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Abstract Nanocavities formed by ultrathin metallic gaps, such as the nanoparticle-on-

mirror geometry, permit the reproducible engineering and enhancement of light-matter inter-

action thanks to mode volumes reaching the smallest values allowed by quantum mechanics.

Although a large body of experimental data has confirmed theoretical predictions regard-

ing the dramatically enhanced vacuum field in metallic nanogaps, much fewer studies have

examined the far-field to near-field input coupling. Estimates of this quantity usually rely

on numerical simulations under a plane wave background field, whereas most experiments

employ a strongly focused laser beam. Moreover, it is often assumed that tuning the laser

frequency to that of a particular cavity mode is a sufficient condition to resonantly excite

its near-field. Here, we experimentally demonstrate selective excitation of nanocavity modes

controlled by the polarization and frequency of the laser beam. We reveal mode-selectivity

by recording fine confocal maps of Raman scattering intensity excited by cylindrical vector

beams, which are compared to the known excitation near-field patterns. Our measurements

allow unambiguous identification of the transverse vs. longitudinal character of the excited

cavity mode, and of their relative input coupling rates as a function of laser wavelength. The

method introduced here is easily applicable to other experimental scenarios and our results

are an important step to connect far-field with near-field parameters in quantitative mod-

els of nanocavity-enhanced phenomena such as molecular cavity optomechanics, polaritonics

and surface-enhanced spectroscopies.

Keywords: Plasmonic cavities, Plasmonic antennas, Near-field, Cylindrical vector beams, Surface-

enhanced Raman scattering
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I. INTRODUCTION

Plasmonic nanocavities are capable of capturing and confining light in dimensions much smaller

than the free-space wavelength, where optically active materials can be positioned. Light-matter

interaction is thereby greatly enhanced; when its rate overcomes all intrinsic dissipation rates the

strong-coupling regime can be reached [1–5]. More broadly, plasmonic nanocavities have become

instrumental in a number cutting-edge technologies: Tip-Enhanced Raman Spectroscopy (TERS)

[6, 7]; chemistry [8] and electroluminescence [9] at the single molecule limit; enhanced nonlinearities

[10]; single-photon sources [11]; coherent frequency upconversion [12]. A common challenge for most

applications is to achieve efficient coupling between a travelling electromagnetic wave (the far-field)

and a confined plasmonic nanocavity mode (the near-field) [13, 14]. To this aim, a precise knowledge

of the spectral and spatial distributions of the plasmonic modes are required, as well as techniques

to identify, tune and optimize the coupling from far field radiation to specific subwavelength cavity

modes.

Among many different geometries studied in the literature, nanoparticle-on-mirror (NPoM)

structures [15, 16] constitute versatile, robust, reproducible and easy-to-fabricate plasmonic

nanocavities with intrinsic antenna functionality [13, 14], enabling degrees of confinement and

enhancement of optical fields reaching their fundamental limits [17]. The NPoM optical resonances

have been classified as transverse waveguide (S) and antenna (L) modes, which typically mix to

form hybridized (J) gap modes presenting distinct near- and far-field radiation patterns [18–22].

Rigorous quantization of these highly dissipative modes and definition of their mode volumes have

also been developed in the framework of non hermitian quasi-normal modes [23, 24].

Near field intensities for all gap modes being tightly confined within the spacer material, direct

and quantitative analysis via near-field scanning probe or electron energy loss spectroscopy has

not been achieved. Consequently, experiments rely on elastic dark-field scattering spectra obtained

under quasi-plane wave excitation to infer the nanocavity spectrum and which mode is excited at

a particular laser wavelength [20, 25]. Not only is this approach underestimating or neglecting the

contribution of ‘dark’ modes (which do not couple well to incident plane waves but can be efficiently

excited by scatterers or emitters in the near field), it is also unable to make prediction as to the

relative input coupling rate of a strongly focused laser beam to a particular mode, which can depend

not only on laser wavelength, but also on the near field polarization at the focus [26–30]. Knowledge

of the cavity input coupling rate is required to infer the intracavity excitation number, which in

turns govern all optically-driven processes in various applications including SERS, photochemistry
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and photocatalysis, plasmon-enhanced luminescence, nonlinear optics and frequency conversion.

