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Onset of charge localisation
on coupling multipolar absorption modes
in supported metal particles
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PACS. 78.20.Bh – Theory, models, and numerical simulation.
PACS. 61.46.+w – Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals.
PACS. 73.20.Mf – Collective excitations (including excitons, polarons, plasmons and other

charge-density excitations).

Abstract. – An experimental evidence of the local enhancement of the electric field on
supported metal nanoparticles is given in the case of a silver thin film growing on alumina, as
studied in situ by surface differential reflectance. The dynamic charge localisation is driven by
the inter-particle coupling of the multipolar plasmon absorption modes. Those modes and the
associated polarisation charges are assigned via the modeling of the optical response.

Because of the symmetry breaking due to the substrate, the optical response of supported
particles exhibits a specific behaviour with respect to clusters embedded in a host matrix [1–7].
In an unbounded medium, provided that the light wavelength is much larger than the particle
diameter, trends in the interaction of spherical particles with an external field E0 can be
accounted for, in the framework of the Mie theory [1], by replacing spheres by dipoles p =
εαE0, with ε and α being the dielectric function of the medium and the polarisability of
the particles, respectively. Altering the symmetry of the particles by either bringing them
in contact with a substrate [2–4] or introducing truncations or both [5–7], is expected to
span a non-negligible part of the adsorbed energy into multipolar modes which arise from
heterogeneities of the field within the particles. (The “modes”, a term used for simplicity, are
in fact plasmon-polariton states [8].) This should occur even in the quasi-static limit, while
it is only for larger particle sizes that multipolar modes are evidenced in the optical response
of embedded clusters [8, 9]. We have previously shown that calculations must be performed
at a multipolar order to describe the optical behaviour of supported metal particles and to
accurately determine their morphology [6,7], the dipolar theory [10] giving only trends [7,11].
Nevertheless, despite their key role, the multipolar excitations arising from the symmetry
breaking have never been experimentally evidenced for supported particles.

At small separation length, particle-particle coupling is also expected to excite multipolar
modes [12–14]. In line with this, metallic films close to the percolation threshold show reso-
nant behaviours such as anomalous transmittance and reflectance in the infrared range [15],
c© EDP Sciences
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Surface Enhanced Raman Spectroscopy (SERS) [16] for adsorbed molecules and electromag-
netic coupling of plasma oscillations. Arising among adjacent objects, those couplings drive
giant enhancements of the local electric field which have been predicted theoretically [17] prior
to being observed by means of near-field optical microscopy within subwavelength areas of a
percolated gold film [18]. More generally, the details of optical response of particles in complex
environments are used as a non-destructive probe of their geometry [9]. Of course, regarding
the complexity of percolating films, it is not possible to unravel the multiple origins of the
macroscopic optical response as it is expressed by means of the Fresnel coefficients. There-
fore, a direct proof of the dynamic charge localisation by interactions among the multipolar
plasmon oscillations in particles of subwavelength size is still lacking. In the present letter,
advantage is taken of the previously demonstrated capability of the light to probe in situ a
thin-film growth in vacuum conditions [6,7], to examine the behaviour of localised absorption
modes during such growth, with a peculiar attention to the shifts in energy of the modes and
their changes in intensity upon increasing the particle-particle coupling. Those modes are
then identified by modeling the reflection coefficient of the interacting supported clusters.

The experiments consisted in evaporating silver from an effusion cell on a clean
α-Al2O3(0001) surface [19] in ultra-high vacuum conditions, while recording surface differ-
ential reflectance (SDR) spectra in the UV-visible range. The silver/alumina system has been
chosen because it has several favourable characteristics. Silver is a test bed for optical studies
of particles because its quasi-free plasma resonances are undamped by inter-band transitions
and can be easily probed by common optical means. The broad gap of alumina insures that
the optical spectra are free of features coming from the substrate. The silver/alumina in-
terface is abrupt and, due to the poor wetting of alumina by silver, depositions operated at
570 K lead to three-dimensional silver clusters with low size dispersions and aspect ratios close
to those expected at equilibrium, as checked by ex situ imaging techniques [20]. Since the
sample is illuminated during the deposition by the UV-visible light emitted by a deuterium
lamp, the reflected light at glacing incidence (45◦) was analysed, in either s- or p-polarisation,
by a grating spectrograph and recorded on a multichannel analyser [20]. The probed quantity
was the so-called Surface Differential Reflectance (SDR)

∆R(ω)
R(ω)

=
R(ω) − R0(ω)

R0(ω)
, (1)

where R0(ω) stands for the bare substrate reflectivity and R(ω) for that of the metal-covered
surface.

