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Supplementary Note 1: Experimental Details
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Supplementary Figure 1. Experimental setup. In the two-color pump-probe experiment, pump pulse
with the spectral range of ~ 830 — 870 nm (pulse duration ~ 30 fs) and probe pulse with the spectral range
of ~ 715 — 750 nm (pulse duration ~ 30 fs) were generated by using different bandpass filters in the two

arms of the pump-probe setup. In the single-pulse experiments (Fig. 1, main-text), ultrashort laser pulses
with the spectral range of ~715 — 725 nm (pulse duration ~ 80 fs) were generated in one arm, while the

other arm of the setup was blocked. BS: beam splitter; BPF: bandpass filter; DM: dichroic mirror.
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Supplementary Figure 2: Spectrally-resolved power-law exponent in the anti-Stokes spectra. a, A
series of anti-Stokes spectra measured at various powers of the incident laser pulses, as annotated on top of
each spectrum. Ultrashort laser pulses with the spectral range of ~ 715-725 nm (~ 80 fs) were used to
generate the anti-Stokes signal, as indicated in Fig. 1 of the main text. b, Energy dependence of the power-
law exponent. The spectral intensity at each photon energy (red dots) was obtained by integrating over an
energy width of ~16 meV. The error bars indicate the standard deviation from the fit. Top x-axis in a and
b represent the spectral axis in nm. The solid-blue curve represents the spectrally resolved power-law

exponent extracted from the simulated anti-Stokes spectra.
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Supplementary Figure 3: Differential conductance measurements on a single GNR. a, STM
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topography of a single GNR on the Au(111) surface, measured in the constant current mode of the STM
junction, with a tunneling current of 33 pA and a bias of 1 V. The color scale represents the relative
variation in the tip height during the measurement. b, A series of differential conductance (dl/dV) spectra
measured along the annotated white line in a (from top to bottom). The modulation voltage for the
measurement was 40 mV at the frequency of 887 Hz. The height of the nanotip during the measurement
(open-feedback) was stabilized at a tunneling current of 100 pA and a bias of 1 V. The color scale represents
the conductance. The x-axis represents the tip position, whereas the y-axis denotes the biases used for the

differential conductance measurement.
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Supplementary Figure 4: Differential conductance mapping of a GNR. a, Constant current STM
topographic image of a GNR. The colour bar indicates the variation of the vertical position of the nanotip.
b, Simultaneously recorded differential conductance map of the GNR at the bias of 1 V. A set point current
of 100 pA and a bias of 1 V was used for the STM and STS mapping. The colour bar denotes the value of
the differential conductance in pS.
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Supplementary Figure 5: Bias dependence of the anti-Stokes spectra. A series of anti-Stokes spectra,
measured at zero time delay between the pump and the probe pulses, for various biases applied to the STM
junction. The biases used are annotated to each anti-Stokes spectrum. The spectra are vertically shifted for
clarity. The STM junction was operated in the constant current mode with the set tunneling current of 1 nA.
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Supplementary Figure 6: Comparison of the variation of the I-V characteristics as a function of the
applied bias in the STM junction, in presence (red curve) and absence (blue curve) of illumination with the
laser pulses. Substantial laser-induced tunneling current is measured, as visible from a non-negligible
current (~ 7 pA) at the zero bias. Tunneling current of 100 pA at the bias of 1V was used before starting

the I-V measurement. A single laser pulse of ~ 8 mW power as described in Fig. 1 (main-text) was used for
this measurement.
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Supplementary Figure 7: Pump-probe measurements in the plasmonic picocavity as a function of the
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increasing positive chirp of the pump and probe laser pulses. a, Chirp-free condition. b, Positive chirp
by adding 16 mm glass in the pump and probe beam paths. ¢, Positive chirp by adding 32 mm glass in both
beam paths. STM junction set point was 8 nA at 100 mV for all the measurements. Vertical white dashed-
lines in a, b and ¢ show the increasing positive tilt (chirp) in the FWM signal. The two-color pump-probe

experiments in the main text were conducted at the chirp-free condition (a).
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Supplementary Note 2: Calculation of the local photonic density of states (LPDOS) of the picocavity

To calculate the local photonic density of states (LPDOS) of the plasmonic picocavity under investigation,
numerical simulations have been performed using the Finite Element Method (FEM)-based software
COMSOL Multiphysics (version 6.2). The system was modelled as a three-dimensional (3D) nanoparticle-
on-mirror (NPoM) geometry!, consisting of a spherical Au nanoparticle (mimicking the STM tip)
embedded in a homogeneous environment (here air), and placed at a distance dgap above a semi-infinite flat
Au substrate. A schematic of the geometry used in the simulations is shown in Supplementary Figure 8,
where dgp = 0.5 nm, akin to the experimental setup. The NP radius was set to 25 nm, to best match the
spectral features of the measured LPDOS. However, minor changes of the simulated spectra were obtained
by varying the value of the sphere radius, which only slightly modifies the effective longitudinal size of the

cavity.
Air Au NP mimicking STM tip
| e
~~ AuUNP Au NP
‘ 5nm ‘
«:;_""-7-7 J -
e Au substrate Au substrate f Au substrate

LJ.’_‘;TT_'_{H_[__________ é‘z'x éix

Supplementary Figure 8: Simulations of the plasmonic picocavity LPDOS. Schematic of the NPoM
geometry used in the simulations. The zoomed-in sketch of the picocavity (rightmost side) shows the point-

like dipolar source (in red, vertically oriented) used to calculate the local photonic density of states.

