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Abstract

Reaching reproducible strong coupling between a quantum emitter and a plasmonic
resonator at room temperature, while maintaining high emission yields, would make
quantum information processing with light possible outside of cryogenic conditions.
We theoretically propose to exploit the high local curvatures at the tips of plasmonic
nanocubes to reach Purcell factors in excess of 10° at visible frequencies, rendering
single-molecule strong coupling more easily accessible than with the faceted spherical
nanoparticles used in recent experimental demonstrations. In the case of gold nanocube
dimers, we highlight a trade-off between coupling strength and emission yield that
depends on the nanocube size. Electrodynamic simulations on silver nanostructures are
performed using a realistic dielectric constant, as confirmed by scattering spectroscopy
performed on single nanocubes. Dimers of silver nanocubes feature similar Purcell
factors than gold while allowing emission yields above 60%, thus providing design rules

for efficient strongly-coupled hybrid nanostructures at room temperature.
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Entangling light and matter by bringing quantum emitters in a strong coupling regime
with a resonant cavity' is essential for the optical processing of quantum information, in
particular by allowing few-photon nonlinearities.?®> While single-emitter strong coupling
has been efficiently achieved with dielectric microcavities at liquid helium temperatures,®®
observing this phenomenon outside of a cryostat remains an open challenge.? Femtosecond-
scale electron-phonon coupling occurring in quantum emitters at room temperature imply
that they can only efficiently interact with broadband resonators, which, as a result, must
confine optical fields at scales much smaller than the wavelength of light in order to maintain
a large Purcell effect and thus efficient emitter-resonator coupling strengths. %!°
This is one of the promises of plasmonic antennas, which feature a combination of low quality
factors and deep sub-wavelength mode volumes.!!!? Recently, few-emitter strong coupling,
down to a single emitter, was observed in a number of plasmonic resonators with nanoscale
gaps based either on self-assembled nanostructures (nanoparticle on mirror!¥15 - NPoM -

16 or top-down fabricated antennas (on substrates!” or on a scanning

or dimer geometries)
probe tip).'® However, these phenomena were not observed in a reproducible or scalable way
and the coupled systems generally feature low emission quantum yields in order to maximize
the quality factor of the resonator. In particular, while scanning probe microscopy allows an
active control of the emitter-resonator coupling strength, this approach is incompatible with
on-chip integration.'* For self-assembled and lithographically fabricated nanostructures, nu-

£13,17,19

merous issues remain: the number of emitters is not controlled a prior: or the coupling

strength is below the visibility criterion for strong coupling'* or strong coupling is only ob-
served in a few percent of the sample. 1619

The influence of local facets and tips in polycrystalline gold nanoparticles (AuNPs) was re-
cently highlighted as a possible reason for the low probability in observing strong coupling in
NPoM resonators and AuNP dimers. 61 Indeed, the lightning-rod effect?® favors larger field

confinements and enhancements specifically if the emitter is positioned in close proximity to

a tip, while the inverse effect is observed near a crystalline facet.® However, it is not possible



to specifically position emitters on the tips of polycrystalline nanoparticles. Alternatively,
DNA-based self-assembly, in particular with the use of DNA origamis, has the ability to or-

2123 o1 to

ganize anisotropic particles with an excellent control over their relative orientation
functionalize their tips or facets specifically.?* It is thus interesting to investigate whether de-
signing plasmonic resonators in which emitters are positioned between the tips of anisotropic
particles would facilitate the reproducible observation of single-molecule strong coupling at
room temperature.

Anisotropic plasmonic particles, such as nanorods,?® nanobipyramids?® or nanocubes,?*27
offer high local curvatures that are associated with larger field confinements and enhance-
ments than nanospheres. Dimers of nanorods or nanobipyramids are however ill-suited to
couple efficiently with fluorescent molecules that emit at visible frequencies since their res-
onances are redshifted to the near infrared.?® This is not the case for plasmonic nanocubes,
for which the plasmon resonance wavelengths are only slightly redshifted with respect to
nanospheres.? Furthermore, monodisperse and monocrystalline gold nanocubes (AuNCs)
with sharp tips were demonstrated in the literature® as well as silver nanocubes® (AgNCs),
allowing an extra degree of freedom to optimize visible strong coupling and emission yields
in the considered plasmonic resonators by exploiting the lower non-radiative decay channels
in silver nanostructures.3!

