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Materials and Methods 

Sample Preparation  

Atomically smooth gold substrates are prepared following the procedure proposed 

by Hegner et al. (22). Briefly, 100 nm-thick gold is evaporated onto a clean silicon wafer 

(at 1 Å/s, Kurt J. Lesker ebeam evaporator). Afterwards, small silicon pieces are glued to 

the gold film using Epo-Tek 377 epoxy glue at 150°C. The glue is cured for 2 h at 150°C 

and slowly cooled down to avoid thermal stresses, after which they can be pulled off to 

reveal atomically-flat Au substrates. Self-assembled monolayers of biphenyl-4-thiol 

(BPT, Sigma Aldrich, 97%) are formed by submerging the freshly template-stripped gold 

substrates in a 1 mM solution in anhydrous ethanol (Sigma Aldrich, <0.003% H2O) for 

22 h. Subsequently, the samples are flushed with ethanol to remove any excess unbound 

thiol (confirmed by the absence of the characteristic –S-H stretch vibration in Raman) 

and blown dry. Standard 90nm diameter gold nanoparticles in a citrate buffer are 

purchased from CytoDiagnostics. Gold nanoparticles are deposited by drop casting, with 

the density adjusted by changing the deposition time (typically a few seconds). Excess 

nanoparticles are flushed off with deionized water and the sample is blown dry. 

 

Spectroscopy 

All spectra are recorded using a modified Olympus BX51 microscope using a long 

working distance ×100 NA 0.8 objective. The sample is mounted in an Oxford 

instruments Microstat HiRes cryostat. Nanoparticles are identified by dark-field 

microscopy (as in the DF micrograph of Fig. S1C). To record the SERS spectra a fully 

motorised homebuilt Raman spectrometer is coupled into the microscope. A spectrally 
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filtered 632.8 nm helium-neon laser (maximum output 21 mW) is used as the excitation 

source. The elastically scattered laser light is filtered with two Semrock 633 nm 

StopLine® single-notch filters. The signal is coupled into an Andor Shamrock i303 

spectrograph and Newton EMCCD. Typical integration times of 3s at a laser power of 

760 µW focused into a 2 µm diameter spot are used. Where the laser intensity is reduced, 

the SERS integration time is increased proportionally. Figure S6 shows a detailed 

schematic of the experimental setup used to create, monitor and stabilise picocavities. 

 

 
 

 

Fig. S1. Illustration of the experimental setup 

Experimental setup. (A) Sample is placed inside a micro-cryostat under a customised 

Olympus BX51 microscope. The sample is illuminated through a 100× long working 

distance dark-field objective. Spectroscopy is performed through the same objective 

using a HeNe laser, and a spectrograph with EMCCD. (B) Experimental scattering 

spectra of several individual 90 nm gold nanoparticles on BPT on a gold film. (C) Dark-

field micrograph of a representative sample area. 
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Supplementary Text 

S1. Theoretical model of molecular optomechanics 

Following the recent contributions by Roelli et al. (23) and Schmidt et al. (8), we 

apply the description of off-resonant Raman scattering in which both the vibrational 

(phonon) state of the molecule, as well as the electromagnetic field in the plasmonic 

cavities are represented as quantized bosonic modes, interacting through the non-linear 

optomechanical Hamiltonian 
 �̂�pl = ℏ𝜔𝑐�̂�†�̂� + 𝑖ℏΩ(�̂�†𝑒−𝑖𝜔𝑙𝑡 − �̂�𝑒𝑖𝜔𝑙𝑡 )  (S1) 

 �̂�ph = ℏ𝜔𝑚�̂�†�̂�, 

�̂�int = −ℏ𝑔�̂�†�̂�(�̂� + �̂�†), 

�̂� = �̂�pl + �̂�ph + �̂�int.  

(S2) 

 

Hamiltonian �̂�pl describes the energy and the coherent pumping of plasmons in the 

cavity with resonant frequency 𝜔𝑐 and pumping laser frequency 𝜔𝑙, expressed through 

bosonic creation (�̂�†) and annihilation (�̂�) operators.  Similarly, �̂�ph denotes the energy 

of a single mode of vibration. This description is derived from the approximation of the 

energy landscape along one spatial coordinate (i.e. along the molecular bond) by a 

harmonic potential (see details in Schmidt et al. (8)). The interaction Hamiltonian �̂�int 

describes the non-linear interaction between plasmons and the vibrations, with the 

coupling parameter 𝑔 defined by the Raman localization volume of the plasmonic mode 