The LPDOS of the system was then numerically derived from its electromagnetic response upon dipolar
excitation, following standard approaches. More precisely, a point-like dipole source with unitary dipole
moment was introduced inside the sub-nm gap between the NP and the flat metal surface, and aligned to
the vertical (z-) direction, namely expressed as p = p, - u,, with po = 1 C-m. In the main simulations, the
source was placed at the centre of the cavity, i.e., at dgp/2 = 0.25 nm above the metallic surface, and at the
same in-plane position as the spherical NP pole. In agreement with previous studies?, the position of the
dipole within the gap in such NPoM configuration only lightly affected the results of the simulations. For
the optical properties of Au, the permittivity was described by an analytical expression fitted on
experimental data®, as given in Ref. 4. In addition, to reproduce the broad spectral features in the system

optical response, the value of the Drude damping factor I'o was increased with respect to the nominal



coefficient for bulk Au®, I'o. A good agreement was found for I'n/I'o = 1.5. Maxwell’s equations were solved
in the full-field formalism, by including perfectly matched layers (PMLs) surrounding the physical domain,
and scattering boundary conditions (BCs) beyond the PMLs. To ensure numerical accuracy, the tip region
was meshed with particularly fine elements, given a minimum (maximum) size of 0.1 (5) nm. Convergence

tests indicated the numerical solution to be stable upon further refinement of the meshing.

Once the electromagnetic field distribution induced by a point-like dipole excitation has been calculated

across the whole system, the LPDOS pphot(r, ®), as a function of the position r and the dipole source

angular frequency o, can be retrieved according to the following expression®’:

pphot(r’ 0‘)): 21 ®

480pO RC[E(I', w)-uz], (Sl)

(in s/m®) where r represents the position of the point-like dipolar source.

Note that the expression above provides the total LPDQOS, i.e. the sum of its radiative and non-radiative
(namely, absorptive) contributions®. To distinguish between these two terms, an alternative approach can

be employed to compute Pphot in terms of the system’s scattered (i.e., re-radiated) and absorbed powers,

Prad and Pass, respectively. Specifically, from the solution of the electromagnetic problem, one can retrieve

the following quantities:

Py(r, o) =fS- ds (S2)
b

Pabs (ra (D) :f Qdiss dv (83)
14

where S is the Poynting vector, X is a surface surrounding the whole system, Quiss represents the absorption
Ohmic losses produced within the total volume of metal V (including the spherical NP and the whole Au
substrate in our simulations). The two quantities are also considered as functions of the position r of the
dipolar emitter. The corresponding total extincted power Py is then simply the sum of these two terms, that
can be used to express the LPDOS as follows®:

Poor (T ©)= Pp(—r(m“;) Prae (©) (S4)
where p___(0) = 0?/3n*c? is the LPDOS in vacuum, and Py, is the power radiated by a point-like dipole
source in vacuum given by Larmor’s formula’. From the relation given in Eq. S4, it becomes
straightforward to identify the two, scattering and absorption, contributions in the total LPDOS, by
replacing Pt by either Prg or Pabs, respectively. Such distinction is especially relevant since, in agreement

with previous reports®, the meaningful quantity for our analysis is the solely radiative component of the



LPDOS, namely p_ [Praq/ Pyacl, as this is the one contributing to the photons detected in our experiments.
As such, in all of the expressions and discussions below, the radiative term of the LPDOS will be used.

Hereafter, the quantity Pphot will therefore refer to the radiative LPDOS of the plasmonic picocavity under

investigation.

Finally, note that the expressions given above for the LPDOS depend in general on the position of the point-
like dipole source defining the excitation. However, in agreement with previous studies treating equivalent
NPoM configurations?, the results of our simulations showed a minor dependence on the position of the
dipolar source. For seek of simplicity, we therefore employed directly the LPDOS obtained for a dipole
placed at the precise centre of the cavity in the rest of our models.

Supplementary Note 3: Calculation of the far-field optical response of the picocavity

To analyse the interactions between the picocavity and laser light, we modelled the far-field optical
behaviour and electromagnetic response of the system upon plane-wave excitation. This allowed us to
estimate quantities such as the absorption cross-section and the spatial distribution of the electromagnetic
dissipation, relevant to model the photoinduced non-equilibrium carrier dynamics (see Sections below).
The simulations were performed on the same 3D geometry discussed above (Supplementary Figure 8), and
considering the same optical permittivities of the material. Unlike the calculations detailed in Section II,
Maxwell’s equations were solved in the scattering formalism, with a background field given by the solution
of the electromagnetic problem for a planewave excitation of the structure in the absence of the Au NP (i.e.,
a semi-infinite metal film with a semi-infinite air layer on top). Such background field was evaluated
beforehand numerically, using the COMSOL built-in periodic ports to set the electromagnetic excitation,
based on the experimental illumination conditions (sketched in Supplementary Figure 9a). In particular,
monochromatic light with a grazing (defined by the wave-vector from the metal film surface) incident angle

of 12° was considered, with TM polarisation (in-plane electric field).

Standard formulas®® were applied to characterise the global optical response of the picocavity. Specifically,
we evaluated the absorption, c,,,, and scattering, o,.,, cross-sections of the system, whose simulated
spectra are shown in Supplementary Figure 9b. A resonant profile is obtained for both cross-sections, with
a peak in scattering at around 680 nm (in agreement with the resonant feature observed in the simulated
radiative component of the LPDOS) and a slightly blue-shifted one (at ~660 nm) in absorption, which

largely dominates over the former (note the distinct vertical axes).
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Supplementary Figure 9: Simulations of the plasmonic picocavity optical response. a, Sketch of the

numerical geometry and planewave illumination conditions considered in the model. b, Simulated spectra
of the absorption (red, left vertical axis) and scattering (blue, right vertical axis) cross-sections of the
picocavity. ¢, Normalized spatial distribution (two-dimensional cross-cut) of the electromagnetic dissipated

power p,, (r), evaluated at the probe pulse central wavelength (730 nm). d, Same as (c) for the pump pulses

central wavelength (850 nm). Both maps in (c) and (d) are normalized to the maximum of the dissipated

power at the pump wavelength.

