
HAL Id: hal-02292656
https://hal-utt.archives-ouvertes.fr/hal-02292656

Submitted on 6 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives| 4.0
International License

Angular plasmon response of gold nanoparticles arrays:
approaching the Rayleigh limit

Joseph Marae-Djouda, Roberto Caputo, Nabil Mahi, Gaëtan Lévêque,
Abdellatif Akjouj, Pierre-Michel Adam, Thomas Maurer

To cite this version:
Joseph Marae-Djouda, Roberto Caputo, Nabil Mahi, Gaëtan Lévêque, Abdellatif Akjouj, et al.. An-
gular plasmon response of gold nanoparticles arrays: approaching the Rayleigh limit. Nanophotonics,
2017, 6 (1), pp.279-288. �10.1515/nanoph-2016-0112�. �hal-02292656�

https://hal-utt.archives-ouvertes.fr/hal-02292656
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Nanophotonics 2017; 6(1): 279–288

*Corresponding author: Roberto Caputo, Laboratoire de 
Nanotechnologie et d’Instrumentation Optique, ICD CNRS UMR 
no. 6281, Université de Technologie de Troyes, CS 42060, 10004 
Troyes, France, e-mail: roberto.caputo@fis.unical.it; and Physics 
Department, University of Calabria, 87036 Rende (CS), Italy
Joseph Marae-Djouda: Laboratoire de Nanotechnologie et 
d’Instrumentation Optique, ICD CNRS UMR no. 6281, Université 
de Technologie de Troyes, CS 42060, 10004 Troyes, France; and 
Ermess, EPF-Ecole d’ingénieurs, 3 bis rue Lakanal 92 330 Sceaux, 
France
Nabil Mahi: Institut d’Electronique, de Microélectronique et de 
Nanotechnologie (IEMN), CNRS-8520, Cité Scientifique, Avenue 
Poincaré, 59652 Villeneuve d’Ascq, France; and Laboratoire de 
Physique Théorique, Université Abou Bekr Belkaid – Tlemcen, B.P. 
230 Tlemcen, Algeria
Gaëtan Lévêque and Abdellatif Akjouj: Institut d’Electronique, de 
Microélectronique et de Nanotechnologie (IEMN), CNRS-8520, Cité 
Scientifique, Avenue Poincaré, 59652 Villeneuve d’Ascq, France
Pierre-Michel Adam and Thomas Maurer: Laboratoire de 
Nanotechnologie et d’Instrumentation Optique, ICD CNRS UMR 
no. 6281, Université de Technologie de Troyes, CS 42060, 10004 
Troyes, France

Research article Open Access

Joseph Marae-Djouda, Roberto Caputo*, Nabil Mahi, Gaëtan Lévêque, Abdellatif Akjouj, 
Pierre-Michel Adam and Thomas Maurer

Angular plasmon response of gold nanoparticles 
arrays: approaching the Rayleigh limit

DOI 10.1515/nanoph-2016-0112
Received March 29, 2016; revised May 3, 2016; accepted May 10, 
2016

Abstract: The regular arrangement of metal nanoparticles 
influences their plasmonic behavior. It has been previ-
ously demonstrated that the coupling between diffracted 
waves and plasmon modes can give rise to extremely nar-
row plasmon resonances. This is the case when the single-
particle localized surface plasmon resonance (λLSP) is very 
close in value to the Rayleigh anomaly wavelength (λRA) 
of the nanoparticles array. In this paper, we performed 
angle-resolved extinction measurements on a 2D array 
of gold nano-cylinders designed to fulfil the condition 
λRA < λLSP. Varying the angle of excitation offers a unique 
possibility to finely modify the value of λRA, thus gradu-
ally approaching the condition of coupling between dif-
fracted waves and plasmon modes. The experimental 
observation of a collective dipolar resonance has been 
interpreted by exploiting a simplified model based on the 

coupling of evanescent diffracted waves with plasmon 
modes. Among other plasmon modes, the measurement 
technique has also evidenced and allowed the study of 
a vertical plasmon mode, only visible in TM polarization 
at off-normal excitation incidence. The results of numeri-
cal simulations, based on the periodic Green’s tensor for-
malism, match well with the experimental transmission 
spectra and show fine details that could go unnoticed by 
considering only experimental data.