Its role and physical meaning has been evidenced using various formalisms: indirectly via quantum

master equations [31, 32], in plasmon induced transparency [33–36] and also in the context of

molecular cavity optomechanics [37–41], which aims at a more complete description of vibrational

and plasmonic correlations and dynamics in SERS. Recent theoretical developments have moreover

pointed out its importance for a correct estimate of dissipative coupling rates [42].

Here, we present a simple and efficient method to determine which nanocavity modes are ef-

fectively excited depending on adjustable laser wavelength and polarization. We record the SERS

intensity from molecules embedded in NPoM structures under tightly-focused radially, azimuthally

and linearly polarized excitation as a function of the NPoM position within the laser focus. We

show that the intensity of the SERS signal is typically dominated by the coupling between a single

vectorial component of the incoming light field and a single plasmonic gap mode. We demonstrate

that polarization and wavelength tuning of the excitation beam allow to address specific ultracon-

fined plasmonic modes and optimize simultaneously their coupling to traveling light modes and

their parametrically enhanced interaction with the gap material. Finally, we prove the flexibility of

our technique on different plasmonic structures, whose resonances cannot be easily identified with

elastic dark-field scattering. We anticipate that our method will help understanding, modelling and

optimising mode-specific excitation and in-coupling efficiency for a broad range of nanocavities,

thus boosting further the desired light-matter interaction while reducing unwanted effects such as

Joule heating, and allowing to unlock the full potential of multimode photonic nanostructures.

II. RESULTS

Experimental setup. — A simplified description of the experimental setup is provided in

Figure 1a. On the laser path, a radial polarization converter followed by a spatial filter with a

20-µm pinhole generates radially and azimuthally polarized light beams, which display doughnut-

shape intensity profiles (Figure 1b). The linearly-polarized Gaussian beam is obtained by bypassing

the polarization converter. After a beam expander, an iris fixes the beam diameter to 5 mm, which

results in a filling factor D ∼ 0.7 of the objective back aperture. The incoming field couples to the

sample via a 0.95-NA objective. The Stokes side of the inelastically scattered field is spectrally

filtered before reaching the spectrometer.

The wavelength tunability of the Ti:Sapph laser source and the polarization modularity of our

setup (see SI for details) enable a variety of different Raman excitation settings. The radial and az-
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FIG. 1. (a) Sketch of the experimental setup. RCP: Radial polarization converter; SP: spatial filter, BE:

beam expander; BS: beam splitter; LP, long-pass filter. (b) Beam profiles after the iris for different laser

polarizations. (c) Sketch of a single nanocavity being scanned across the excitation focal plane. (d) Acquired

Raman spectrum for a particular sample position; the Stokes scattering intensity from the vibrational mode

at ∼ 1075 cm−1 is integrated over the gray region for subsequent construction of excitation maps. (e)

FEM simulations of |E|2 integrated over the gap region for p-polarized (solid line) and s-polarized (dashed

line) plane-wave excitation (incidence angle θ ' π
2 ). (f) Near-field intensity distribution along the xy plane

crossing the center of the gap for 700-nm and 785-nm excitation with p and s polarization. The simulations

are realized for a gap size of 2.5 nm and rounding factor of 0.44 (see SI). The cube outline is indicated in

white.

imuthal far fields correspond to superpositions of first-order Hermite-Gaussian modes (HGmn(x, y))

ER = HG10(x, y)nx + HG01(x, y)ny and EA = HG10(x, y)ny − HG01(x, y)nx, respectively, where

ni (i = x, y) are unit vectors perpendicular to the propagation direction. These travelling modes,

solutions of the Helmholtz equation, belong to the set of cylindrical vector beams and are currently
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used in a variety of nano-optics applications [43, 44]. Such beams feature position-dependent

polarization and a singular point of zero intensity on the optical axis, giving them a characteris-

tic doughnut-shaped intensity profile. In the same Hermite-Gaussian base, the linearly polarized

Gaussian beams are defined as: ELx = HG00(x, y)nx and ELy = HG00(x, y)ny.