Moreover, the quantitative estimation of the full spectrum of o, allowed us to assess consistently the
power absorbed by the NPoM system when excited with either pump or probe pulses (their spectral position
being highlighted by colored dots in Supplementary Figure 9b). Simulations predict a relatively small
(~10%) difference in the o, at the central wavelengths of the two pulses (850 nm and 730 nm for pump
and probe, respectively), sitting relatively far from the region where the metal losses increase substantially,
at shorter wavelengths (< 550 nm). In addition, with the 3D numerical model we could inspect the spatial
distribution of the induced fields at the two different wavelengths, providing insight into the volume of the
optical modes mediating the interaction. In particular, Figs. S9c and S9d show cross-sectional 2D cuts (in

the central z-x plane, at y = 0) of the simulated electromagnetic power density p_, (r, ) (defined as the

abs

Ohmic losses inside the metal, and normalised to the maximum of the dissipated power at the pump
wavelength) across the system, evaluated at the probe (Supplementary Figure 9¢, 730 nm) and pump
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(Supplementary Figure 9d, 850 nm) pulses central wavelengths, respectively. The numerical results show
the extremely localized character of the optical modes excited at the two wavelengths. The intensity of

P,us(r> A) rapidly decays when moving away from the vicinity of the sub-nm cavity gap. Based on these

spatial maps, we estimated a typical volume 7y, with ellipsoidal shape of semiaxes ~11 nm x 11 nm x 4
nm to approximately describe the spatial extent of the optical modes excited at the frequencies of these
pulses. Notably, although these modes are relatively detuned from the scattering peak, they still resemble
the field distribution at resonance, which ultimately accounts for their strong confinement and small
volumes. This is in fact a distinctive feature of the picocavity architecture. Increasing the gap size not only
drastically reduces the field localization, but also significantly alters the field distribution under non-
resonant excitation. To illustrate this effect, we performed additional far-field simulations of the picocavity

for an increasing distance between the Au substrate and the nanosphere mimicking the experimental STM

tip.
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Supplementary Figure 10: Electromagnetic field localisation across the plasmonic picocavity. a,
Simulated spectra of the absorption (left-axis) and scattering (right-axis) cross-sections of a picocavity with
0.5 nm gap-size. The same excitation parameters as in Supplementary Figure 9 were considered. b,
Normalized spatial distribution (cross-sectional 2D cut) of the electromagnetic dissipated power rans(r),
evaluated at the picocavity scattering resonance, 690 nm. ¢, Same as b for an non-resonant wavelength of
860 nm. Note the multiplication factor in the spatial map, for the same colour bar as in b. d-f, Same as a-c,
for a gap-size of 3 nm. g-i, Same as a-c, for a gap-size of 20 nm. j-I, Same as a-c, for a gap-size of 100 nm.
The wavelengths (resonant and non-resonant) used in the spatial distribution maps of the electric field are

annotated in the respective figures.
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Figure S10 shows the main results of our calculations for gap sizes of 0.5 nm (Figs. S10a-S10c), 3 nm (Figs.
$10d-S10f), 20 nm (Figs. S10g-S10i) and 100 nm (Figs. S10j-S10I). For each configuration, the absorption
and scattering cross-sections are shown (top panels, Figs. S10a, S10d, S10g, S10j), along with the
(normalised) dissipation patterns at resonance (middle panels, Figs. S10b, S10e, S10h, S10k) and at a
wavelength of 860 nm (bottom panels, Figs. S10c. S10f, S10i, S101). Numerical results suggest that, for the
smallest gap (0.5 nm, Figs, S10a-S10c), the electromagnetic dissipated power evaluated off-resonance is
reduced in amplitude (by a factor of ~20) compared to the resonant condition, yet it preserves a spatial
distribution reminiscent of the on-resonance case. The field localisation across the picocavity remains
strong over a broad bandwidth, and it governs the interaction with light even for wavelengths detuned from
the resonance. However, even for a 3 nm gap (Figs. S10d-S10f), while the resonant mode is still confined
in the cavity region, a non-resonant excitation exhibits a dissipation pattern that starts to spread over the
top surface of the substrate, thus producing a lesser degree of confinement. When the gap size increases
further, the cavity mode per se is less and less defined (the nanosphere tends to behave as an isolated
scatterer, with its absorption pattern), but, again, an non-resonant excitation produces a dissipation pattern

delocalised over the surface of the metallic substrate, in sharp contrast with the 0.5 nm gap-size case.

Supplementary Note 4: Modelling anti-Stokes (aS) emission

The power of the generated anti-Stokes (aS) light was calculated following an approach similar to the one
proposed in Refs. 11-13. In essence, given the intensity 7 of an incoming probe beam, the power of the aS
light generated from our picocavity as a function of the frequency o was expressed as P,g(®)=c,5(®)/,
where o,5(®) represents the resonant electronic aS Raman scattering cross-section of the picocavity. As for
any scattering process, o,g scales with the square of the (active, i.e. modal) volume Vg, of the probe (that
we estimated via the electromagnetic simulations presented in Section I11), and it is proportional to the local
photonic density of states of the picocavity (LPDOS, refer to Section Il for the details on how we computed
this quantity). Note that in our calculations of the cavity LPDOS, the minor impact of the position of the
emitting dipole on the simulated spectra allowed us to treat a space-independent LPDOS, computed for a

dipole source located at the centre of the cavity, and here referred to as pphot(w)' Finally, considering the

most general situation in our experiments, where a further laser pulse (the pump), was present, ¢,5 depends
also on the pump-probe time delay t. Upon these assumptions, we formulated the following expression for

the dynamical aS Raman scattering cross-section:

0as (@, 1) = AVin Py, (@) J(0, 1), (S5)



where Jg (o, t) denotes the joint density of electronic states that are available to contribute to the aS
emission at the considered frequency @ and time delay t, while A is a constant to be determined by
comparison with the experiments. More precisely, similarly to the formalism introduced in Ref. 13, we
defined J; (o, ) as follows:
Je(o, )= EmaXpJ(E, Etho, )dE, (50)
Enin

where p, is the energy distribution of the joint density of electronic states between the initial, higher energy,
level £;, and the final, lower energy, level £y, involved in the emission of an aS photon of energy zm

(namely such that E; = E,+ hw, with E,= E in Eq. S6 above). The expression for p, reads:
py(Ep Eint) = [ D peEDI {1 = A(Ep )] pi(E7)} (S7)

In the above formula, AE, ) is the time-dependent nonequilibrium electron occupancy distribution (see
Sections V and VII for details on how we calculated it for the photoexcitation conditions under analysis),
and p(E) is the electronic density of states, that we took from ab-initio calculations previously reported for
Au*, For the extrema of integration in Eq. S6, we assumed E,,,,= 4.5 eV (from the Fermi level) and E,,;,, =
—E.x thus ensuring to cover with numerical accuracy the entire energy spectrum of the non-equilibrium

electronic distribution, featuring occupied states at energies as high as the probe photon energy (~1.7 eV).

