm of the
same interparticle spacing. The complete different aspect axperimental bandsee Table)l
these two spectr@Fig. 1) are unlikely to result from the Nevertheless, 525 nm is also the wavelength at which is
slight differences in the size and shape of these two gratingsisually observed the LSP resonance of individual gold
For spectrumA, a single plasmon band located at 650 nm isparticles™?! In order to check whether the 525 nm band ob-
observed as expected from the circular symmetry of theserved in spectrurB in Fig. 1 could arise from such a LSP,
spheroidt?> Conversely, spectrun exhibits two maxima we recorded spectra of square arrays of elongated gold ellip-
separated by a wide dip: The short-wavelength maximunsoidal particles deposited on ITO and gold films. On ITO,
(\,) is located at 525 nm and the long-wavelength oxg (  spectra display two bands polarized at 90 deg of each other
at approximately 650 nm. The position of this second maxi-along the two principal ellipsoid axe§-ig. 2). The band
mum at the same waveleng(B50 nnm) as that of arrays of located at 580 nm and polarized along the ellipsoid medium
similar particles on ITO is fortuitous. These two maxima thataxis (transverse polarizatigris due to a localized surface-
do not change with the incident light polarization look like plasmon excitation corresponding to the particle medium

A. Assignment of the extinction bands
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TABLE |. Calculated wavelengthidEg. (1)], Agc in nanometers, at which a grating coupling occurs.

Interparticle spacing Ngc (nm) at air gold interface Agc (nm) at gold glass interface
(nm) m=1 m=2 m=1 m=2
180 363 509 499
200 369 513 500
230 380 522 502
250 399 530 503
300 465 325 558 504
320 480 330 574 505

axis polarizability tensor component. In the same way, the We thus suggest the occurrence of two simultaneous
long-wavelength band at 750 nm, polarized along the majomechanisms for explaining the band displayed at 525 nm in
axis (longitudinal polarizationis attributed to a particle sur- Fig. 1, spectrumB: (i) the resonance of isolated surface-
face plasmon along this axis. When elongated particles anglasmon localized on the particles afiid the excitation of a
deposited on a gold film, the extinction spectrum exhibitspropagating surface-plasmon wave at the gold-glass inter-
three bands at 540 nm, 650 nm, and 755(fig. 3. Two of  face; this latter excitation can occur because the particles can
them are polarized: that at 540 nm along the particle mediunmact as surface roughness and couple the incident radiation to
axis, and that at 650 nm along the major axis. The third banthe surface plasmoft.
(755 nm is unpolarizedFig. 3). The bands polarized along We wonder now about the assignment of the second ex-
the ellipsoid principal axes can be assigned to L8Bcord-  tinction band appearing in spectra of gold oblate spheroid
ingly, this result suggests us that the band observed at 52&ray on gold and located in spectrdrin Fig. 1 at 650 nm.
nm in spectrumB of Fig. 1 for oblate spheroids can also A simple explanation is that this band comes from a plasmon
proceed from a LSP. The origin of the unpolarized band at
755 nm will be discussed below. Energy (eV )
Under longitudinal polarization, the band at 540 nm is not 3 2.5 2
completely quenched since a broad shoulder is still visible
(Fig. 3, spectrunC), while under transverse polarization, no
band can be longer observed at 650 (fiy. 3, spectrunB).
We can then suppose that the broad shoulder remaining at
approximately 540 nm under longitudinal polarization arises
from the excitation of the surface-plasmon wave traveling at
the gold-glass interfac€lable ).

1.5
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Optical density ( arb. units )