The sample is fixed on a piezo-stage that is finely scanned across the focal plane in x and

y directions, for a fixed z position along the optical axis (see SI for details). The Raman-active

nanocavities are fabricated on a template-stripped 150 nm thick gold film, on which biphenyl-4-thiol

(BPT) molecules form a self-assembled monolayer (SAM) and 75-nm silver nanocubes (NC) are

dropcasted (Figure 1c). The Polyvinylpyrrolidone (PVP) ligand attached to the cubes (NanoXact

by nanoComposix) contributes to the gap size. A 5 nm Al2O3 coating formed by atomic layer

deposition (ALD) improves the stability of the nanostructures against oxidation and laser induced

damage [3].

At each sample position, a cavity-enhanced Raman spectrum of the BPT molecules is acquired,

as illustrated in Figure 1c. The three most intense peaks at 1075 cm−1, 1280 cm−1 and 1585

cm−1 correspond to the ring stretching, S-H stretching and C-H stretching vibrational modes,

respectively. In the following, we use the integrated intensity over the ring stretching peak as a

function of the x, y coordinate of the sample scan to build near-field excitation maps (intensities

of other vibrational modes are analysed in the SI). We used a large enough slit opening at the

spectrometer input to ensure that the detection efficiency is independent of sample position over

the range of the maps presented below. Consequently, we consider that the extracted intensity

of the Raman signal is a faithful measure of the relative excitation efficiency when scanning the

sample. We calibrated the wavelength- and polarization-dependent detection efficiency of the setup

from the sample to the detector, as well as the wavelength- and polarization-dependent transmission

of the excitation path, see Figure S2 and accompanying discussion.

Theory of polarization-dependent Raman signals. — We briefly discuss how the enhancement

of the Raman signal depends on the geometry of the nanocavity and on the excitation conditions

(cf. near-field intensity simulations in Figure 1e-f). The considered NPoM geometry is expected to

present one hybrid mode J− at ∼ 700 nm and one transverse S11 mode at ∼ 785 nm. The mode

J− comes from the mixing of the transverse S02 and longitudinal L01 modes and has a prevalent

longitudinal polarization [46]. Note that the near-field polarization inside the nanogap is mostly

longitudinal (along z) for all modes. As suggested by previous dark-field scattering studies [20],

the coupling of this NPoM mode to a linearly polarized beam impinging at grazing angle would

be optimal for p-polarization. Oppositely, s-polarized light would preferentially couple to the S11
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FIG. 2. Comparison of experimental Raman intensity with calculated excitation fields near focus. (a)

Computed background electric field in the xz and xy planes, where the dashed line represents the focal plane.

In each panel, the maximum value of the longitudinal Ezbg(r, ε) or transverse Exybg (r, ε) field component is

reported in relative units. (b) Corresponding longitudinal (z) and transverse (r) components of the focused

field intensity Ibg(r0, ε) (across the focal plane z = 0). All the simulations are realized by taking into account

the specification of our objective, the filling factor D and the experimental wavelength. (c) Measured maps

of the Stokes intensity at 1075 cm−1 obtained with an excitation wavelength of 710 nm (SEM image of the

nanocube in Figure S1). Some panels are rescaled in intensity when indicated.
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mode.

Consider now the Raman signal caused by a single molecule located inside the gap, when the

nanocavity position in the excitation field is r. For a given excitation frequency ω0 and polarization

ε = R, A, Lx, Ly (radial, azimuthal, linear along x and y, respectively), the Stokes Raman power

per unit of input power P0 is proportional to

PS(r, ω0, ε)

P0
∝ Igap(r, ω0, ε)R

2
zzFrad(ωS) (1)

where Rzz = nz ·R ·nz is the longitudinal component of the single-molecule Raman polarizability

tensor R for the vibrational mode of interest (inside the gap the in-plane field is negligible in

comparison to the out-of-plane field); Frad(ωS) is the radiative Purcell factor, which describes the

out-coupling enhancement at the Stokes frequency ωS = ω0 − ων corresponding to the vibrational

mode at ων , and it depends on the full spectral response of the plasmonic cavity. The longitudinal

field intensity inside the gap is given by

Igap(r, ω0, ε) = Izbg(r, ε)K
z(ω0) + Ixybg (r, ε)Kxy(ω0) (2)

where Ibg(r, ε) = Izbg(r, ε)+I
xy
bg (r, ε) is the intensity profile of the focused excitation field Ebg(r, ε) =∑

iE
i
bg(r, ε)ni with i = x, y, z, such that Izbg(r, ε) = |Ezbg(r, ε)|2 and Ixybg (r, ε) = |Exybg (r, ε)|2 =

|Exbg(r, ε)|2+ |Eybg(r, ε)|
2 (see Figure 2a,c). The longitudinal (Kz) and transverse (Kxy) in-coupling

enhancement factors depend on the exact position of the molecule inside the gap (and so does the