Keywords: plasmonics; angle-resolved measurements; 
collective dipolar resonance; vertical mode; near-field 
coupling; nanoparticles array. 

1  Introduction
Diffraction is the core working principle of a large amount of 
photonic devices and represents a remarkable effect of light-
matter interaction. The speed of light in a medium depends 
on its refractive index; as such, a plane wave impinging on 
a medium whose refractive index is periodically modulated 
undergoes a wavefront distortion. For instance, light prop-
agating through a phase diffraction grating results into a 
far-field light pattern made of areas illuminated at specific 
angles. The Fourier space representation of this phenom-
enon is reported in Figure 1. The vector equation governing 
the diffraction into a specific order m can be written as

 ,m+ = +i dk q k ∆  (1)

where ki = ninc2π/λ and kd = ndif2π/λ, respectively, are the 
moduli of the wave vectors of the light impinging on the 
grating and diffracted by it; q = 2π/Λ is the modulus of the 
vector associated with the grating and Λ its period; ninc 
and ndif are respectively the refractive indices of the media 
where the light is coming from (before diffraction) and 
propagating to (after diffraction). Finally, the vector Δ is 
usually indicated as wave-mismatch and distinguishes the 
case of Bragg-matched (Δ = 0; Figure 1A) and mismatched 
(Δ≠0; Figure 1B) incidence [1].
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In Figure 1C, the case when diffraction results in non-
radiative or evanescent orders is instead depicted. This 
happens when

 ≥ +, .i x dmq k k  (2)

In the previous equation, the equality sign corre-
sponds to the cut-off between radiative and evanescent 
diffracted orders. This limit has been first identified by 
Wood [2] and then explained by Rayleigh [3]. For this 
reason, Eq. (2) (with equality sign) is indicated as Rayleigh 
anomaly and commonly written as

 λ Λ θ= +RA inc inc dif( sin ).m n n  (3)

Noteworthy, the Rayleigh wavelength λRA depends on 
ninc, ndif, the angle θinc, formed by the beam incoming on 
the grating with its normal, and the considered diffracted 
order (m). Once previous parameters are fixed, the grating 
behaves in subwavelength (SW) regime for all wavelength 
values λ > λRA.

The behavior of the grating is peculiar when the dif-
fracted order is evanescent. If the first order (m = +1) is con-
sidered, the electric field, associated with the diffracted 
wave, remains confined in proximity of the grating inter-
face (with air, in this case) and can be written as

 ω α β=dif exp( )exp(- )exp(- ),E A i t ik x k z  (4)

which is the expression of a progressive wave propagat-
ing in the direction parallel to the grating (along x) with 
an amplitude term exponentially decaying in the direc-
tion orthogonal to the grating (along z) [4]. In the previous 
equation, k = (2π/λ)ndif, while
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θdif is the angle made by the considered diffracted beam 
with the grating normal. When the condition in Eq. (2) is 
verified for a specific diffracted order, the grating behaves 
in SW regime [5]. Many applications of SW gratings made 
of dielectric materials are reported in the literature. Even 
if made of isotropic materials, these gratings show a form 
of birefringence, thus an anisotropic response when illumi-
nated by light of different polarization. This property has 
been exploited in several applications and mainly as antire-
flection layers [6], waveplates [7], for polarization control 
[8], and metamaterials [9]. Different is the situation when a 
grating is made of metallic stripes or arrays of metal nano-
particles (NPs). Actually, the lineshape features of the local-
ized surface plasmon resonance (LSPR) of a single plasmon 
subunit are strongly influenced by the regular arrangement 
of the subunits. As suggested by Eq. (4), if the NP array is 
illuminated with a wavelength close to λRA, the considered 
diffracted order is evanescent and propagates along the 
sample substrate. The evanescent electric field associated 
with this order is localized in the substrate and can couple 
with the plasmon fields scattered by the particles, thus 
inducing a collective resonance (CR) mode [10]. Indeed, 
theoretical studies have demonstrated that this near-field 
coupling is much more efficient when the LSPR wave-
length of the isolated metal NP (λLSP) is close in value to the 
 Rayleigh wavelength (λLSP~λRA) [11–13]. This choice is func-
tional to maximize the energy transfer between the evanes-
cent waves, propagating in proximity of the substrate, and 
the NP plasmon modes. The evident consequence of this 
energy transfer is the modification and extreme narrowing 
of the LSPR lineshape. Schatz et al. [11, 12] have first sug-
gested that these narrow resonances are possible in regular 
arrays of NPs, while Markel has elaborated the theory [13]. 
Several experimental verifications have also been provided 
[14–23], and considering the very narrow linewidth achiev-
able (few nanometers), results hold promises for many 
applications in lasing, sensing, and metamaterials [24].
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Figure 1: Typical Fourier space geometries in phase diffraction gratings. (A) Bragg incidence, (B) Bragg-mismatched incidence, and 
(C)  evanescent (nonradiative) condition of a diffracted order.
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An interesting possibility is to study the coupling 
between diffractive and plasmon modes in the condition 
λRA < λLSP. In this paper, a short-pitch 2D array of Au nano-
cylinders (designed and fabricated to the scope) produces 
purely evanescent orders for impinging wavelengths in 
the close vicinity of λLSP. The plasmonic properties of the 
array have been experimentally characterized by perform-
ing angular resolved extinction measurements. Depend-
ing on the incidence angle and polarization of the exciting 
light, it is possible to continuously follow the evolution of 
a grating-induced plasmon mode and the appearance of 
higher-order modes, including a vertical mode. Numeri-
cal simulations, performed on both isolated particles and 
arrays, allow the complete analysis of spectral position 
and origin of these modes.