0.00 L . . .
400 500 600 700 800 900 FIG. 3. Extinction spectra of gold elongated ellipsoidal particles

Wavelength ( nm ) deposited as a square array on a 20-nm-thick gold film. Particle
major and medium axes parallel to the substrate are 400 nm and 100
FIG. 2. Extinction spectrum of arrays of gold elongated ellip- nm, respectively, minor axis perpendicular to the substrate is about
soidal particles deposited on IT@ajor axis 145 nm and medium 30 nm. The spacing between particles is approximataly
axis 80 nm are both parallel to the ITO substrate, minor axis 30 nm~300 nm. Spectrurd: Unpolarized incident light beam, spectrum
is perpendicular to the ITO, interparticle spacing=490 nm). B: polarization along the medium axigransverse polarization
SpectrumA: unpolarized incident light beam, spectriBnpolariza-  spectrumC: polarization along the major axisongitudinal polar-
tion along the particle major axis, and spectr@n polarization  ization). Spectra have been vertically displaced for clarity. The inset
along the medium axis. displays a scanning electronic microscopy image of the array.
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excitation of an ensemble of coupled particles. In a sense the Energy (eV)
assignment of this band would be similar to that given for d 23 -
silanized gold plate$' To support this assumption, we per-
formed surface-enhanced Raman-scatteffBGRS experi-
ments on the array of Fig. 1, spectrud It is generally
admitted that the main mechanism leading to the SERS ef-
fect is a giant amplification of the electric field due to plas-
mon resonances of an ensemble of coupled particles-
dence of such a SERS effect on the studied arrays would be
a strong argument in favor of the assignment of the 650-nm
extinction band to surface-plasmon excitation of coupled
particles. The investigated molecule was thens1,2—bi-
(4—pyridyl) ethylene(BPE), which was already found to be
very efficient molecular probe in SERS experimeits:
These Raman spectra experiments were performed using the
632.8-nm excitation line of an He-Ne las& mW power at 1
the samplethat lies within the extinction band at 650 nm. A 0.05
strong Raman signal is observed with a gain per molecule ]
estimated in the order of $0We may thus propose that the 0.00
band at 650 nm arises from surface-plasmon excitation of an ) —— P e e e ]
ensemble of coupled particles. Accordingly, the extinction 400 500 600 700 800 900
band observed at 755 nm for elongated particles may be Wavelength ( nm )
attributed to the resonance of an ensemble of coupled par-
ticles (Fig. 3. FIG. 4. Extinction spectra of arrays of gold oblate spheroidal
Let us now consider what could be the mechanism at th@a'ticles identical to those of spectruy Fig. 1, deposited on a

- . . . 0-nm gold film for different spacing between particles: spectrum
origin of the very strong coupling between particles since thé 9 pacing P P
di %Ie-di ole coyu lin ga e[;rs%oo weak t% ive rise to th /v A=180 nm, spectrund: 200 nm, spectrunC: 230 nm, spec-

P P piing app 9 e[rum D: 250 nm, spectrunk: 300 nm, spectrun: 320 nm. Spec-

banq at 650 nm beca‘ﬂse of the rathgr Igrge spacing _betwe%m F is vertically lowered by 0.03 density unit for clarity. Arrays
particles. The most likely hypothesis is the excitation of gisplay the wavelengths at which the Bragg scattering condition
propagating surface-plasmon waves at either side of the golgtq. (2)] is fulfilled.

film. We have already mentioned that the band at 525 nm

might arise from the excitation of a surface-plasmon wave (jii) A fraction of this energy is absorbed and scattered by
traveling at the gold-glass interface under a gratingparticles leading to the long-wavelength band at approxi-
mechanisn?? In the same way, gold particles may couple themately 650 nm.

incident radiation at the air-gold interface in the UV spectral

region (Table ). No band corresponding to this process B. Study of the coupling strength

is observed, probably on account of a strong interband ) _ ) .
Whatever is the involved mechanism for particle interac-

damping. tion, increasing the distance bet ticl Its |
SERS experiments performed using the 514.5-nm excitas >+ 'Ncreasing the disiance between particies resufts n a

. . : decreasing of the coupling. In the mechanism we propose,
tion of an argon-ion laser show no signal of the BPE Mol o nling is mediated by surface-plasmon travelin
ecule, even under long integrating tin@ min) and rather pling y P g

waves. The strength of such a coupling between particles
large laser power at the samygid mW). The absence of any depends on the propagation length of the surface mode,

SERS spectrum under 514._5-nm excitation can be explz_iine\%hose intensity decreases as expf)/\F,%® where a de-
by the well-known observation of a very much weaker fieldgejnes the propagation length of the mode. Lamprecht and
enhancement on |nd|V|duaI_ particles than on coupled 6”esco-worker§ have evaluated this propagation length to be in
and by the fact that a fraction of the band at 525 nm COMefhe order of 10um, therefore large enough to couple a great
from a surface plasmon propagating at the gold-glass intelyymper of particles within the array. In order to probe the
face. influence of the distance between particles, we study now
From the foregoing discussion, we thus suggest the folyarious arrays constituted of identical gold particles depos-
lowing process to explain the occurrence of two extinctionited at increasing distances on a gold film. A decrease in the
bands in spectrurB, Fig. 1. coupling between particles would manifest itself by a shift of
(i) Incident light excites simultaneously a traveling sur-the long-wavelength band\§) towards smaller wave-
face plasmon by a grating coupling mechanism and a localengths, according to the general observation of the decrease
ized particle resonance. These simultaneous excitations are@tthe eigenmodes splitting when coupling between modes is
the origin of the short-wavelength band observed at 525 nnreduced. Figure 4 shows extinction spectra of identical gold
(i) The propagating mode couples energy back into diseblate spheroidal particle@najor axis: 120 nm, parallel to
tant nanoparticles. substrate plane, minor axis: 44 nm, perpendicular to sub-
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strate plangdeposited onto a 20-nm-thick gold film at dif- Energy (eV)
ferent interparticle spacings. As expected, increasing the 3 2.5 2
interparticle spacing from 180 nm to 250 nm brings about a Tttt T T
shift towards shorter-wavelengths of the band. On the 1
other hand, the short-wavelength bakg remains at the
same wavelength. Besides, on increasing the interparticle
spacing from 180 nnispectrumA) to 320 nm(spectrunk),

one notices the weakening of the overall extinction coeffi-
cient resulting from the decrease of the particle density.
These features all together reflect the weakening of the cou-
pling between particles according to the exponential decrease
of the surface mode intensity with distance.