This is why we investigate here the ability of dimers of silver or gold nanocubes to reach a
strong coupling regime with a single fluorescent molecule, while maintaining high emission
yields. Electrodynamic simulations demonstrate that local field enhancements and Purcell
factors are larger in dimers of AuNCs than in dimers of gold nanospheres (AuNSs) or of
polycrystalline AuNPs, relaxing the conditions for which the visibility criterion for strong
coupling can be reached when coupled to a single emitter. These calculations indicate a
trade-off between emission yield and visible strong coupling in AuNC dimers, which can

be tailored by tuning the size of the nanocubes. Since there is an ongoing debate in the

literature on the choice of the bulk dielectric function of silver to analyze nanoparticles,3! we



compare single AgNC scattering spectroscopy measurements to simulations performed with
the most commonly used Ag dielectric functions in order to validate our model. Comparing
theoretical strong coupling conditions in dimers of gold and silver nanocubes, we observe that
AgNCs combine an increase in quality factor with a significant gain in emission yield. Our
results therefore provide realistic plasmonic architectures in which single-molecule strong
coupling can be achieved in a robust and reproducible way, while allowing photon emission
yields well above 50%.

The coupling strength g between a single quantum emitter and a plasmonic resonator de-
pends on the Purcell factor of the resonator £}, for a given position and orientation of the
emitter, as well as the damping rate of the resonator 7, and the radiative decay rate of the
emitter without the resonator I'py:%1%3% g = \/m /2. F, corresponds to the change
in the local density of optical states (LDOS) for the emitter in the resonator, relative to a
homogeneous medium,®? and is computed by substituting the quantum emitter for a classical
dipole and inferring its total dissipated power with the resonator P, and its total radiated
power without it Pro: F, = Pt/ Pro.'%**3" By considering that the electronic resonance of
the emitter wy matches the plasmonic resonance w, = wy, it is possible to define a visible
strong coupling figure of merit corresponding to a coupling rate between emitter and res-
onator faster than the sum of all loss rates: 4g/(y, + ) > 1, with v, the dephasing rate of
the emitter. %14 16,3536

Classical electrodynamic simulations also allow an estimation of the radiative yield ® of
the coupled emitter-resonator by calculating the power radiated by the dipole Pgr in the
resonator: ® = Pr/P,;. In the weak coupling regime, for values of F), of several orders of
magnitude, ® is generally similar to the final emission quantum yield of the coupled system,
unless the initial quantum yield of the emitter is close to 0.3437 Furthermore, by exciting
the plasmonic resonator with a plane wave polarized along the dimer axis with a wavelength
matching the longitudinal resonance, we can estimate the maximum enhancement of the

electric field in the gap of the antenna.



In order to highlight the influence of high local curvatures on the emitter-resonator coupling
strength, let us first consider the gain in local field enhancement, Purcell factor and strong
coupling figure of merit when going from a perfect gold nanosphere to a gold nanocube at
fixed nanoparticle volume. Recent experimental realizations have shown that a sharp AuNC
typically features a radius of curvature at the tip corresponding to ~10% of the nanocube
edge length, compared to ~25% for a rounded cube.?* We thus compare in Figure 1-a the
local field enhancement observed in a 2 nm gap between two 40 nm diameter AuNSs and
two rounded or sharp 30 nm AuNCs (to provide similar particle volumes and with radii of
curvatures of 7.5 nm and 3 nm, respectively), using Boundary Element Method (BEM)3%:39
simulations performed with tabulated data for the dielectric constant of gold*® and an op-
tical index of 1.4 for the environment as observed in recent strong coupling measurements
in AuNP dimers.!'® These nanoparticle sizes and gap lengths were chosen as they were re-
cently shown, theoretically and experimentally, to provide the onset of few-molecule strong
coupling for spherical AuNPs.'® BEM simulations allow the study of anisotropic plasmonic
particles and are compatible with extreme nanoscale gaps, down to 1 nm. ' Simulations are
not performed with interparticle spacings below 1 nm to avoid the influence of quantum
non-local effects.*"*2 However, these simulations consider a point-like source dipole and ne-
glect the dependence of the dielectric function of the metal with respect to the wavevectors
of the radiated electromagnetic field. Furthermore, going beyond the point-like emitter ap-
proximation would require a quantum-mechanical treatment of the electronic wavefunctions
of the molecule. 347