2  Experiments
A 2D array of gold monomers (50 × 50 μm2) was depos-
ited by electron beam lithography on an indium tin oxide 
(ITO)-coated (30  nm thick) glass. The array consists of 
nano-cylinders (200  nm diameter, 50  nm height) with a 
(center-to-center) pitch Λx = Λy = 300 nm. Figure 2A shows 
a SEM picture of the fabricated sample.

A confocal transmission set-up, with angle-resolved 
measurement possibility, was used for the optical charac-
terization of the sample. An illumination part, a multi-axis 
sample holder, and a collection part compose the set-up. 
All the parts are mounted on a rotating stage to allow 
maximum flexibility during measurements (Figure  2B). 
The UV-VIS-NIR light from the source lamp (tungsten) is 
brought to the illumination part by an optical fiber. This 
light is first polarized and then focussed, by a microscope 

objective (20 × , 0.28 NA), on the sample surface. The 
sample is fixed on the sample holder and can undergo 
a full (2π) rotation around an axis perpendicular to the 
optical table. Another microscope objective (50 × , 0.42 NA) 
collects the light transmitted by the sample. The diam-
eters of illuminated and collection areas are respectively 
300 μm and 10 μm. An analyser, put after this objective, 
is used to select the polarization of the transmitted light. 
A beam splitter sends 92% of this light to the spectrom-
eter while the remaining amount goes to the camera and 
allows visualizing the area of the grating that is actually 
investigated. While performing angle-resolved extinc-
tion measurements, the sample holder was progressively 
turned, thus modifying the direction of the wave-vector 
impinging on the nano-cylinder array. For each meas-
urement, the incidence angle was equal to the collection 
one and, for all angles, both longitudinal (TE) and trans-
verse (TM) polarizations were considered according to the 
geometries depicted in Figure 3A and B.

The experimental extinction spectra measured at 
different angles in air (0°, 15°, 25°, 35°, 52°, and 60°), in 
TE and TM polarizations, are reported in Figure 4. With 
TE polarized light impinging on the sample at normal 
incidence, only one mode [λ~740 nm, (1) in Figure 4A] 
is excited. The shape and spectral position of this mode 
suggest that the excitation of the incident light results in 
a dipolar mode with free-electrons oscillating along the 
diameter of the gold nano-cylinders [25, 26]. However, the 
quite visible red-shift of this mode, observed for both TE 
and TM polarizations at an increase of the incidence angle 
of the exciting light (Figure 4A and B), excludes that this is 
a purely dipolar mode as observed in case of a single NP: 
we expect that the regular arrangement of nano-cylinders 
influences their plasmonic behavior [27–29].
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Figure 2: (A) SEM image of the grating of, gold nano-cylinders; the scale bar is 1 μm. The experimental set-up for angle-resolved extinction 
measurements is presented in (B).
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Figure 3: Geometrical configurations utilized during the angle-resolved extinction measurements, in case of TE (A) and TM (B) polarization 
of the exciting light.