Purcell factor) and can be estimated from electromagnetic simulations under linearly polarized

plane wave excitation. When a molecular monolayer occupies the entire gap area, a proper compu-

tation of the Raman power should consider collective “bright” modes [37] but this more advanced

treatment is not necessary here since we do not consider power-dependent collective effects [47].

Apart from a different scaling factor, eq. (1) remains valid.

The main conclusion is that eq. (2) describes how the total emitted Raman power depends on the

sample position for a given frequency and polarization of the excitation field through the distinct

in-coupling enhancement factors for the longitudinal and transverse background field components.

In particular, if the excitation frequency ω0 is close to resonance with a longitudinal plasmonic

mode, then Kz(ω0)� Kxy(ω0) and the Raman signal will be strongest when the sample position r

matches a maximum of Izbg(r, ε); conversely, if ω0 is close to resonance with a transversal plasmonic

mode, then Kz(ω0)� Kxy(ω0) and the Raman signal will be strongest when the sample position

r matches a maximum of Ixybg (r, ε). This discussion allows to interpret the experimental confocal

Raman maps by connecting them to the near field distribution of the focused excitation beam and

the transverse vs. longitudinal nature of the antenna mode.
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Experimental Raman maps of individual nanocavities. — We excite a nanocube-on-mirror

(NCoM) cavity (embedding BPT molecules) with the different light modes introduced earlier:

ER,EA,ELx,ELy. Figure 2a shows the calculated local field components produced by these light

modes close to the focus of the objective in the xz and xy planes. A Raman intensity map of the

1075 cm−1 vibrational mode excited at 710 nm (vacuum wavelength) is reported in Figure 2c. By

comparing it with the numerically calculated intensity patterns Ixybg (r0, ε) and Izbg(r0, ε) (at the focal

plane z = 0) plotted in Figure 2b we find that for this excitation wavelength Raman scattering

improves significantly when the NCoM cavity is positioned in a region where the background

excitation field has the largest out-of-plane (longitudinal) component. Indeed, Raman intensity

maps collected under radially (ER) and linearly (ELx) polarized illuminations match well the

calculated distribution of Izbg(r0, ε) (ε = R, Lx), both in their shapes and relative intensities. At

the chosen excitation wavelength (∼ 710 nm), our Raman maps thus clearly demonstrate the

preferential coupling of the laser field to the longitudinally polarized J− mode.

Since the focusing of the azimuthally (EA) polarized beam results in Izbg(r0,A) = 0 over the

whole focal plane, Raman scattering can then only happen through the excitation of the far detuned

S11 transverse mode, resulting in a much lower coupling efficiency and weaker Stokes signal. More

quantitatively, we found that the ratio between the maximum Raman intensities with radial and

azimuthal polarization (= 23.5) is comparable to the ratio of near-field intensities integrated over

the BPT volume with p and s polarization (= 18.5, Figure 1e). The polarization of the out-going

field is not analysed in these measurements, and it is in general different from the background

polarization exciting the nanocavity. We therefore checked that our detection efficiency is largely

polarization insensitive for ∼ 710 nm excitation (Figure S2), so that we can safely attribute the

change of Raman intensity to the change in input coupling efficiency.

Note that the experimental Raman map does not present a full ring pattern as expected for

the transverse field of a focused azimuthally polarized beam. A first reason is the unbalanced

superposition of HG10(x, y)ny and HG01(x, y)nx at the back aperture of the objective due to

polarization-dependent transmission efficiency of some components (such as the beam splitter).

We do measure that the y polarization is attenuated by almost 30% compared to the x component

in the excitation path, altering the predicted ring pattern (see Figure S2). A second reason is that

the nanocavity breaks the cylindrical symmetry and in general exhibits non-degenerate transverse

resonances.