The recorded spectra in p-polarisation depicted in fig. 1 highlight the substrate-induced
splitting of the Mie resonance. In the over-simplified dipolar picture, the low- and high-
resonances are commonly assigned to parallel and perpendicular dipolar absorption modes [1],
respectively. Once nucleated, particles start to grow without significant interactions. At that
stage, the decrease in the surface/bulk ratio of the growing particles results in a redshift of the
high-energy resonance as a function of the mean deposited thickness. This phenomenon [21]
can be rationalized in terms of the decrease of the coupling of the 5s electrons with the 4d
shell. Upon further growing of the particles, neighbouring interactions become increasingly
important. In the quasi-static limit, these are accounted for by representing particles by
dipoles. Dipolar modes perpendicular to the surface tend to create on each particle a depo-
larisation field which enhances the dipole oscillator strength. As a result, these modes are
blueshifted. This explains the switch from blue to red of the shift of the high-energy resonance
at high silver coverage (fig. 1 and ref. [22]). Instead, the depolarisation field associated with
dipolar modes parallel to the substrate reduces the frequency of the mode, as in the case
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Fig. 1 – SDR spectra taken in p-polarisation (incident angle of 45◦) for silver deposition on α-
Al2O3(0001) at 570K, for average thicknesses ranging from 0.3 to 4 nm. The spectrum collected in
s-polarisation in the same conditions for a thickness of 4 nm is displayed in the inset as well as a
100 × 100 nm AFM image of the final deposit.

of the low-energy resonance in fig. 1. Notably, the onset of the blueshift of the high-energy
resonance coincides with the appearance of a shoulder in the spectra of fig. 1 which shows up
around 3.5 eV. This shoulder is in better visibility in s-polarisation (inset of fig. 1), because
the high-energy resonance mostly arises from normal components of the susceptibility (see
below). As the silver coverage increases, it is slightly, but continuously, redshifted while its
intensity increases. This and the strong redshift of the low-energy resonance make that feature
more and more prominent in the SDR-spectra.

The optical spectra in both polarisations have been modeled by a previously described
method [6, 7] based on the concepts of excess fields and surface susceptibilities [23], which
has been shown to reproduce the experimental features to a large extent [6, 7, 20, 22] and to
reasonably describe thin-film morphologies. For particles sizes (10 nm) much smaller than
the light wavelength (200 to 800 nm), the cluster polarisability which mainly governs the
electromagnetic far field behaviour of the film, i.e. its Fresnel coefficients [23], is calculated in
the non-retarded limit. Clusters are modeled by truncated spheres. The Laplace equation is
solved by an expansion into a series of spherical multipolar modes up to the M -th order [5,6,
23]. The interaction with the substrate is represented via the introduction of image multipoles
with respect to the surface. The polarisability of the individual islands is then renormalised
by taking in account the interactions with the neighbouring particles up to dipolar order [24],
a treatment which is valid up to a rather high coverage [25]. Finally, spectra have been fitted
by accounting for the reduced mean-free path of s-electrons [1]. In the present case, a model
was calculated for the spectrum collected after deposition of 4 nm of silver, as estimated by the
quartz balance. A good fit including particle-particle interactions was found for a multipolar
basis size of M = 24 where convergence was reached [6] (fig. 2). The obtained silver cluster
density, diameter and aspect ratio (diameter/height) are 3.2 · 1011 cm−2, 12.8 nm and 1.27; a
close agreement is found with ex situ AFM image (inset of fig. 1). The corresponding value
of the average thickness, 2.8 nm, is consistent with a sticking coefficient lower than unity
for Ag/α-Al2O3(0001) [26]. To highlight how requisite is the introduction in calculations of
both multipolar coupling with the substrate and lateral interactions, model spectra have been
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Fig. 2 – Modelling of the optical ∆R/R response of the 4 nm thick film: experimental spectrum
(circles); model at an order M = 24 of multipolar expansion, without (dashed line) and with (squares)
particle-particle dipolar coupling; model at an order M = 1 (continuous line).

calculated with the above-defined cluster morphology, i) without inter-particles coupling after
calculation at the M = 24th order and ii) with inter-particles coupling, but at the order
M = 1. Those models poorly compare to experiment (fig. 2). In addition, all attempts to
get better fits in these two cases led to unacceptable values for the film morphology. Apart
from a shift in energy of the low- and high-energy resonances, the main consequence of the
introduction, within the M = 24 model, of the electromagnetic coupling between clusters is
to nicely fit the feature lying around 3.5 eV (fig. 2). Beyond the confirmation of the above
suggestion that the 3.5 eV feature is shifted in energy and enhanced in intensity by the lateral
coupling between particles, this demonstrates that this feature involves multipolar resonances
although these are not identified yet.