With the set of expressions given above, our model provided us with a semi-quantitative estimation of the
optical signal measured experimentally. In particular, since no specific assumptions were made regarding
the electron energy distribution f{E) in deriving the equations above (Egs. S5-S7) to express o,g5, the
formalism outlined above was applied to describe both single-pulse experiments (Fig. 1 in the main text)
and pump-probe measurements (Figs. 2 and 3 in the main text). Moreover, by considering the range of
incident photon energies analysed in the experiments (below the Au interband transition threshold™®), the
description we pursued suggested that the measured aS emission can be rationalised as an electronic

resonance Raman scattering mechanism.

Supplementary Note 5: Modelling hot carrier ultrafast dynamics

The ultrafast dynamics of high-energy ‘hot’ carriers resulting from the photoexcitation of the plasmonic
picocavity with femtosecond laser pulses has been described numerically by a model adapted from the well-
established Three-Temperature Model (3TM)*€. Generally, the 3TM is a semiclassical rate-equation model
for the femtosecond to picosecond dynamics of out-of-equilibrium plasmonic nanostructures'’, detailing
the relaxation following ultrafast illumination in terms of three energetic variables: (i) N, the excess energy

density stored in a fraction of non-equilibrium carriers referred to as ‘nonthermal’, as they feature an energy



distribution differing by Afnr from the equilibrium Fermi-Dirac distribution, characterised by a double-
step-like spectral shape involving energies as high as the absorbed photon energy; (ii) ®g, the temperature
of the ‘thermalized’ portion of the hot carriers, whose energy distribution differs by Afy from the equilibrium

Fermi-Dirac distribution at room temperature ®o, but can be described in terms of a Fermi-Dirac-like

function at a higher temperature Ok, i.e. f(E,O¢) = [1+e(E'EF)/kB®E]'1; and (iii) ©, the lattice temperature of
the nanostructure. By interlinking N, ®e and @ in a set of three coupled ordinary differential equations,
the 3TM accounts for the electron-electron and electron-phonon scattering mechanisms towards relaxation,
and it thus allows for tracking over time the flow of the excess energy delivered by the incident photons to
the metal electrons. To then retrieve the temporal evolution of the non-equilibrium (both nonthermal, NT,
and thermal, T) carriers' population in terms of their differential energy occupancy distribution Afnr(r), the
following expressions apply, respectively:
My (B, 1) = 51(B) N(), (S8)
Af(E ) =f1E, Oc()] — fIE, O], (S9)
where 3nT(E) is a double-step-like function®8 extending up to the incident photon energy from the Fermi
level, and f(E,©g) is the Fermi-Dirac distribution given above. In passing, note that Eq. S8 treats the energy
and temporal dependences as separable, in dnt(E) and N(t), respectively, implying that all nonthermal
carriers relax at the same rate (following electron-electron scattering events, see below for details). This
assumption is foundational to the 3TM, and incorporating an energy-dependent carrier relaxation would
require alternative modelling approach®22, with increased numerical complexity, hence falling beyond the

scope of this work.

For the purpose of modelling the ultrafast response of the picocavity under analysis, given some peculiar
features of such plasmonic architecture, we built upon the more conventional 3TM and developed an ad-
hoc reduced rate-equation model for our system. In particular, dedicated simulations (exhaustively detailed
in Section VI) showed that accounting for spatial diffusion of the thermalized hot carriers is critical to
accurately model the system’s ultrafast dynamics. As more extensively discussed below (refer to Section
V1), this peculiar behaviour can be rationalised by considering the extreme localization of the optical modes
across the picocavity, and the resulting strong spatial gradients of the electronic excitation. A rigorous
description of these mechanisms can be achieved via an inhomogeneous formulation of the 3TM%% where
three coupled partial differential equations regulate locally the space-time dynamics of hot carriers, yet at
the cost of numerical complexity. Hence, to keep the model handy, we implemented a reduced approach
and included the effects of the electronic spatial diffusion by introducing an imbalanced extra de-excitation

channel for thermal carriers. The rate of this contribution was defined in terms of an effective diffusion



time tgireqr, and a polynomial in the electronic temperature was employed to mimic the actual diffusion
process. Both the value of vy and the polynomial order were then adjusted to best fit the rigorous
solution obtained by solving (only once) the inhomogeneous 3TM (see Section VI). This reduced approach
allowed us to drop the explicit space dependence in the model, and resort to a much simpler set of ordinary

differential equations in the time-domain simulations.