Figure 4: Extinction measurements resolved in angle in TE polarization (A). At normal incidence, only the dipolar mode [λ~740 nm, (1)] is 
excited while, by increasing the incidence angle, the quadrupolar mode [λQ~680 nm, (2)] is excited. At normal incidence, in TM polarization 
(B), only the dipolar mode (1) is also excited. When the incidence angle increases beyond 35°, the quadrupolar mode (2) and the vertical 
mode (3) are excited.

Indeed, for the range of wavelengths in the close 
vicinity of this plasmon peak, no radiative diffracted 
orders but evanescent waves [expressed as in Eq. (4)] are 
created by the grating structure. Being confined within 
the grating (decaying along z), the evanescent field asso-
ciated to such waves can enhance the local plasmon 
fields, already excited by the impinging radiation, deter-
mining a CR of the dipolar modes of the single particles. 
In other words, the presence of evanescent and exciting 
fields, acting together on neighboring particles, induces 
a plasmonic coupling between them, which results in a 
decrease in their interaction energy and thus to a red-shift 
of the CR peak wavelength. It is not obvious though why 
this red-shift is proportional to the angle. By considering 
more closely the expression for β in Eq. (5), we can provide 
an intuitive interpretation of this observation. Actually, 
the amplitude k0 β, and hence the penetration depth of 

the evanescent field into the nano-cylinders grating, is 
directly related to this angle. By plotting k0 β for m = ±1 
(Figure 5A), we can observe that in one case (m = +1), the 
evanescent field is much less confined than in the other 
one (m = -1). The plot also shows that the amplitude of 
the electric field of this evanescent order is proportional 
to the incidence angle. As such, we can suppose that it 
is somehow contributing to the observed red-shift. Still, 
being the amount of evanescent orders propagating in the 
substrate quite large, we need to evaluate what is their 
overall effect. For this reason, numerical simulations have 
been performed for calculating the electric field value, 
at the top of the nano-cylinders (50 nm), corresponding 
to most of the evanescent diffracted orders (-15 < m < 15, 
-10 < n < 10) involved in the CR excitation, while modifying 
θinc. Selected plots for TE polarized exciting light and dif-
fraction into air are reported in Figure 5B–F. An animation 
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showing all the results for (0°  ≤  θinc  ≤  75°) with steps of 5° is 
instead available in the supplementary material.

A comparison of previous plots shows that the 
increase in the incidence angle corresponds to a progres-
sive growth of the overall brightness of the map. This 
increase in the amplitude of the electric field implies 
that the total evanescent field in proximity of the nano- 
cylinders is less and less confined for higher incidence 
angles and thus responsible of the red-shift of the CR. 
Noteworthy, it is exactly the presence of metal NPs in 
the (regular) array that is responsible for the significant 
increase in the overall electric field in the substrate. By 
simulating the same array (pitch and particle size), but in 
case of dielectric (TiO2) nano-cylinders, it comes out (sup-
plementary material) that the overall field in the substrate 
is, this time, almost negligible.

In Figure 4A, we can also observe another plasmon 
peak at lower wavelengths [λQ~680 nm, (2) in Figure 4A] 
that appears at off-normal incidence. This mode can be 
identified as a quadrupolar one [27]; it grows in amplitude 
and seems to be slightly blue-shifted by increasing the 