Altogether, these first results confirm that Raman intensity maps reveal the polarization-

dependent near-field excitation efficiency of localized surface plasmon resonances and can be used to
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FIG. 3. Wavelength sweep under radially polarized illumination. Left panel: Dark-field spectrum of the

NCoM when excited with s (turquoise curve) and p (red curve) polarized light. Other panels: Measured

maps of the Raman intensity at 1075cm−1 obtained with different excitation wavelengths. Each excitation

wavelength is indicated by an arrow in the dark-field plot, while the dashed line with the corresponding grey

scale indicates the wavelength of the Raman mode at 1075 cm−1.

determine the nature of the antenna modes to which the laser preferentially couples at a particular

wavelength.

Mode-specific coupling.— We now demonstrate how the respective contributions of distinct

nanocavity modes to the SERS signals can be identified and modified by tuning the wavelength

and polarization of the incoming beam. We sweep the excitation wavelength under fixed ER

illumination on the same NCoM cavity. As shown in Figure 3, the single central lobe, consistent

with input coupling to the longitudinal J− mode at 710 nm, progressively transforms into two lobes

as the excitation wavelength increases to 790 nm. This intensity pattern should be compared with

the calculated spatial distribution of Izbg(r0, R) in Figure 2. Here again, while we expect a ring

pattern when the laser couples to the transverse S11 mode, the cylindrical symmetry is broken by

the nanoparticle shape as well as the polarization dependent transmission on the excitation path

and results in a more efficient coupling to a particular transverse polarization, here close to the

x−axis. Complementary data for different incoming light modes and other NCoMs are presented

in the SI.

In Figure 4, we illustrate the use of our method on nanocavities with various nanoparticle

shapes. Panel (a) presents data for another NCoM for which the polarization dependant dark-field

scattering spectra is inconclusive as to the nature of the gap modes. From the Raman intensity

maps, a clear passage from longitudinal to transverse mode coupling is monitored under both

radial and linear polarization. In this example, the superiority of the confocal scanning approach

compared to polarized dark-field measurements is evident when it comes to determine the nature

of the excited modes vs. incoming wavelength.

Theoretical models and numerical studies have predicted how L01 and S11 modes of quasi-

spherical NPoM undergo frequency crossing as a function of the size and shape of the bottom



10

1

0.8

0.6

0.4

0.2

0
1

0.8

0.6

0.4

0.2

0

1

0.8

0.6

0.4

0.2

0

100 nm

100 nm

100 nm

650 700 750 800 850 900
Wavelength [nm]

0.00

0.25

0.50

0.75

1.00

D
ar

k 
fie

ld
 [a

.u
.]

650 700 750 800 850 900
Wavelength [nm]

0.00

0.25

0.50

0.75

1.00

D
ar

k 
fie

ld
 [a

.u
.]

650 700 750 800 850 900
Wavelength [nm]

0.00

0.25

0.50

0.75

1.00

D
ar

k 
fie

ld
 [a

.u
.]

x 370x 20 x 20

500 nm
y

x

x 2

Radial Azimuthal Linear

71
0 

nm
80

0 
nm

76
0 

nm
70

0 
nm

(a)

(b)

(c)

FIG. 4. Comparison of different NPoM nanocavities: (a) 75-nm ALD-coated silver nanocube (NanoXact by

nanoComposix), (b) 80-nm gold nanosphere (by BBI solutions) and (c) triangular gold particle found in a

sample of gold nanocubes (A1C-80 by Nanopartz).

facet of the nanoparticle [21, 22] – a parameter that cannot be easily controlled during fabrication

nor be measured by existing nanoscopy techniques. Interestingly, our technique can efficiently

discriminate these modes’ contributions. In the case of the NPoM in panel (b), a single resonance

appears in dark field: since the Raman intensity maps at 750 nm excitation indicates a preferential

longitudinal input coupling, we can associate this resonance to the longitudinal L01 mode rather

than S11. Finally, panel (c) corroborates the validity of the technique for a more irregularly shaped

NPoM, where we can evidence more efficient coupling to a longitudinally polarized mode around

700 nm. It has to be highlighted that our technique could straightforwardly be applied for the

characterization of a large variety of nanostructures, including other mirror-based nanocavities

(dimer-on-mirror [48], magnetic resonances [49], etc.) and could be performed using a variety of

signals. We illustrate this flexibility in the SI by performing complementary photoluminescence
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maps of our gold nanocavities under radial and azimuthal illumination.