In formulas, the reduced 3TM we implemented is given by the following set of coupled rate-equations:

E = —aN —bN +Pabs,delay(t; td)a (Sloa)
de
Ce—- = aN — G(@p — ©) — (0% — ©f), (S10b)
dt Tdiff,eff
de
ch—tL — DN+ G(@ — ©)). (S10c)

Here, in essence, a = (hvp)z/(ZTOE%) is the electron gas heating rate regulating the energy exchange from
nonthermal to thermal electrons (with /v, the incident photon energy, Er the Au Fermi energy, and 1, a
material’s constant, here increased to 6 fs relative to estimates from Fermi liquid theory®® to reflect the
lower scattering rates predicted by quantum kinetics calculations?®, a modification that has been shown to
accurately match ultrafast pump-probe experiments?®), b(G) is the scattering rate from nonthermal (thermal)
carriers to the phonons in the metal, Ce = ye®e (Cv.) is the electrons (lattice) heat capacity (with ye a
constant), ®q is the temperature of the environment. Given the rather short (< 2 ps) timescales of our
analysis, phonon-phonon coupling with the environment was not included in Eq. S10c. Further details on
the derivation and values of these parameters can be found elsewhere’. Finally, the source term Py getay (7;
ty) in Eq. S10a denotes the pulse power density (per unit volume) absorbed by the plasmonic nanostructure,
and can be expressed as:

GabsO“p)Fp

Pabs,delay (t; Zd): V4In2/n

exp[—4 In2 (¢t — td)z/Atg], (S11)

with o, and Vg the absorption cross-section and relevant optical mode volume introduced before, F the
pulse fluence, A, its wavelength, and Az, its temporal duration (full width at half maximum). Finally, tq is

a delay time defining the centre of the Gaussian temporal envelope of the pulse, and acts as a fixed

parameter to sweep over to model the pump-probe experiments.

Supplementary Note 6: Spatiotemporal diffusion of hot carriers

Considering the peculiar sub-nm confinement of the picocavity optical modes, the plasmonic hot carriers

resulting from photoabsorption inherit a comparable extreme localization within the metal regions in close



proximity to the gap. Strong spatial gradients are thus expected for the electronic excitation, with a relevant
role of thermal electrons' ultrafast diffusion away from these intense-field regions. To substantiate this
argument and quantify the impact of the electronic space-time evolution, we resorted to a fully
inhomogeneous 3TM (I3TM)?3?* to describe the non-equilibrium dynamics of photoinduced carriers. Note
that, in general, also nonthermal hot electrons could experience spatial diffusion?’. However, we here
neglect this effect since it would occur on timescales comparable with their relaxation?, a process which is
accomplished in a few hundreds of femtoseconds (mostly via electron-electron scattering) and expected to

dominate their overall dynamics.

In brief, the I3TM extends the formulation of the original 3TM and, while keeping the same
thermodynamical approach based on rate equations, it includes the space degree of freedom. Fourier-like
terms have been proposed to describe the diffusion of thermal carriers and phonons, and a space-time source
(function of r and t) is considered, based on the specific pattern of light absorption within the nanostructure.
In formulas, following previous reports??2*, the partial differential equations constituting the model read as

follows:
aN((;; D aN — bN + p (1) Pays detay (4 L0, (S12a)
CE(a@Ea—(:’t) = —V-(—xg VOp) — G(Op — ©,) +aN, (S12b)
CL%LG—(:’Z) = k. V20, + G(O — ©;) +bN, (S12c)

where the symbols introduced in Section V have the same meaning, «g (i) is the electron (lattice) thermal
conductivity, and the quantity p_, (r), which encodes the space dependence of the drive term, is the
(normalized) spatial pattern of the electromagnetic power dissipation density (refer to Section 1l1). More

details and the values of the parameters used can be found in previous works.?%*

A 3D FEM-based model has been developed using COMSOL Multiphysics (version 6.2) to integrate
numerically the I3TM of Egs. S12a-12c. In the simulations, a simplified geometry (sketched in
Supplementary Figure 8) was considered to reduce the computational cost, by leveraging that: (i) the spatial
distribution of the electromagnetic absorption p,, (r) is strongly confined in a small volume around the gap
between the STM tip and metal flat surface, so that regions far from the picocavity do not absorb almost
any light, hence do not contribute to the generation of hot carriers; (ii) considering the electronic and the
lattice temperatures, both the metal flat surface and the STM tip can be essentially treated as infinite sinks,

given their macroscopic spatial extent compared to the nanoscale volume of the cavity mode.
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Supplementary Figure 11: Model for the spatiotemporal diffusion of hot carriers. Simplified geometry
used to solve numerically the I3TM. 3D (left) and lateral (middle) views of the full numerical domain,
including the physical domain and a shell of Infinite Elements (IEs). In the physical domain (right), a sub-
nm gap (0.5 nm) between a flat Au surface and a Au tip is considered. The spherical symmetry of the whole
domain is chosen to reduce the computational burden of the 3D simulations.

For these reasons, we could reduce the physical domain used in the calculations to a smaller region close
to the gap (defined by a radius of ~160 nm), and assign the COMSOL built-in Infinite Elements (IES) to
the surrounding domains, so as to mimic a semi-infinite extent for the air environment, the metallic tip, and
the Au substrate. Prior to integrating the I3TM in the time domain, a stationary electromagnetic study was
conducted (as detailed in Section I11), to numerically estimate p,, (r) at the wavelength of the incident
pulse and inherit it in Eq. S12a in a fully consistent manner. Finally, to accurately reproduce the

experimental conditions, the temperatures initial values were set to @ = 0. = ©p =11 K.

As mentioned above (see also Section V), solving the I3TM served us specifically to: (i) corroborate the
argument that carriers tend to move away from the proximity of the cavity on ultrafast timescales; and (ii)
formulate a homogeneous, reduced rate-equation model (Egs. S10a-S10c). We therefore tracked the
spatiotemporal ultrafast dynamics of thermalized carriers, and the flow of their excess energy content across
the metallic regions close to the gap between the tip and the substrate. For that, we monitored the evolution
of the electronic temperature increase A®g(r,t), and the energy density stored in this carrier population
fraction, expressed as:

00Og(r, ¢
—E(r ) dr.

S13
B (S13)

AEg(r, D)= f Ca(r, 19

In addition, to directly compare the outcome of the I3TM with homogeneous models, these two quantities

were averaged over the optical mode volume Vew, that, after inspecting p,, (r), we approximated by an



ellipsoid of semiaxes ~11 nm x11 nm x 4 nm, so as to obtain space-independent relevant quantities. To
further facilitate the direct assessment of the carrier diffusion, calculations were performed in the absence
of thermal electron-phonon coupling (i.e., G =0 in Egs. S12b, S12c¢), so that Fourier-like diffusion was the

only available de-excitation channel for ®e.