incidence angle: this behavior will be discussed later in 
the paper. Figure 4B shows the spectra obtained for the 
same incidence angle values and for a TM polarization of 
the exciting light. Also, this time, the dipolar mode only 
[(1) in Figure 4B] is obtained at normal incidence, and it 
has closely the same spectral position of that obtained 
with TE polarization; this is because the grating is a 
square with the same pitch in both directions. A red-shift 
of its spectral position also takes place even if less impor-
tant than the one observed in the TE case. An interpreta-
tion of this red-shift can also be given by providing similar 
arguments as used before (Figure 5). However, it should 
be considered that, in case of TM polarization, the ampli-
tude of the exciting field is strongly damped by a cosθinc 
factor (Figure 3B). The smaller TM field amplitude is pos-
sibly responsible for both the more limited red-shift and 
the decrease in the collective plasmon mode amplitude for 
large incidence angles. In the TM polarization state, the 
quadrupolar mode starts appearing [at about the same 
spectral position, (2) in Figure 4B] at 35° incidence and 
with an amplitude that is more moderate than the TE case. 
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Figure 5: Interpretation of the spectral red-shift of the collective plasmon resonance observed while increasing the incidence excitation 
angle θinc as related to the presence of diffracted evanescent fields in the substrate. (A) Behavior of the decay constant k0β of the  diffracted 
evanescent field (m = ±1) as a function of θinc; (B)–(F) maps of the electric field amplitude, at a distance of 50 nm from the substrate, 
 calculated for most of the evanescent diffracted orders involved in the CR excitation at different θinc values.
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Both the appearance of the mode at larger angles and its 
smaller amplitude can be related to the cosθinc damping 
factor of the exciting field amplitude.

More interestingly, a new mode, different from both 
dipolar and quadrupolar ones, can be noticed in the 
spectra at λ~570 nm [(3) in Figure 4B]. This peak is already 
visible at θinc = 25° and can be attributed to a vertical mode 
corresponding to the plasmon oscillation along the height 
of the nano-cylinders. Indeed, it is reliable to consider that, 
in the TM mode only, the exciting field has a component 
sinθinc that is exactly parallel to this direction and thus 
responsible for this excitation. Moreover, from the graphs, 
it is visible that the amplitude of this mode increases with 
the incidence angle, which matches well with the monoto-
nously increasing behavior of sinθinc in this angular inter-
val. This argument suggests that the observed mode is 
exactly the vertical one. In our knowledge, this is the first 
time that this mode has been observed while performing 
this kind of measurement.

3  Theoretical simulations
A periodized version of Green’s tensor formalism [30, 
31] was exploited to simulate both transverse (TM) and 
longitudinal (TE) polarization extinction spectra as a 
function of the wavelength in the VIS-NIR range. Gold 
nano- cylinders were also considered (200  nm diameter 
and 50  nm height) spaced by 300  nm (center-to-center, 
both in x and y directions) and deposited on a semi-infinite 
glass substrate. A thin 70-nm-thick ITO layer was added 
on the silica underneath the particles. Behavior and spec-
tral details observed through the numerical simulations 
match quite well the experimental results even if the char-
acteristic plasmon modes generally show sharper features 
in the numerical curves than in the related experimental 
ones. There are at least two plausible mechanisms respon-
sible for such differences. In one case, a plane-wave illu-
mination has been assumed in the numerical simulations. 
This approximation is not true in the experimental case 
because of the high numerical aperture of both illumina-
tion (20 × , 0.28 NA) and collection (50 × , 0.42 NA) objec-
tives. However, as detailed in the following, the choice 
of a plane-wave assumption was favored since it allowed 
unveiling a more complete scenario of the involved phe-
nomena. On another side, even in case of an optimal fab-
rication procedure, discrepancies in the size and shape of 
particles are typical and they are usually not considered 
in the simulations. As an example, a characteristic defect 
of fabrication of nano-cylinders results in a conical shape. 
This can clearly influence the spectral shape of a vertical 