A new interesting feature is the emergence, in specttum
(A=250 nm), of a shoulder located approximately at 550
nm. In spectraE (A =300 nm) andF (A=320 nm), this
new contribution develops clearly as a third bang)( lo-
cated at about 600 nm and 620 nm, respectively.

To interpret the physical origin of this new band, let us
consider optical wave of incident light propagating normal to
the gold film surface, which has been corrugated by depos-
iting gold nanopatrticles. If the surface-plasmon wave vector
is equal to half the grating vector, Bragg scattering results in ]
both forward and backward traveling waves that interfere to AR SRR MR AL
set up standing waves. Two configurations occur, one has 400 500 600 700 800
field extrema on the film, the other has field extrema on the Wavelength (nm)
particles. The two branches of the dispersion relation have — . _
been calculated by Barnes and co-workers up to third ordetr FIG. 5. Extinction spectra of gratir (A =250 nm) as a func-

. - - . ion of the incidence angle under TM polarizatiom\ 4
in Kd, whereK=G/2 is the Bragg vector amplitude artl — A/cosf: SpectrumA: 6,=0 deg, B: 10 deg,A =254 nm, C:

Optical density ( arb. units ) 0.1 DO unit

the corrugation amplitud®: 20 deg, A,s=266 nm, D: 34 deg, As=30L.5 nm, E: 40 deg,
2 Aeg=326 nm, F: 50 deg, Agg=389 nm, G: 55 deg, Ag
w €1€ . . .
(kgp)?= (—) 2 11— (Kd)?] =436 nm. Spectra have been vertically displaced for clarity. Ar-
c €1t ey rows display the wavelength at which the Bragg scattering condi-
) ; tion is fulfilled, calculated fromfEq. (2)].
+2Kd——|1— —(Kd)z}, (2) _ 5

V€182 2 standing wavé> We can also remark that the emergence of

the third band seems to reject the second one to longer wave-
lengths[spectrakE and F], suggesting an increasing of the
oupling between particles when Bragg scattering occurs.
_ IR his is consistent with the fact that in one of the standing
is, the energy at whichky,=K=G/2, where ks, wave configuration, the electric field is maximum on the
=1/2\(kg)*+ (ksp* corresponds to the central position of particles?® This enhanced field on the particles couples to the
the gap between the upper and the lower branches of thiim, thus producing a stronger surface-plasmon wave ac-
relation of dispersion. In this self-consistent calculation, wecording to the suggested mechanism given at the end of Sec.
used the experimental gold dielectric funcidand a corru- |1l A,
gation amplitude equal to half the heigf22 nm of the
particles. This position, expressed in wavelength units, is dis-
played in Fig. 4 as arrows. Since, in our experiments, the
incident beam contains all the wavelengths within a given In order to gain some supplementary information on the
spectral range, those photons that match both the energy aedcitation of surface-plasmon waves on the gold film, we
momentum of the surface plasmons at the air-gold interfacévestigate the effect of polarizing the incoming electric field
should be preferentially absorbed, giving rise to the thirdparallel[transverse magnetiCTM) polarizatior] or perpen-
band. Probably on account of the approximations consideredicular [transverse electri¢TE) polarizatior] to the inci-
in the theory?® the agreement between experimental and caldence plane. Figure 5 displays the extinction spectra of the
culated wavelengths is rather approximate. As increasing tharray D (A =250 nm, Fig. 4 for various incidence angles
interparticle spacing\, the calculated wavelengths move to- under TM polarization. These spectra exhibit the emergence
wards longer wavelengths faster than do the experimentaif a third band that shifts maximum towards longer wave-
ones. However, the experimental and calculated wavelengtengths as increasing the incidence angle fr@m 0 deg to
vary in a similar way, supporting the assumption that thed;=55 deg. Spectra of similar arrays on IT€pectrumA in
third band does arise from excitation of a surface-plasmorig. 1) do not change when increasing the incident angle of

where symbols have the same meaning as in(Eqg.Using
the relation[Eqg. (2)], we determined the enerdyw of the
incident photon at which Bragg scattering should occur, tha

C. Influence of changing incidence angle and polarization

245407-5



FELIDJ et al. PHYSICAL REVIEW B 66, 245407 (2002
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FIG. 6. ® @ Energy(eV) of the third band appearing in Fig. 5
as a function of the surface-plasmon wave vector amplituge
=G/2, whereG=2m/A is the effective lattice vector. Full line
gives the position in energfeV) at which Bragg scattering condi-
tion is fulfilled, calculated from Eq(2) for grating D at various
effective interparticle spacings .