III. CONCLUSION

We demonstrated mode-selective laser excitation of nanoparticle-on-mirror systems using a sim-

ple technique based on the Raman signal from embedded molecules. By performing confocal Raman

mapping under radial, azimuthal and linear polarization for different laser wavelengths, we could

unambiguously determine the longitudinal vs. transverse nature of the antenna mode most effi-

ciently coupled to the incoming beam and show the transition from one mode to another on a

singular nanostructure as the laser wavelength is tuned. Our method vividly reveals the distinct

nature of ultraconfined modes most efficiently excited at particular wavelengths and proves to be a

versatile nanoscopy tool able to address irregular nanocavities. Using faster acquisition rates, the

method could also be extended to interrogate unstable picocavities [50]. Thanks to its uncompli-

cated implementation our tool can be combined with other nanoscopy techniques to simultaneously

acquire k-space [51, 52] or phase information [53]. Other brighter signals emanating from resonant

Raman scattering [54, 55] or fluorescence [1] could be used as a local probe to learn more and

control better their interaction with gap modes, extending on the seminal studies that introduced

the technique for focused laser beams [56, 57].

This work is a first step toward a precise and quantitative estimate of input coupling rates

between far-field radiation and nanocavity modes. These are key quantities in several plasmonic

sensing schemes [34, 35] and are essential for accurate modelling and testing of novel predictions

of molecular cavity optomechanics, such as the appearance of dynamical backaction and optical-

spring effects at the molecular level [37, 58]. Our results also pave the way for extended studies

and optimization of input coupling rates for rapidly evolving hot-spots [50, 59, 60] with the help of

adaptive-optics illumination [61]. More directly, we showed that the control of the incoming beam

allows to select the gap mode contributing to the targeted light-matter interaction and enables

pushing further the sensitivity of nano-devices using ultra-confined cavity modes.
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– Supplementary Material –

Mode-specific Coupling of Nanoparticle-on-Mirror Cavities with Cylindrical

Vector Beams

FEM simulations. — In order to understand the results obtained by mapping the Raman

signal and confirm the nature of the plasmonic modes that we addressed, we performed FEM

simulations with COMSOL Multiphysics (version 6). The simulation geometry is constituted by a

1-µm cubic box, including a gold substrate and a silver nanocube with rounded edges, separated

by a molecular gap of height hg. The dielectric functions of gold and silver are interpolations

of Johnson’s and Christy’s data [S1], while the molecules are modelled as a dielectric layer of

refractive index ng = 1.4. The rounding factor of the cube’s edges is defined by r = 2R/L, where

L = 75 nm is the total length of the cube and R is the radius of curvature. We used p- and

s-polarized plane-wave excitation with incidence angle θ ' π
2 from the mirror surface.

The SEM image in Figure S1a shows the nanocube used for the measurements in Figure 2 and

3 of the main text. We first performed DF measurements in order to locate the main plasmonic

resonances. Then, we implemented FEM simulations of the scattering cross section with parameters

hg = 2.5 nm and r = 0.44 chosen to match the measured frequencies of the DF peaks, as shown in

Figure S1b.

The gap height is determined by the length of the molecules and their orientation, and was

shown to increase for longer incubation time of the BPT SAM [S2]. The BPT molecule have a
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FIG. S1. (a) SEM image of the the silver nanocube used for the measurements in Figure 2 and 3 of the main

text. (b) Comparison of the experimental DF intensity with the FEM simulations. In transparency, the DF

spectrum of the nanocube when excited with p polarized light is shown (red curve, same as in Figure 3 of

the main text). The corresponding FEM simulated scattering cross section is displayed in opaque red. The

blue curves represent the simulations of |E|2 integrated over the BPT volume for p-polarized (solid line)

and s-polarized (dashed line) plane-wave excitation (incidence angle θ ' π
2 ). The simulations are realized

for gap size 2.5 nm and rounding factor 0.44.
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length of 1.4 nm, while the PVP ligand have lengths around 5 nm but tend to lie flat around the

nanocube; therefore, hg = 2.5 nm appears to be a reasonable choice. A precise estimation of the

rounding parameter is not less difficult, since the major contribution to the gap mode distribution

comes from the bottom facet of the cube, which is hidden to SEM imaging. Furthermore, the SEM

picture shows the top facet after ALD coating: on the one hand the coating slightly reshapes the

silver cube, so that a picture before coating would not be illustrative of the measured nanostructure;

on the other hand, ALD fails to strictly reproduce a curved surface because of its spongy nature