In Figure 1-a, we observe, in all cases, local field enhancements in excess of 10° in the center
of the dimers, with a gain of nearly an order of magnitude for the sharp AuNCs compared
to AuNSs. These strong local field enhancements are related to the radiative part of the
Purcell factor by reciprocity®? and, as shown in Figure 1-b, dimers of 40 nm AuNSs and 30
nm AuNCs feature values of F), that exceed 10° for a 1 nm gap, when considering a dipolar

emitter in the center of the dimer, oriented along its axis and with wy matching the longi-
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Figure 1: Increased emitter-resonator coupling in gold nanocubes. (a) Simulated local field
enhancements, |E/FEy|?, in the center of a dimer of 40 nm AuNSs, rounded 30 nm AuNCs
or sharp 30 nm AuNCs, with a 2 nm interparticle spacing (the longitudinal resonance wave-
lengths and the maximum enhancements are provided on the top and bottom of the figures,
respectively). (b) Computed Purcell factor F), (solid lines), and radiative yield ® (dashed
lines), in dimers of 40 nm AuNSs (blue data), 40 nm rounded icosahedra (light blue), 30 nm
rounded AuNCs (orange) and 30 nm sharp NCs (yellow) for a longitudinally coupled emitter
positioned in the center and as a function of the interparticle spacing s. (c¢) Visible strong
coupling figure of merit 4¢g/(y, + 7o) (solid line, see text for details) as a function of s in the
same geometry as (b). (d) Visible strong coupling figure of merit (solid lines) and ¢ (dashed
lines) in dimers of 30 nm (yellow) and 40 nm (red) sharp AuNCs for a longitudinally coupled
emitter positioned in the center and as a function of the interparticle spacing s.

tudinal resonance of the dimer. It is important to note that while it is possible to assemble

48-50

plasmonic resonators using chemically etched monocrystalline AuNSs, recent realiza-

tions of few-molecule strong coupling were instead performed with polycrystalline faceted
AuNPs, for which assembly along facets is the most probable in either NPoM or dimer
geometries. 131416 Since polycrystalline faceted particles are well described theoretically by

16,51

rounded icosahedra, we also plot in Figure 1-b the values of F), for dimers of rounded



icosahedra of the same volume and oriented along parallel facets. Figure 1-b also provides
the computed values of ® for all dimer geometries, which are similar and remain below 20%.
This is logical as radiative decay channels are strongly dependent on the size of the AuNPs
and particles with a volume equivalent to a 40 nm diameter sphere provide low emission

yields. 16:34

However, these low radiative decay rates are related to a higher resonance quality
factor and, therefore, to a higher strong coupling figure of merit. ¢

Figure 1-c¢ shows the evolution of the strong coupling figure of merit in dimers of 40 nm
AuNSs, 40 nm AuNPs and 30 nm AuNCs as a function of the interparticle spacing when
considering typical values of the radiative decay rate and dephasing time for the dipolar
emitter (Tro = 0.2 peV and 7y = 50 meV).'% The computed values of the damping rate of
the plasmonic resonator v, and of the coupling strength g, as a function of the interparticle
distance, and which are needed to estimate the strong coupling figure of merit, are provided
in Figure S1 of the supplementary information. We observe that using nanocubes instead of
spheres or polycrystalline particles relaxes the conditions in which strong coupling should be
visible in AuNP dimers. In particular, comparing simulations for the polycrystalline AuNPs

aligned by facets, recently used in strong coupling experiments, 131416

and the proposed sharp
AuNCs assembled along their tips, we observe an increase by nearly a factor of 3 of the strong
coupling figure of merit and an increase by a factor of 2 of the minimum interparticle spacing
at which single-molecule strong coupling could be observed. It is important to stress that
an increase of 3 for the figure of merit corresponds to an increase of g similar to what would
be observed when coupling 9 emitters identically with a given plasmonic resonator. 36 Such
an increase is therefore essential to go from few-molecule to single-molecule realizations of
strong coupling.