The main results of the simulations are summarised in Supplementary Figure 12, considering an incident
pulse of 850 nm wavelength, 30 fs duration, ~0.15 pJ/cm? fluence (i.e., typical experimental conditions).
In particular, Supplementary Figure 12a shows a spatial map (2D cross-sectional view of the whole 3D
geometry) of the electronic temperature field within the metallic regions, evaluated at 50 fs after the pulse
peak, namely when ®g reaches its peak. The calculations reveal that a maximum temperature increase as
low as ~30 K is obtained, which is remarkably low considering that, for the same excitation conditions, a
homogeneous 3TM predicts a temperature increase of >500 K. Moreover, A®g(r,t) exhibits a strongly
inhomogeneous spatial distribution, reminiscent of the optical cavity mode regulating the photo-absorption,
with the largest values localized around the gap, and a quick drop when moving away from the picocavity

region.
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Supplementary Figure 12: Inhomogeneous spatiotemporal diffusion of hot carriers. a, Spatial map
(2D cross-sectional view) of the electronic temperature distribution within the metallic (tip and substrate)
regions of the picocavity, evaluated at 50 fs after the pulse arrival. b, Ultrafast dynamics of ®g, averaged
over the mode volume. c, The ultrafast dynamics of the excess energy stored in the nonthermal portion of
electrons N (red, left vertical axis) is compared to that of the thermalized electron energy content AEe (blue,

right vertical axis). Both quantities are space-averaged over the cavity mode volume.



Due to such a strong confinement in very small volumes, extreme temperature gradients are obtained,
making the diffusion term in Eg. S12b dominate over the carrier ultrafast dynamics. As displayed in
Supplementary Figure 12b, A®e (averaged over the mode volume) undergoes a peculiar temporal evolution,
and reaches almost full relaxation within ~1.5 ps, a noticeably short time compared to the standard dynamics
of carriers in plasmonic nanostructures, requiring rather tens of ps to go back to equilibrium*’. The same
peculiar dynamics is observed also for AEg, which is reported in Supplementary Figure 12¢ and compared
with the excess energy density stored in the nonthermal fraction of hot carriers, N (both space-averaged
over Vewm). Unlike any other more conventional plasmonic nanostructure, the two energy contents follow a
comparable, sub-ps relaxation, with the contribution of thermal carriers being substantially smaller than the

nonthermal ones (note the two distinct vertical axes of the plot, differing by ~3 orders of magnitude).

Finally, as the last step of our modelling approach, we leveraged the accurate solution of the I3TM to
approximate the spatiotemporal diffusion of thermal electrons with an effective, more handy term to include
in a space-independent rate equation for ®e. We assumed this extra de-excitation term to be a polynomial

(of order o) in the electronic temperature associated with a characteristic time 4 ¢, Namely of the form

1

- (O — ©f), with ® the environment temperature (here set to 11 K).
diff,eff
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Supplementary Figure 13: Fit of the electronic temperature dynamics. The ultrafast dynamics of the
electronic temperature (averaged over the mode volume) obtained by integrating the I3TM in our FEM
model (black solid line) is compared with that retrieved from a modified homogeneous 3TM (purple dashed

line), where a polynomial of order a with a characteristic time 4 . Mimics the electron temperature

diffusion. The best fit is achieved for o= 3 and ;s ¢ = 0.7 fs.

Both T and oo were used as fitting parameters. To determine their values, the dynamics of the space-

averaged A®e obtained by integrating the I3TM in COMSOL (Supplementary Figure 12b) was compared



with the numerical solution of the modified 3TM given by Egs. S10a-S10c above. The best fit (results
shown in Supplementary Figure 13) was found for a third-order polynomial (a=3 in Eg. S10b) and an
effective diffusion time constant T4 .¢ = 0.7 fs. Note that the values obtained for these two parameters of
the reduced 3TM should be intended as the result of a fitting procedure. That is, they represent effective
guantities introduced to mimic the spatial diffusion of carriers in a simplified formulation of the electron
spatiotemporal dynamics, hence do not immediately relate to the mechanisms behind of spatial diffusion.
Their values are rather tuned to match the exact results obtained from the I3TM (Egs. S12a-S12c), where
spatial gradients and the electronic thermal conductivity regulate rigorously the evolution of carriers within

the metal.

Supplementary Note 7: Modelling the ultrafast modulation of anti-Stokes emission

In order to simulate the pump-driven ultrafast modulation of the probe-induced anti-Stokes (aS) emission,
the modelling ingredients outlined above were combined to determine the variations over time of the aS

emitted power P,g (see Section 1V) due to a non-equilibrium electronic distribution Af.

More in detail, a nested approach was implemented, according to the following schematic algorithm:

(i) Pump excitation: our modified 3TM (Egs. S10a-S10c, with the source term given by Eq. S11) was
solved for an ultrashort pulse mimicking the interaction with the pump beam, centred around a
reference time ty = 0. All the relevant parameters of the simulated pulse (duration, central
wavelength, fluence) were set as in the experiments. This calculation provided us with the ultrafast
dynamics of the three energetic variables, Npu(t), ®gpu(t), and @ pu(t), triggered by the pump
photons absorption. The simulation was performed over a timescale comprised between z_,, = —0.4
ps and ¢,,.= 1.5 ps.