Widths of resonances are dictated by the imaginary part εAg
i of the dielectric function of

silver, while the positions in energy and the oscillator strengths are related to the real part
εAg
r . It can be anticipated that a simulated drastic decrease in the εAg

i modulus should reveal
each contributing resonance by narrowing its lineshape with no change in its energy position.
In fig. 3a, reflectivity curves are calculated with a εAg

i modulus artificially decreased to one
per cent of its actual value, other things being equal with respect to fig. 2, either without
(continuous line) or with (dotted line) lateral interactions. Optical activities with respect to
the exciting field parallel (x) and normal (z) to the surface are indicated at the bottom of the
figure. Since the integrated intensities of the calculated peaks shown in fig. 3a are expected
to be indicative of the oscillator strengths of the modes, the three components labelled 1, 2, 3
in fig. 3a are likely to dominate the real spectrum. These features which are associated with
the eigenmodes of the charge polarisation can be disclosed by mapping the potential within a
symmetry plane which includes the exciting incident field (parallel or normal to the surface)
(fig. 3b) [22]. The two major features 1 and 2 arise from polarisation charge distributions
that can be described by dipoles parallel and perpendicular to the surface, respectively. The
second-order mode 3 originates from a quadrupole pattern with an enhanced dipolar charge
localisation on the cluster side. The other modes, not shown here, exhibit more complex
behaviour. By defining interaction functions I⊥ and I‖ [5, 24], the perpendicular and parallel
components of the polarisability on a given particle are renormalised by dipolar inter-particles
interactions in the following way:

αI
⊥ =

α⊥
1 − 2α⊥I⊥

and αI
‖ =

α‖
1 + α‖I‖

. (2)
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Fig. 3 – a) Modelling of the reflection coefficient in p-polarisation, corresponding to the 4 nm layer
spectrum of fig. 1 after artificially lowering the imaginary part of the dielectric function (see text): i) at
the order M = 1, without inter-particles coupling; ii) at the order M = 24 without and with coupling;
the features of higher integrated intensities are labelled 1, 2, 3, 4; their shift upon introducing the
coupling is shown by arrows; the x or z character of the modes (corresponding to M = 24 without
coupling) is indicated at the bottom of the figure. b) Potential maps associated with the features
1, 2, 3, 4 showing, in the non-dissipative limit, the charge localisation on the silver cluster. The
equipotential line scale which goes from negative (dashed line) to positive value (full line) is adapted
to the mode oscillator strength.

Since the polarisability is in terms of a sum of Lorentz oscillators in the small damping limit:

α =
∑

r

Fr

ωr − ω − iγr
, (3)

the renormalised expression of the polarisability can be written in an identical spectral repre-
sentation but with shifted eigenfrequencies:

ωI
r,⊥ = ωr,⊥ − 2I⊥Fr,⊥ and ωI

r,‖ = ωr,‖ + I‖Fr,‖ . (4)

Since the interaction parameters have negative values, the x-active modes are redshifted and
the z-active modes blueshifted, according to the mode oscillator strength Fr. In fig. 3a,
these shifts appear between the model without interactions and the model with interactions.
Features 1, 2 and 3 behave consistently with the charge distributions pictured in fig 3b. A final
proof about the nature of the modes comes from reflectivity spectra recorded in s-polarisation
(inset of fig. 1). In this geometry, all the z-active modes should cancel. Indeed, in the inset of
fig. 1, the mode 2 is no longer active. The absorption mode labeled 3, which has been predicted
in fig. 3a to lie in the vicinity of 3.5 eV, shows up as a well-defined peak. (This peak possibly
involves the mode labeled 4, expected to appear below 3.4 eV.) [22]. Apart from the low-energy
resonance, which arises from a unique dipolar vibration with a pinning of the field-induced
charge at the contact line between the three media (mode 1 in fig. 3b), the other regions of the
spectrum involve mixtures of modes. High-order modes are not intense enough to modify the
trends in energy dictated by the major contributions, but they likely perturb the shape of the
spectra. An example is given by the energy range corresponding to modes 3 and 4. Particle-
particle coupling manifests itself by both shifts in energy and increases in intensity of these
modes so that at a fixed energy, say around 3.5 eV, the evolution of the morphology of the
deposit during the growth induces a dynamic localisation of the charge and an enhancement
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of the electric field around the cluster side (fig. 3b). In addition, one understands why, in a
disordered system, mode couplings can induce hot spots for the electromagnetic field. The
onset of local field enhancement is associated with the inter-particle coupling of the multipolar
plasmon resonances, as it consistently arises within near-percolating film [18].

The in situ examination of the reflectance spectra of a silver thin film provided straight-
forward experimental evidences about the existence of spectral features associated with multi-
polar charge vibrations. These are brought about within the particles, even in the quasi-static
limit, by the break in symmetry arising from both the contact with the substrate and the
truncation of the particle. They show up upon the increase in the particle-particle coupling
which simply results from the growth of the film. Their nature is disclosed by a modeling
which demonstrates that most regions of the optical spectrum involve mixtures of modes. As
an important consequence of the existence of these multipolar modes, the common picture of
the optical response of supported metal particles, via simple dipole excitations by the parallel
and normal components of the electric field, appears questionable.
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