[S3]. As a consequence, while the rounding factor estimated from the SEM images of the producer

(nanoComposix) is around 0.2, Figure S1a shows rounding factors between 0.7 and 0.8 for a total

length of 85 nm. The latter is in accordance with the presence of a 75-nm silver nanocube with

5-nm ALD coating. Considering a 10% less in the value of r for the actual silver structure and

given the above mentioned complications, the choice of r = 0.44 in the simulation is realistic.

In Figure S1b, we also show the integrated near-field intensity for the two linear polarizations.

The integration volume is V = 1 µm× 1 µm× hg, occupied by the molecular spacer. As expected

[S4], the mode resonances are slightly shifted (. 15 nm) with respect to the scattering curves.

Setup details. — The excitation beam is provided by an MBR-01 Ti:Sapph ring cavity laser

by Coherent, optically pumped by a Verdi-V10 532 nm diode-pumped solide-state laser (also by

Coherent). The wavelength of the Ti:Sapph can be tuned from 700 nm to 1000 nm. We set

the polarization with a nematic liquid-crystal device, namely a radial polarization converter by

ARCoptix. It is equipped with an electrical driving (LC Driver by ARCoptix) in order to convert

the incoming linearly polarized beam into a radially or azimuthally polarized beam.

In order to map the Raman intensity along the sample surface, we place the sample on a piezo

nanopositioner Nano-Align5-100 from Mad City Labs, Inc. It is actuated in closed loop and it has

a resolution of 0.2 nm in x, y and z directions. Notice that the final resolution of the measured

Raman intensity maps is also affected by mechanical drifts of the sample in the three directions,

especially because a single map requires more than 10 minutes of acquisition time. This explains

why the Raman maps with two lobes usually show higher intensity from one of them, in particular

the lobe close to the center of the figure: the maps are xy automatized scans taking the center

of the figure as starting point. Before the acquisition, the starting point is optimized to obtain

maximum detected Raman signal, while, during the acquisition, the sample can slightly shift out

of the focal plane.

Setup calibration. — All the presented Raman measurements are normalized for the setup

response. The calibration involves two steps: (i) for each excitation wavelength λ0, the power at
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FIG. S2. Effect of unequal transmission of the x and y polarization components. (a) Plot of the y-x ratio

of the transmission factors as a function of wavelength: TLy
1 /TLx

1 is represented by triangles, TLy
2 /TLx

2

by squares (µ = 1, 2). (b) Longitudinal (z) and transverse (r) components of the focused field intensity

Ibg(r0, ε) (across the focal plane z = 0), calculated for an excitation wavelength of 710 nm and a factor

0.7 of polarization unbalance. Notice that, with such an unbalance, the azimuthal beam acquires a tiny

longitudinal component (a factor 160 less intense than the radial Izbg), which we don’t show here.

the sample position P2(λ0) has been measured as a function of the reference power P1(λ0), which

is recorded during the measurements; (ii) for each Stokes wavelength λS ≡ λS(λ0), the Ti:Sa has

been tuned to λS and the intensity I(λS) has been acquired with the spectrometer as a function

of the power P2(λS). Each measurement has been performed with linearly polarized illumination

along x and y. If Sε(λS) is the acquired Stokes intensity, where ε = R, A, Lx, Ly indicates the

excitation polarization, the calibrated intensity is given by

Sεcal(λS) =
Sε(λS)

P ε1(λ0)

1

T ε1(λ0)

1

T ave
2 (λS)

(S1)

where we defined the transmission factors T ε1(λ0) = P ε2(λ0)/P
ε
1(λ0) and T ave

2 (λS) = (TLx
2 (λS) +

TLy
2 (λS))/2, with T ε2(λS) = Iε(λS)/P ε2(λS). For radial and azimuthal illumination, we assumed

TR
1 (λ0) = TA

1 (λ0) = (TLx
1 (λ0) + TLy

1 (λ0))/2. Note that Sεcal(λS) corresponds to the efficiency of

the Raman process.
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We notice that, when the transverse mode is excited, most of our Raman maps present a stronger

intensity of the x polarization component, so that two intensity lobes appear instead of a doughnut.