plasmon mode for which the vertical profile of the particle 
is important. Obtained curves are depicted in Figure  6A 
and B. Analogue simulations, but in case of single parti-
cle, were also performed and plotted in Figure 6C and D 
to be used as a reference. In Figure 6A and B, the normal-
incidence, single-particle curve is plotted (dotted pattern) 
as a comparison with the array corresponding case. 
Figure 6E and F show instead selected curves of Figure 6A 
and B, respectively, in case of TM and TE polarization, for 
different angles of incidence (0°, 30°, and 60°), together 
with the corresponding distributions of the electric fields 
in proximity of the NPs, just above the substrate, in air. As 
numbered on the curves in Figure 6E and F, the various 
maps refer to specific spectral positions and the effect 
at the interface between substrate and NPs was consid-
ered for an incidence angle θ = 60°. These field maps are 
helpful for understanding the underlying physical phe-
nomena taking place while the exciting light interacts 
with the array of NPs. When comparing the simulations 
(both TE and TM polarization) of the array of NPs with the 
ones related to the single NP, some distinctive features 
emerge. At normal incidence, the spectral position of the 
dipolar plasmon peak of the single particle (λLSP~820 nm; 
Figure 6C and D) is strongly red-shifted compared to 
the corresponding one in case of the array (λCR~720 nm; 
Figure 6A and B). Indeed, the presence of lobes oriented 
along the direction of the exciting field suggests the exci-
tation of a dipolar term [field maps (1) in Figure 6E and 
F]. However, due to the presence of the grating (as dis-
cussed above), a coupling evidently takes place between 
the evanescent grating and plasmon modes that modifies 
the typical (single-particle) dipolar response into a col-
lective dipolar resonance, blue-shifted if compared to the 
single particle resonance. It is also worth noting that the 
curves in Figure  6A and B confirm the pronounced red-
shift of the CR with the angle of the incident planewave, 
already observed in experiments (Figure 4A and B) and 
qualitatively explained above; this red-shift is completely 
absent in the single-particle curves (Figure 6C and D): 
while changing the incidence angle, both the lineshape 
and spectral position of the dipolar peak remain the same 
(Figure 6C).

This is not true in the TM case (Figure 6D), where the 
increase in the incidence angle corresponds to a decrease 
in the dipolar curve amplitude. As observed above, this 
decrease can be attributed to the damping effect due to the 
decrease in the cosθinc factor in the exciting field ampli-
tude (Figure 3B). It could be speculated that the observed 
red-shift of the CR (in both TE and TM cases) is not real 
but is an apparent one due to the presence of the Rayleigh 
dip that can artificially move the broad peak to the red. 
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This is to be excluded because at low incidence angles, 
where the Rayleigh dip is spectrally quite far from the CR 
position, the red-shift of the CR peak is already present 
and quite evident (for both TE and TM polarizations). If 
the damping of the CR peaks is taken into account, as 
again likely due to the approach of the  Rayleigh dip, this 
concern should also be mitigated. Indeed, in the TE case, 
the observed damping is quite limited (Figure 6E). In the 
TM case (Figure 6F), it is more evident, but this is simply 
due to the fact that, again, by increasing the incidence 
angle, the cosθinc factor in the exciting field amplitude 
(Figure 3B) is decreasing more and more due to geometri-
cal reasons and the amplitude of the CR peaks decreases 
accordingly.

The increase in the angle of incidence of the exciting 
light is also related to the progressive excitation of a peak 
located at λ~640  nm in the single-particle simulations 

(Figure 6C and D); by comparison with the experimental 
curves, we can attribute this peak to a quadrupolar mode, 
though it is slightly red-shifted in the experimental case 
(λQ~680 nm). The spectral position of this peak in the 
array simulations (Figure 6A and B) is the same, suggest-
ing that the presence of the grating does not considerably 
contribute to the excitation of a collective quadrupolar 
mode as in the dipolar case. This is probably due to the 
fact that, in this spectral range, the (first) diffracted orders 
produced by the grating are all radiative, and thus, no 
evanescent coupling can take place. In both TE and TM 
field maps [(3) in Figure 6E and F], the shape and position 
of the bright four lobes, located around each NP, confirm 
the excitation of a quadrupolar mode. The lobes lay on 
the opposite sides of the NP, along the diagonals of the NP 
array (TE polarization) or along the array main axes (TM 
polarization). From simulations, new details also emerge 