While dimers of AuNCs would provide a significant gain in Purcell factor and coupling
strength compared to similarly sized spherical AuNPs, Figure 1-b indicates a negligible gain

in emission yield. To investigate whether increasing the size of the nanocubes could provide

larger values of ® without sacrificing the coupling strength, we compare in Figure 1-d the



evolution of the figure of merit and of the emission yield as a function of the particle spacing
for dimers of sharp 30 nm and 40 nm AuNCs (with radii of curvature of 3 nm and 4 nm,
respectively). These simulations indicate that the faster resonator decay rate 7,, associated
with larger particles, increases ® by a factor of 2 and lowers the strong coupling figure of
merit by a modest 20%. This means that, by tuning the nanoparticle size, it is possible to
favor either the coupling strength or the emission yield and that dimers of AuNCs could be
strongly coupled to a single molecule while maintaining a final emission yield close to 50%.
To further increase ® while maintaining visible strong coupling, one solution is to decrease
the non-radiative decay rate in the resonator, for instance by substituting gold for silver.
This is another reason why nanocubes are attractive as high quality AgNCs were experi-
mentally demonstrated® and can be exploited in self-assembled nanostructures using DNA
nanotechnology.®® However, there was a recent debate on the choice of the dielectric function
of silver that provides the best agreement with single particle spectroscopy.®' Indeed, when
studying the dipolar mode of single spheres, the two most widely used dielectric functions
reported by Johnson and Christy®? or by Palik® both provide good agreements with simu-
lations performed using slightly different nanoparticle sizes.?! However, the ohmic losses in
the Palik data set are significantly larger in the visible range than for Johnson and Christy,
providing very different strong coupling figures of merit. On the other hand, more recent
measurements performed on silver films indicate similar values of the real part of the dielec-
tric function compared to Johnson and Christy but a slightly larger imaginary part.5*

To investigate which dielectric function provides the best agreement with the optical prop-
erties of silver nanocubes, we study 78 nm AgNCs, with an estimated radius of curvature
of 9 nm (estimated from electron microscopy images, see Figure 2-a), using both ensemble
extinction measurements in ethanol (Figure 2-b) and single particle scattering spectroscopy
on particles spin-coated on a glass coverslip and covered in index-matching oil to minimize
the oxidation of silver (typical examples in Figures 2-c-d). The scattering spectra of single

AgNCs are simulated in BEM using the three reported dielectric constants of silver and a
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Figure 2: Comparison between experiments and simulations on single silver nanocubes. (a)
Typical electron microscopy image of 78 nm AgNCs with an estimated radius of curvature
of 9 nm. (b) Ensemble extinction spectrum of 78 nm AgNCs in ethanol. (c-d) Typical single
AgNC scattering spectra. Simulated scattering spectra of 78 nm AgNCs using the dielectric
constant of Palik®® (e), Johnson and Christy? (f) and Yang et al. (g).?* Experimental and
simulated scattering sepctra in (c-g) are fitted by two energy-dependent Lorentzian functions
(green and red solid lines). (h) Distribution of quadrupolar quality factors measured with
14 single AgNCs, compared to the theoretical values inferred from the simulations in (e-g).

1.5 surrounding refractive index (Figures 2-e-g).

The ensemble spectrum in Figure 2-b clearly shows two resonances with a broad dipolar
mode around 515 nm and a narrow blue-shifted quadrupolar mode. These two modes are
also visible in the scattering spectra of single AgNC but are red-shifted due to the larger
refractive index of index matching oil compared to ethanol. The simulated spectra show
similar behaviors for the dipolar mode but radically different responses for the quadrupolar
resonance. Indeed, the dipolar mode, which is dominated by radiative damping, features a
similar resonance wavelength and quality factor in the measurements and in the simulations,

but the quality factor of the quadrupolar mode, which is dominated by non-radiative losses,
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is strongly underestimated using the dielectric constant reported by Palik. A more quan-
titative analysis of this difference can be observed in Figure 2-h with a comparison of the
quality factors of the quadrupolar modes inferred from the simulations and experimentally
estimated for 14 single AgNCs. The quality factors are estimated by fitting the simulated
and experimental spectra using an energy-dependent double Lorentzian function.