TE 40 deg

Optical density (arb. units ) 0.1 OD unit

"\TE 50 deg ]

Vi,
Ty

the light impinging on the array, neither under TM nor under 500 600 700 800
TE polarizations. This result rules out the possibility for the Wavelength ( nm )
third band to arise from the fact that under nonzero incidence
angle the intersection of the plane wave with the spheroidal FIG. 7. Comparison between the extinction spectra of grding
particle is no longer a circle resulting in a degeneracy lift of (A =250 nm) for various incidence angles under TE and TM po-
the particle polarizability. larizations. Spectra were vertically displaced for clarity. Arrows dis-
When comparing experiments performed on enlarging th@lay the wavelength at which the Bragg scattering condition is ful-
interparticle spacing at 0 deg incident angkig. 4) with filled, calculated fron{Eq. (2)].
those obtained when increasing the incident angle at constant
particle spacindgFig. 5, we notice that the spectra behave inthe extinction spectra under TE polarization: No third band
a similar way showing the emergence of a third band thaappears whatever is the angle of the incident lighg. 7).
shifts towards longer wavelengths. We therefore suggest thainder the assumption that coupling proceeds from energy
increasing the incident angle can be thought of as introductransfer of surface plasmons localized on the particles to the
ing an effective interparticle spacind\¢. If the incident film, the propagating surface waves should be generated
light of ky wave vector “experiences” a grating wave vector whatever is the polarization state of the incident light wave.
G at zero incident angle, it can be assumed that it “experi-Under TE polarization, the standing surface plasmons on the
ences” a grating wave vectds cosé; at incidenced;. The  film, which are of TM nature, cannot be strongly coupled
effective interparticle spacingd .« can thus be considered as with incident light, thus leading to spectra that do not exhibit
equal to A= A/cose . Using this effective interparticle the third band X3). Unlike this, under TM polarization, in-
spacingA ., we calculated the wavelengths at which thecident light can match energy and momentum of the surface
Bragg scattering should occtirwhich are shown as arrows standing waves, thus leading to the emergence of the third
on the Fig. 5. The calculated wavelengths vary in the samband in the extinction spectrum. These reasons allow us to
way when increasing the incidence angle, i.e., the effectiveonclude that the third band does arise from a surface-
interparticle spacing. Figure 6 displays di$persion curvé  plasmon standing wave, which is generated by energy trans-
obtained by plotting the energy of the band attributed tofer from plasmons localized on the particles when the Bragg
Bragg scattering as a function of the amplitude of thecondition is fulfilled.

surface-plasmon wave vecthy, for which Bragg scattering
occurs. For comparison, we also give in Fig. 6 the energy at
which Bragg scattering condition is fulfilled, calculated from
Eq. (2) when the interparticle spacing is varied: The calcu- In this paper we have reported on the extinction spectra of
lated curve accounts for the energy increase of the third bangold oblate spheroidal nanopatrticle arrays regularly arranged
with the surface-plasmon wave vector. onto a flat gold film. We showed that, unlike the same arrays
The various spectra recorded under TE polarization diffedeposited on ITO coated glass, the extinction spectra exhibit
completely from those obtained under TM polarization. Ex-several extinction bands: the comparison of these spectra
cept from a very slight shift towards short wavelength of thewith previous resulté leads us to attribute the short-
second band, increasing the incidence angle has no effect avavelength band to rhixed modéproceeding from the si-

IV. CONCLUSION
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multaneous excitation of localized and propagating surfaceing the incidence angle, a third band emerges. Calculations
plasmon modes. This interpretation is supported by thaising a dispersion relation established by Barnes and co-
comparison of the spectra of oblate spheroids with those ofvorkers for dot arrays lead us to attribute this third band to
elongated particles, which display three bands, among whicthe excitation of a plasmon standing wave on the gold film
two are polarized along the particle principal axes parallel taarising from Bragg scatterirfg.

the substrate. SERS experiments performed on these arrays
using the BPE molecule as a probe speak in favor of the
attribution of the second band, shifted towards longer wave-
lengths, to the excitation of an ensemble of particles, This work was possible due to the financial support from
strongly coupled by a propagating surface-plasmon wavethe French Foreign Office through a PAI Amadeus and the
Beyond an interparticle distance of 250 nm or when increaskFrench Embassy in Vienna.
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