(ii) Probe excitations: the outcome of the pump pulse simulation was used to set the initial conditions
in a series of 3TMs mimicking the interaction with the probe, and iteratively solved by scanning
the pump-probe time delay. Practically, we fixed a time delay tq; and expressed the source term

Pabs,delay(t;td,i) accordingly (Eq. S11), based on the experimental optical parameters of the probe
pulse. We then built our 3TM (Egs. S10a-S10c) for three variables Np(t), @gpr(t), and O pi(t),
whose initial condition was the solution of the pump-excitation model at the considered time delay
tai, namely Np(t = 7_,.) = Npu(t = tai), Oepr(t =7_,) = Oepult = tu), OLpr(t = 7_,) = Oppu(t = tq;).
Integrating the rate equations of the 3TM provided us with the whole temporal evolution (from z_,
to ¢,,) of the three probe-quantities, of which we extracted only their value at the delay of interest,

namely Npr(t = ta,i), Oepr(t = ta,i), and O pi(t = tq,i). Then, to reconstruct the actual dynamics as a



function of the pump-probe delay, the parameter tq; was scanned fromz_,, to ¢, and the probe-
3TM was iteratively solved for each value of the delay. By collecting the series of solutions at each
ta,i, we thus retrieved Np(ta), O pr(ta), and O pr(ts) over the entire pump-probe delay time window
relevant to the experiments.

(iii) Electronic distribution and aS emission rate: we considered, in the most general conditions, the
electronic contribution to the aS emission (and in particular, the aforementioned joint density of
electronic states Ji (o, 1), EQ. S6 in Section V) as the superposition of three terms related to (i) the
equilibrium occupancy distribution of electrons, hence time-independent and typically very weak,
especially at cryogenic temperature; (ii) the excitation driven by the pump, centred at time delay tq
= 0 and expressed by the carrier distribution modulations Afntpu(E,t) and Afrpu(E,t) (refer to Egs.
S8 and S9, respectively), evolving in time according to the dynamics of Nyu(t) and g py(t) obtained
in the first step above; and (iii) the excitation driven by the probe, depending on the pump-probe
time delay and mostly dominating over the others. To compute this term, we employed the
dynamics of Np(tq) and ©g pr(tq) obtained from the nested 3TMs in the previous step, and determined
the corresponding non-equilibrium distribution fo(E,ta) = f(E, ®0) + Afnrpr(Eta) + Afrpr(E,ta).
Finally, each of these terms was plugged in the (differential with respect to equilibrium) expressions
of p, (Eq. S7) and Jg(w, 1) (Eq. S6) to calculate the aS power P,g.

A comprehensive picture of the typical outcome of our numerical model is presented in Supplementary
Figure 14. In particular, Supplementary Figure 14a and 14b show the differential map of the ultrafast aS
emission modulation (that is, the same quantity reported in Fig. 3d of the main text), disentangled in its
contributions arising from nonthermal and thermalised hot carriers, respectively. Notably, Supplementary
Figure 14a closely resembles the total map of Fig. 3 in the main text, and exceeds its thermal carrier
counterpart by several orders of magnitude (note the magnification factor in Supplementary Figure 14b).
This stark contrast clearly shows that the measured signal is largely dominated by the ultrafast contribution

of nonthermal hot carriers.
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Supplementary Figure 14: Contributions of the nonthermal and thermal carriers in the measured
dynamics. a, Disentangled differential map of the ultrafast modulation of the anti-Stokes spectra as a
function of the pump-probe time delay, due to nonthermal carriers only. The same excitation conditions as
in Fig. 3 of the main text were considered in the simulation. b, Same as a, disentangling the contribution of
the thermal carriers only. Note the magnification factor of the signal amplitude. Both a and b are normalized
to the maximum value in a, with a 10° multiplication factor in b. ¢, Ultrafast dynamics of N(t), the excess
energy density stored in the nonthermal fraction of the population of carriers photoexcited by the pump
pulse. d, Ultrafast dynamics of the corresponding electronic temperature increase, AGg(t). e, Photoinduced
variation of the electron energy occupancy distribution due to the nonthermal carriers, Afyr, at the annotated

pump-probe delays. f, Same as e for the thermal carriers and the corresponding variation of Afr.

Furthermore, the dynamics of the two, nonthermal and thermal, electronic sub-population can be fully
characterised by the temporal evolution of their energetic degrees of freedom, namely the excess energy
density N(t), in Supplementary Figure 14c, and the electron temperature increase A®g(t), in Supplementary
Figure 14d (refer to Egs. S10a-S10c, Section V). The nonthermal carriers undergo a rapid rise (N is directly
coupled to the incident pump pulse, Eq. S10a) and fully relax back to equilibrium within a few hundreds of
femtoseconds. This timescale is consistent with prior experimental observations®?2 and theoretical

descriptions of the scattering events experienced by photoexcited electrons towards equilibrium?L:25:30,



Likewise, the electronic temperature increase follows a similar dynamics, much faster than what is typically
observed in plasmonic nanostructures. The origin of this peculiar behaviour is indeed the spatial diffusion
across the picocavity, as illustrated in Section V1. Note that both N(t) and A®g(t) have a non-zero value for
negative pump-probe time delays. This is consistent with the fact that the ultrafast dynamics here displayed
are those induced by the combination of the pump (centred around tq = 0) and the probe pulses. Then, from
Egs. S8 and S9, the variations of the electron energy occupancy distributions Afyt and Afr associated with
these nonequilibrium dynamics can be determined. We report these terms in Figs. S14e and S14f for
nonthermal and thermal carriers, respectively. The nonthermal contribution is strongly dispersed in
electronic energies, reaching states with energies as high as the absorbed (both pump and probe) photon
energies, while thermal carriers are mostly localised around the Fermi level. Such a distinct occupancy
distribution associated with the two carrier sub-populations explains the drastic difference of their relative

contributions to the aS emission modulation.