The data on Figure 2-h evidence that the Johnson and Christy dielectric constant provides
the best agreement with experimental data. Interestingly, all measured quality factors are
larger than the simulated ones. This indicates that even the Johnson and Christy data might
overestimate the imaginary part of the dielectric constant of silver in colloidal nanocubes,
even though more recent measurements on silver films typically feature similar or slightly
larger values.® This may be due to a thin silver oxide layer influencing the measurements
performed on silver films in contact with air, compared to silver nanoparticles in water or
protected by index matching oil. For instance, similar scattering spectral measurements
performed on deposited single AgNCs in contact with air do not feature sharp quadrupolar
modes. Overall, this comparison between experiments and theory means that BEM simula-
tions on dimers of AgNCs provide conservative values of the expected strong coupling figure
of merit.

Figure 3-a shows the computed Purcell factors and emission yields in the center of 30 nm
AgNC dimers (with a 3 nm radius of curvature) compared to the values obtained with 30
nm and 40 nm AuNCs. We observe that the values of F,, for silver and gold nanocubes
are nearly identical, indicating that the local curvature is probably the main parameter in
optimizing the confinement and enhancement of the local electric field. However, since Ag-
NCs feature lower ohmic losses, the emission yield is nearly 2 times larger for silver and the
strong coupling figure of merit in Figure 3-b is 10% larger than for gold (values of v, and
g for these dimer geometries are provided in Figure S1). Interestingly, the simulated values
of v, in Figure S1 indicate that the damping rate of the resonator should reach values of

the order of 100-150 meV for interparticle gaps compatible with strong coupling for both
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AuNC and AgNC dimers. If we consider that the total decay rate of the molecule by itself
'y is negligible compared to 7, (unless the initial quantum yield is nearly 0) and that the
two strongly-coupled eigenmodes equally share the damping rates of the emitter and of the
resonator behaving as damped harmonic oscillators (as expected in the Jaynes-Cummings
model), %32 this means that the final decay times of the strongly-coupled eigenmodes should
be of the order of 10 fs and thus slightly lower than the considered dephasing time i /v, =12
fs of the isolated molecule (with % the reduced Planck constant).

Furthermore, if the resonator dominates both the radiative and non-radiative damping rates
of the coupled system, then both eigenmodes should feature emission yields equal to ®. These
results thus indicate how dimers of 30 nm silver nanocubes should allow single-molecule
strong coupling at room temperature with an emission yield well above 50%. A potential
limiting factor for AgNC dimers that is not considered in these simulations is the possible
appearance of a thin silver oxide layer on the surface of the nanocubes, which would effec-
tively increase the interparticle distance. However, the sharp quadrupolar modes observed
experimentally on single AgNCs in Figure 2 indicate that this effect should be limited if the
particles are kept from direct contact with air. For long-term stability of these hybrid nanos-
tructures, AuNC dimers, with only slightly lower coupling strengths and emission yields, are
an appealing alternative.

We can also observe in Figure 3-a that the distance dependence of ® is different for the con-
sidered AuNC and AgNC dimers. This is due to the wavelength dependence of the imaginary
part of the dielectric constants of gold and silver and to the dependence of the longitudinal
resonance of dimers with respect to interparticle spacings. In these simulations, we con-
sider that the resonance of the emitter matches the longitudinal resonance wavelength of the
plasmonic dimer w,. Since the minimum imaginary part of the dielectric function of gold is
around 680 nm,% the maximum emission yield will typically be observed when w, reaches
this wavelength, which occurs for an interparticle spacing around 2 nm for 40 nm AuNCs,