Figure 6: Numerical simulations of the extinction spectra as a function of the wavelength in the VIS-NIR range for different incidence angles 
of excitation. TE (A) and TM (B) excitation polarization in case of an array of nano-cylinders; TE (C) and TM (D) excitation polarization in case 
of a single nano-cylinder; description of resonance modes and their evolution for different incidence angles of excitation and corresponding 
field maps calculated at the bottom of the nano-cylinders in case of TE (E) and TM (F) excitation polarization.
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that could go unnoticed by considering only experimental 
data. In particular, the presence of a sharp dip spectrally 
located between the quadrupolar and the dipolar modes 
(λ~710 nm), which is more visible for θinc > 25°, is notewor-
thy. As indicated by black arrows in Figure 6A and B, this 
dip is exactly located at the Rayleigh wavelength λRA and 
corresponds to the crossing of the reflected grating order 
(1, 0) from the evanescent to the radiative propagation (in 
the substrate). It is interesting to notice that, exactly at 
the Rayleigh wavelength and for a 60° incidence, the inci-
dent wave propagates through the grating with minimum 
extinction. This can be attributed to the fact that eva-
nescent orders do not carry energy. In this condition, it 
can happen that the coupling between these evanescent 
orders and the particles results in a local field nearly zero 
due to the fact that the particles are at the nodes of the 
stationary wave formed by the superposition of the inci-
dent field and the diffracted wave corresponding to Ray-
leigh wavelength: with no absorption inside particles, 
this results in the energy all carried in forward scattering 
(0th transmitted order) [32]. Further investigation will be 
devoted to the experimental verification of this possibility. 
Concerning the related field maps [position (2), Figure 6E 
and F], in the presence of this dip, the shape of the field 

lobes suggests that the quadrupolar excitation dominates 
on the dipolar one. Last but not least, numerical simula-
tions confirm the presence of the peak corresponding to 
the vertical mode [position (4) in Figure 6F]. The field 
map related to this mode, calculated for θinc = 60°, shows 
a peculiar electric field distribution that cannot be attrib-
uted to a purely dipolar or quadrupolar mode. In order to 
obtain a better insight of the features of this mode, addi-
tional simulations have been performed, whose results 
are shown in Figure 7. Both 3D surface charges and field 
distributions around the single NP are reported for a TM 
excitation at 60° incidence (Figure 7A and B). In Figure 7C, 
the field map of the section of the single NP in the inci-
dence plane is instead represented. Finally, in Figure 7D, 
the field map calculated at the vertical mode wavelength 
(λV~570 nm) just beneath the interface (in ITO) is shown 
for each extinction curve of Figure 6B.

The symmetric and homogenous charge distributions 
on both the upper and lower borders of the NP (Figure 7A) 
represent a quite evident consequence of the vertical 
mode excitation (Ey = ETM sinθinc; Figure 3B) induced by the 
TM wave. Quite interesting, though, is also the role played 
in the excitation by the transversal (Ex = ETM cosθinc) compo-
nent of the TM wave, which is more noticeable in Figure 7B 
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Figure 7: Numerical characterization of the vertical mode. 3D charge (A) and electric field (B) distributions around the single nanoparticle 
for a TM excitation at 60° incidence; field map of the section of the single nanoparticle in the incidence plane (C); evolution of the field maps 
related to the vertical mode (λV~570 nm) calculated at the bottom of the nano-cylinders for different incidence angles of excitation.
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and C. Indeed, the field asymmetry (Figure 7B) and the 
oblique field vectors on both upper and lower surfaces of 
the NP (Figure 7C) evidence that the plasmon excitation is 
to be considered as the result of the two field components 
of the TM wave. The field maps in Figure 7D also stress this 
hypothesis: the various bottom views show considerable 
field amplitudes both in the centers and on the borders of 
the NPs that can be respectively attributed to the effect of 
the horizontal and vertical components of the exciting TM 
wave. Moreover, depending on the excitation angle, the 
amplitude of the extinction peak (λV~570 nm) evolves in 
adequation with the brightness of the related field map: 
an increase in the peak amplitude implies a brighter field 
map.

4  Conclusions
The plasmonic behavior of a 2D periodic array of Au 
nano-cylinders has been studied by performing angle-
resolved extinction spectroscopy, in TE and TM polariza-
tion. The involved technique presents several advantages 
with respect to the standard (normal incidence) one. The 
pitch of the NP array has been chosen so that mainly eva-
nescent diffracted orders were produced by the structure 
when excited with light whose spectral interval was in 
close proximity of the dipolar CR of the nano-cylinders. 
The excitation with increasing incident angles has put 
in evidence the collective plasmon resonance and its 
spectral red-shift, both due to a grating effect. An intui-
tive approach has been considered for relating the eva-
nescent field, present in the sample substrate, with the 
resonance wavelength red-shift. Varying the excitation 
angle has also evidenced both a quadrupolar and a ver-
tical plasmon mode. In particular, the latter can only 
be visible in TM polarization at off-normal excitation 
incidence.
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