In fact, when the excitation beam is azimuthally polarized, the two lobes appear along the y axis

(see Figure 2b and Figure S6), while they appear along x for radial polarization (see Figure 3).

This is due to the fact that the two ortoghonal polarizations are not equally transmitted through

the setup, as shown in Figure S2a, where the y-x ratios of the transmission factors are plotted

as functions of the excitation and Stokes wavelengths. The x polarization results more efficiently

transmitted: the polarization unbalance in excitation is lower than 30%, while in the detection it

reaches up to 60%. In Figure S2b, the longitudinal and transverse components of the focused field

intensity are calculated by including a polarization unbalance factor of 0.7.

In few cases the preferential axis is not clearly defined, as in Figure 4(a-b). We think that in

these cases a polarization unbalance in the excitation beam played a major role while summing up

to the effect of the unequal x-y transmission. In fact, the quality of the doughnut beam, generated

by the coupled effect of the LC device and the spatial filter, is very sensitive to alignment, and

difficult to control while changing the Ti:Sa wavelength. Typical beam profiles, as the one shown

in Figure 1b, present an axis of higher intensity.
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FIG. S3. PL measurements. (a) Spectra acquired at the position of maximum intensity under 532-nm

excitation with radial (black line) and azimuthal (gray line) polarization. The acquisition time is 5 s. (b)

PL intensity maps for radially and azimuthally polarized excitation. For each xy position, we plot the

integrated intensity over the entire spectral range.

Photoluminescence maps.— In order to perform photoluminescence (PL) measurements, the

experimental setup has been complemented with an additional path enabling excitation at 532 nm

with radial and azimuthal polarization. The PL spectra and the xy maps obtained for the two

polarization are shown in Figure S3. Both spatial distributions evidence the coupling of the in-plane

components of the field with similarintensities and spectral profiles, confirming that the 532-nm

excited PL is assisted by the transversal plasmonic resonance of the nanoparticle [S5].
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FIG. S4. Comparison of Raman maps for different vibrational modes. (a) Stokes spectrum in the position

of maximum intensity, obtained by exciting a nanocube with a 790-nm radially-polarized beam. The most

prominent peaks are indicated by red triangles. (b) xy intensity maps of the selected Stokes peaks.
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FIG. S5. Direct comparison of the Raman maps in Figure 4 of the main text with the numerically calculated

excitation field in the focal plane (grey arrows).

Additional data.— For completeness of the present work, additional figures are reported in this

section.

In Figure S4 we show that the intensity maps do not change for different choices of the Stokes

peak.

In order to have a more direct comparison between the calculated focused field distribution and

the measured Raman maps, we superimposed them in Figure S5 while keeping the same scale.

Furthermore, we performed a wavelength sweep along the J− mode of the nanocube in Fig-
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FIG. S6. Complete wavelength and polarization sweep on a silver nanocube. (a) DF spectrum of the

nanocavity when excited with p polarized light. (b) SEM image of the nanocube. (c) Raman intensity maps

for different wavelengths and polarizations. Each wavelength is indicated as an arrow in panel (a), while the

dashed line with the corresponding colour indicates the wavelength of the Raman mode at 1075 cm−1.

ure S6a for radial, azimuthal and two orthogonal linear polarizations.

Finally, we evidence the effect of the plasmonic response on the spectra acquired from different

nanocubes in Figure S7. The spectral response of the antenna shapes both the in-coupling and

the out-coupling efficiencies. As a result, the relative enhancement of Raman peaks varies between

spectra measured at different excitation wavelengths.
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FIG. S7. Effect of the plasmonic response on wavelength-dependent SERS measurements for (a) the

nanocube used in Figure 3 (b) the nanocube depicted in Figure S6a. The wavelength scans were per-

formed under radially polarized illumination. Stokes spectra were selected on Raman maps at the position

of their maximum intensity for different excitation wavelengths (indicated in the legend). Each spectrum

is calibrated for the setup response and normalized. Tunable interference filters were adjusted to cover

adequately the spectral region of interest.
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