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1 Electromagnetic model for Fano resonances
applied to the scattering spectra of core-
shell particles

The asymmetric line-shape that was deduced by Ugo Fano in his original
study of atomic systems assumed the existence of a continuum and a dis-
crete state [1, 2]. This model can qualitatively describe the Fano resonances
in plasmonic systems but may be inaccurate for a quantitative description.
Gallinet and Martin proposed an ab-initio model for electromagnetic Fano
resonances that considers the interference of a continuum of radiative waves
and a non-radiative mode that spectrally overlap [3]. The interference be-
tween light radiated by direct excitation of the continuum and by the indirect
excitation of the dark state through the excitation of the continuum results
in an asymmetric line-shape (04). The continuum of radiative waves (og) is



assumed to have a symmetric Lorentzian line-shape. The response of the sys-
tem is then given by product of both asymmetric and symmetric resonances:

Ww? 2
a2 <2WAwA + q) +b
O =0g04 = (1)

where w is the light frequency, wg and wy the central frequency of the sym-
metric and asymmetric resonances and Ws and W4 their respective widths.
The parameter a is the amplitude of the symmetric resonance. The line-shape
of 0 4 is characterized by two parameters: the asymmetry parameter ¢, closely
connected to the original Fano parameter and the modulation damping pa-
rameter b, connected to the absortion losses of the system 0. This model
has been succesfully applied to a wide range of plasmonic structures showing
Fano resonances [4] including dolmen-like structures, oligomers, grating and
metallic photonic crystals. It has been also applied to describe the scatter-
ing properties of multilayer core-shell systems [5]. Figure 1 shows the fits
of the scattering spectra of the dielectric-core metal-shell particles described
in Fig.1 of the manuscript for different values of the core radius r.. A good
fitting of the spectra is achieved in all the cases, although the fitting quality
decreases for large values of r., i.e., when hybridization becomes strong and
the spectral overlapping between the bonding and anti-bonding modes de-
creases. Table 1 presents the model parameter values resulting from the data
fit. The absolute value of ¢ increases with r. while the value of b is minimum
for a small value of r.. Hence, the the characteristic Fano line-shape is best
observed for moderate values of r..
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Figure 1: Scattering efficiencies (symbol) and fit to the electromagnetic model
for Fano resonances described by Equation 1 (solid lines) for silver-shell
dielectric-core particles embedded in a water-like environment (e,, = 1.77)
= 14 and different values of r,

with s = 30 nm for ¢, = 7 (a) and ¢,

Table 1: Parameter optimal values of the model described by Equation 1

resulting from the fitting of the scattering spectra shown in Fig.1

€c 1o (nm) wy (V) Wy (eV) ws (eV) Ws (eV) a b q

7 3 3.281 0.04196  2.965 0.1611 3.537 1.198  0.1167
> 3.239 0.03447  2.950 0.1475 3.730  0.9498 0.5331
10 3.315 0.0650 2.822 0.1087 4.872 0.8829 1.996
15 3.434 0.0887 2.558 0.0797 5.918 3.541  4.157
20 3.570 0.1015 2.169 0.0512 7.283 1295 7.701
25 3.685 0.1055 1.573 0.017 16.88 10.48 14.14

14 3 2.753 0.0195 2.981 0.1655 3.472 0.7137 -0.09781
D 2.706 0.0263 3.005 0.1556 3.560 0.4561 -0.6224
10 2.503 0.04099  3.122 0.1374 3.679 1.048  -2.288
15 2.203 0.03811  3.280 0.1299 3.295 10.38  -3.787
20 1.796 0.02099  3.457 0.1348 249  81.69 -4.282
25 1.264 0.008461 3.650 0.1848 1.689 149.4  -2.223




2 Scattering of core-shell particles with gold-
shell

In the core-shell systems studied in the manuscript, Ag has been used as the
metal of choice. The reason is that Ag presents the smallest losses and inter-
band transitions among noble metals and thus more clearly show the appear-
ance of FR. However, gold is the primary choice for many metallo-dielectric
core-shell systems [6, 7, 8, 9]. Figure 2 shows the extinction, scattering and
absorption efficiencies for a particle similar to the one studied in Fig. 1 of
the manuscript but Au is taken as shell material instead of Ag. The FR are
significantly weaker than in the case of Ag. Figure 3 shows how increasing
of the particle size improves the excitation efficiency of the FR and leads to
excitation of higher order FR for large enough particles. In these simulations,
the dielectric function of the core has been set to €. = 9, that correspons to
a value comparable to core-shell particles that have been already fabricated

8, 9.
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Figure 2: Extinction, scattering and absorption efficiency of a gold-shell
dielectric-core particle embedded in a water-like environment with r, = 30
nm for e, = 10 (a), ¢, = 15 (b), €. = 20 (¢) and €. = 25 (d). Optical constants
of gold are taken from Johnson and Christy data. The position of the anti-
bonding cavity-like mode is given by the Frolich condition €, = —2¢; and
is indicated by vertical dashed lines. Due to the large absorption losses in
gold, the excitation of FR can be only observed for large values of €.. In this
case, the resonance take place at lower photon energies where Au absoption
is lower.
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Figure 3: Extinction, scattering and absorption efficiency of a gold-shell
dielectric-core particle embedded in a water-like environment with €. = 9 for
re = 25 nm, s = 75 nm (a), r. = 40 nm, s = 90 nm (b), . = 55 nm,
rs = 105 nm (c) and r. = 70 nm, 7, = 120 nm (d). As particle size increases,
the cavity mode shifts to lower energies where absorption is lower and the FR
becomes more pronounced. Quadrupolar FR can be observed for the largest
particles.
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