compared to ~1 nm for 30 nm gold cubes. In the case of silver, the imaginary part of the
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Figure 3: Strong coupling with high emission yields in dimers of silver nanocubes. (a)
Computed Purcell factor F), (solid lines), and radiative yield ® (dashed lines), in dimers of 30
nm AgNCs (grey data), 30 nm AuNCs (yellow) and 40 nm AuNCs (red) for a longitudinally
coupled emitter positioned in the center and as a function of the interparticle spacing s. (b)
Visible strong coupling figure of merit (solid line) as a function of s in the same geometry
as (a). (c) Visible strong coupling figure of merit as a function of the orientation of the
dipolar emitter in dimers of 30 nm AgNCs (grey data), 30 nm AuNCs (yellow) and 40 nm
AuNCs (red) with 1 nm (solid solid line) and 2 nm (dotted line) spacings. (d) Visible strong
coupling figure of merit for a longitudinal emitter as a function of its position with respect
to the dimer axis, for dimers of 30 nm AgNCs (grey data), 30 nm AuNCs (yellow) and 40
nm AuNCs (red) with 1 nm (solid solid line) and 2 nm (dotted line) spacings.

dielectric function increases with the wavelength (as can be expected for a Drude metal),5
explaining the decrease of ® when the particles get closer and the longitudinal resonance
redshifts.

All the simulations presented in Figures 1 and 3-a-b consider a perfectly centered emitting

dipole with an orientation along the dimer axis. While recent self-assembly strategies, in
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10,56 57,58

particular using DNA, have shown an excellent position and orientation control over
fluorescent molecules, it is interesting to consider how robust the appearance of a strong
coupling regime will be for an imperfectly centered or oriented transition dipole. Figures
3-c-d show how the strong coupling figure of merit varies as a function of the off-axis orien-
tation and position of the source dipole, with interparticle spacings of 1 nm and 2 nm. We
observe that strong coupling should remain visible for emitters with an off-axis orientation
up to 45° with a 2 nm spacing and up to 75° with 1 nm. As observed in the local field distri-
bution of Figure 1-a, the enhancement process is maximum at the very center of the dimer
as confirmed by Figure 1-d since strong coupling will only be visible if the emitter is within
2 nm or 3 nm of the dimer axis, if the interparticle spacing is 2 nm or 1 nm, respectively.
While these calculations show how precise the self-assembly strategy will need to be in order
to position a single emitter between the tips of two plasmonic nanocubes, it is important
to stress that the tips of gold nanocubes were recently functionalized specifically with DNA
strands.?* Alternatively, one could consider a NPoM resonator geometry by assembling a
plasmonic nanocube on a metallic mirror by one of its tips in order to avoid issues regarding
the relative orientation of the two cubes in self-assembled dimers, while retaining a high local
field enhancement and confinement. In both cases, an additional electric field enhancement
could arise from the spontaneous appearance of atomic protrusions in the nanoscale gap. 5
In order to reach single-molecule strong coupling at room temperature with high emission
yields, we therefore propose to exploit the high local curvatures offered by dimers of plasmonic
nanocubes aligned along their tips, which feature higher coupling strengths than dimers of
perfect or faceted gold nanospheres while maintaining resonance wavelengths in the visible
range. Electrodynamic simulations indicate that the stringent experimental conditions at
which visible strong coupling can be achieved at room temperature are significantly relaxed
by the use of both AuNCs and AgNCs. It is possible to favor the coupling strength or the
emission yield by tuning the nanocube size but the use of 40 nm AuNCs and 30 nm AgNCs

should provide both single-molecule strong coupling and emission yields of nearly 50% for

14



gold and above 60% for silver. Experimental realizations with AgNCs could even exceed
these expectations as the ohmic losses, experimentally observed by scattering spectroscopy
on single cubes, appear lower than those theoretically expected using typical dielectric con-
stants for silver.

Interestingly, both gold?* and silver® nanocubes are compatible with DNA-based self-
assembly, which has been shown as an efficient bottom-up strategy to reach strong cou-

1416 and which also allows a control over the orientation of dye

pling at room temperature
molecules.?”*® DNA nanotechnology thus provides all the required ingredients to produce
bright strongly coupled hybrid nanostructures featuring few-photon nonlinearities at room

temperature.