Supplementary Note 8: Calculations of the picocavity LPDOS in the presence of a graphene
nanoribbon (GNR)

Further numerical calculations were performed to complement the measurements conducted on the
plasmonic picocavity when a graphene nanoribbon (GNR) is inserted into the sub-nm gap between the STM
tip and the flat Au surface (refer to Fig. 4 in the main text). In particular, we examined the local photonic

density of states (LPDOS) of the picocavity P phot in the presence of the GNR as a function of the nanoribbon

position. A simulation equivalent to the one presented in Section Il was implemented, allowing us to

determine the system’s electromagnetic response under dipolar excitation, and to calculate Pphot (of which

again we analysed specifically the radiative component) for the modified cavity configuration. The GNR
was accounted for in the model by defining a rectangular 2D domain (sheet of zero thickness) of size 5 nm
x 1 nm (consistent with the experimental sample) lying on the Au substrate, with an assigned conductivity
o(w). The analytical expression of o(w) given in previous reports®:*? was considered, assuming typical
values for the parameters of graphene that were not characterised experimentally. Specifically, we used a
Fermi energy of 0.2 eV, and a Drude scattering time of 100 fs. The contribution of the GNR to the optical
response of the whole system was then expressed in terms of an induced surface current j = oE, with E the

electric field solution of Maxwell’s equations.

To investigate the impact of the relative position of the GNR on the photonic properties of the picocavity,
calculations were conducted by varying gradually the in-plane position of the GNR with respect to the Au

tip. Starting from the precise centre of the cavity, right below the tip (Xenr = 0, Yenr = 0, as sketched in



Supplementary Figure 15a, top), the sheet was moved 2.5 nm apart in the y-direction (Supplementary Figure

15a, bottom), namely completely out of the cavity.

5nm

s,

5nm

Au tip

Au substrate

A% ] w B

LPDOS (norm. to vac., a.u.) o

0
500

Y

600
wavelength (nm)

700

.g‘j\

Ty |

0.2nm Sinm

o,

Au substrate

—

Au tip

o
©

GNR

2.5‘nrt1 /

Yenp =0

o
i

— w/ GNR
-=-=- w/o GNR

LPDOS at 680 nm (norm.) o
o
©
. . © § . . .
LPDOS at 680 nm (norm.) ®
o
(o2}

o
N

0-98 05 1 15 2 25

Yenr (NM)

0 05 1 15 2 25 “0

Au substrate
Venr (NM)

-,
Supplementary Figure 15: LPDOS with GNR. a, Top view of the cavity, where a sheet of GNR is
inserted and moved from the centre (top) outside the cavity (bottom). b, LPDOS calculated at various
positions of the GNR. ¢, LPDOS at 680 nm as a function of the y-coordinate of the GNR. d, Schematic of
the 3D GNR model, where the tip-distance changes according to the in-plane position of the GNR. e,
LPDOS at 680 nm calculated for the 3D GNR by concurrently moving the GNR in the plane and varying
the distance between the tip and the Au substrate surface. Dashed line is the calculation when the GNR s

not in place. The tip-substrate distance is varied linearly with the ysng from 0.7 nm (for yenr = 0) t0 0.5 nm

(when ygng = 1.25 nm).

For each position of the nanoribbon, the corresponding LPDOS was computed, according to the formulas

given in Section Il. Despite the displacement of the graphene sheet, the calculated spectra of Pphot did not

exhibit any significant change. Our main results are summarised in Supplementary Figure 15b, where

indeed all curves, each of which corresponds to a distinct yenr, mostly overlap. More specifically, in



Supplementary Figure 15¢c we examined the evolution of the LPDOS at a wavelength of 680 nm, i.e., at
which the aS signal assigned to hot carriers was recorded in the experiments (refer to Fig. 4 in the main
text). Again, only minor changes were observed when moving the nanoribbon across the picocavity. In
these terms, our numerical model did not suggest that a photonic Au-GNR interaction could cause

substantial variations in the LPDOS.

In addition to this set of simulations, we conducted some complementary calculations of the same kind,
where we yet described the GNR as a 3D layer of finite thickness tenr = 0.2 nm, and same in-plane size (5
nm x 1 nm). The modelled geometry was modified accordingly (schematically depicted in Supplementary
Figure 15d), and, in terms of graphene optical properties, we introduced®* an anisotropic dielectric
permittivity with in-plane components ¢, (w) = ¢,,(0) = 1 — ic(®)/(0gytGnr)- INdeed, although the optical
description of GNRs characterised by a conductivity o(w) is well-established, we introduced a finite
thickness of the GNR to examine possible effects resulting from the changes in the cavity effective size.
Considering that: (i) the GNR thickness tonr estimated experimentally was comparable with the gap
distance between the tip and the Au substrate; and (ii) the STM operated in constant current mode, thus the
tip moved upward (from 0.5 nm up to ~ 0.65 nm from the Au surface) when sitting on top of the GNR, our
additional simulations aimed at reproducing these spatial changes in the picocavity configuration, and
assessing their impact. The calculations were therefore performed following the same procedure as the 2D-
sheet case, but this time each value of yenr corresponded to a distinct value of the distance between the tip
and the Au substrate, starting from 0.65 nm for yenr = 0, and back to 0.5 nm when yeng = 1.25 nm (i.e., the
entire 1-nm-wide GNR can be considered to be outside the cavity). The so-obtained LPDOS, evaluated at
680 nm, is reported in Supplementary Figure 15e (solid line), and seems to exhibit a variation (by almost a
factor of 4) with increasing yenr. We argue however that the observed trend should be ascribed to the
change in the size of the gap between the STM tip and the Au substrate, rather than to photonic effects
introduced by the GNR. To ascertain this argument, we repeated the same calculation with the moving tip,

yet by removing the GNR from the picocavity. The resulting P phot’ shown as well in Supplementary Figure

15e (dashed line), follows practically the same trend as the study with the GNR in place, indicating that the

gap size is in fact responsible for the variations of LPDOS in our calculations.

The measured line profiles of the variation of the anti-Stokes signal intensity when the nanotip makes a
lateral line scan across the GNR as shown in Fig. 4b has peculiar features at the edges of the nanoribbon
(i.e. local maxima). These feature cannot be reproduced by the simulation of the LPDOS accounting only

for the dielectric property of the GNR. Thus, these features should be originating from the contributions of



the electronic structure of the GNR to the LPDOS (as also argued in the main text), which were not

considered in the simulations.
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