Methods

Simulations

Boundary Element Method simulations are performed using the MNPBEM toolbox.3’ The
2D meshing of the spheres and nanocubes are generated in Matlab while, for rounded icosa-
hedra, the 3D meshing is first generated using COMSOL. The trapezoidal mesh for spheres
is generated by longitudes and latitudes with a minimum size of 0.5 nm at the interparticle
gap. The triangular mesh of nanocubes is generated as an extruded rounded polygon using
dedicated functions of the MNPBEM toolbox as detailed elsewhere®® and with a minimum
mesh size of 0.2 nm at the tips. The total dissipated and radiated powers of a classical
electric dipole in the resonator are compared to the power radiated without the resonator
in order to compute F,, and ® for a given position, orientation and emission wavelength.
By tuning the emission wavelength for a longitudinally coupled emitter and monitoring the
frequency at which the maximum total decay rate is achieved, as well as the full-width at
half maximum, it is possible to infer the resonance wavelength w, and decay rate -, of the

longitudinal mode of the dimer. The local field enhancements are generated by exciting the
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plasmonic resonators with a plane wave polarized along the dimer axis at the longitudinal
resonance wavelength. Scattering cross-sections of single silver nanocubes are computed by
exciting the AgNC with a wavelength-tunable plane wave propagating perpendicularly to
one face of the cube and polarized along one edge and then integrating the radiated power
on a sphere around the particle.

Convergence of these simulations with respect to the mesh size was verified in the case of
spheres by comparing them to Mie theory calculations and observing differences below 5% at
a 1 nm interparticle gap distance and below 1% for a 2 nm gap.'® In a general way, the data
of Figure 3-d allow the observation of digital artefacts due to the mesh size when monitoring
the evolution of the strong coupling figure of merit with respect to the transverse position
of the source dipole. The comparison between Mie theory and BEM simulations in the case
of spheres shows that a smooth and not a stepwise evolution of the strong coupling figure of

merit indicates numerical convergence.

Optical Measurements

The extinction spectrum of commercial silver nanocubes (Nanocomposix, USA, 78 nm edge
lengths) is measured with a typical concentration of 1 mg/mL in ethanol (Duetta, Horiba).
Single AgNCs are studied in scattering spectroscopy by spin-coating 100 pL of the nanocube
solution on a freshly cleaned glass coverslip and adding a few drops of index matching oil.
Darkfield spectra are measured in an inverted microscope (IX71, Olympus) coupled to a
fiber-coupled (50 pum core diameter) imaging spectrometer (Acton SP300 with Pixis 100
CCD detector, Princeton Instruments). White light from a 100 W halogen lamp is focused
on the sample using an oil-immersion 1.2-1.4 NA dark-field condenser. Scattered light is
collected with a 100 x 0.6 NA immersion oil objective. A Single AgNC is aligned with the
optical fiber using a piezoelectric stage (P-562.3CD, PI) before its raw scattering spectrum
is measured with a 2 s acquisition time. A background spectrum is measured with the

same acquisition time on an empty area of the sample. The background is subtracted to
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the measured spectra before the obtained data are divided by a smoothed background spec-
trum (after substracting a constant offset of the CCD detector) in order to account for the
wavelength-dependent illumination and detection.!'® The extinction spectrum of commercial
silver nanocubes (Nanocomposix, USA, 78 nm edge lengths) is measured with a typical con-
centration of 1 mg/mL in ethanol (Duetta, Horiba). Single AgNCs are studied in scattering
spectroscopy by spin-coating 100 pL. of the nanocube solution on a freshly cleaned glass
coverslip and adding a few drops of index matching oil. Darkfield spectra are measured in
an inverted microscope (IX71, Olympus) coupled to a fiber-coupled (50 pm core diameter)
imaging spectrometer (Acton SP300 with Pixis 100 CCD detector, Princeton Instruments).
White light from a 100 W halogen lamp is focused on the sample using an oil-immersion
1.2-1.4 NA dark-field condenser. Scattered light is collected with a 100 x 0.6 NA immersion
oil objective. A Single AgNC is aligned with the optical fiber using a piezoelectric stage
(P-562.3CD, PI) before its raw scattering spectrum is measured with a 2 s acquisition time.
A background spectrum is measured with the same acquisition time on an empty area of the
sample. The background is subtracted to the measured spectra before the obtained data are
divided by a smoothed background spectrum (after substracting a constant offset of the CCD

detector) in order to account for the wavelength-dependent illumination and detection. 6
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