𝑉loc, the respective element of the Raman tensor 𝑅𝜈 and the so-called zero-point 

amplitude 𝑄𝜈
0 = √ℏ/2𝜔𝑚 of the vibration along the chosen coordinate: 

 
𝑔 = 𝑅𝜈𝑄𝜈

0
𝜔𝑐

𝜀0𝜀𝑑𝑉loc
 (S3) 

where 𝜀𝑑 corresponds to the dielectric permittivity at the position of the dipole, and we 

have considered a point-like molecule at the optimal position oriented along the local 

fields (see section S5 for the discussion of the limitations of this model). To account for 

the incoherent processes, such as the dissipation of the plasmonic and vibrational 

excitations, as well as the thermal excitation of the latter, we apply the quantum open 

system theory. In this framework the system is described by its density matrix, and its 

dynamics through the master equation 
 

𝜕𝑡𝜌 = 𝑖[𝜌, �̂�] +
ℏ𝜅

2
ℒ�̂�[𝜌] +

ℏ𝛾𝑚(𝑛th + 1)

2
ℒ�̂�[𝜌] +

ℏΓ𝑚𝑛th

2
ℒ�̂�†[𝜌] (S4) 

Lindblad-Kossakowski terms ℒ�̂� = 2�̂�𝜌�̂�† − �̂�†�̂�𝜌 − 𝜌�̂�†�̂�  describe the decay of 

the plasmon (ℒ�̂�), dissipation of vibrations (ℒ�̂�) and the thermal excitation of vibrations 

by the environment (ℒ�̂�†), and are proportional to the decay rates of the plasmon 𝜅 or 

vibrations Γ𝑚. The dissipation and excitation of phonons is further influenced by the 

thermal population of the reservoir at temperature 𝑇,  𝑛th = [exp (
ℏ𝜔𝑚

𝑘𝐵𝑇
) − 1]

−1

. 

The above Hamiltonian can be re-written in the frame rotating with laser frequency 

𝜔𝑙 by applying unitary transformation �̂� = 𝑒𝑖𝜔𝑙𝑡�̂�†�̂� following �̂� → �̂��̂��̂�† + 𝑖�̂�†𝜕𝑡�̂�. 
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Furthermore, we can remove all the explicit coherent driving terms of the plasmons and 

phonons by coherent displacement operators �̂��̂�(𝛼𝑠) and �̂��̂�(𝛽𝑠), where the coherent 

amplitudes are given by 
 

𝛼𝑠 =
Ω

𝑖[𝜔𝑐 − 𝜔𝑙 − 2𝑔 Re(𝛽𝑠)] + 𝜅/2
 

𝛽𝑠 =
𝑔|𝛼𝑠|2 

𝜔𝑚 − iΓ𝑚/2
 

(S5) 

and the resulting Hamiltonian is 

�̂� = ℏ(𝜔𝑐 − 𝜔𝑙)�̂�†�̂� + ℏ𝜔𝑚�̂�†�̂� − ℏ𝑔(𝛼𝑠�̂�† + 𝛼𝑠
∗�̂�)(�̂� + �̂�†) − ℏ𝑔�̂�†�̂�(�̂� + �̂�†). 

  (S6) 

The last term of the above Hamiltonian describes the coupling between the 

vibrations and the fluctuations of the plasmon cavity population (around its mean value 

|𝛼𝑠|2). In the majority of realizations of optomechanical systems, in the steady state 

(subscript 𝑠𝑠) these fluctuations are much smaller than the mean value 〈�̂�†�̂�〉𝑠𝑠 ≪ |𝛼𝑠|2 

(24). Consequently, this non-linear term in the Hamiltonian is dropped, resulting in the 

so-called linearized Hamiltonian 
 �̂�lin = ℏ(𝜔𝑐 − 𝜔𝑙)�̂�†�̂� + ℏ𝜔𝑚�̂�†�̂� − ℏ𝑔(𝛼𝑠�̂�† + 𝛼𝑠

∗�̂�)(�̂� + �̂�†) (S7) 

Following Glauber’s photodetection theory, we calculate the spectra of emission 

from the cavity as 
 

𝑆(𝜔) = 𝜔4 ∫ 𝑒−𝑖𝜔𝑡〈�̂�†(𝑡)�̂�(0)〉𝑠𝑠𝑑𝑡
∞

−∞

 

 

(S8) 

Solving the dynamics of the systems 

We implement two solutions to the master equation given in Eq. (S4).  

 

Numerical solution 

The first, straightforward numerical solution of the master equation implements Eq. 

(S4) with either full nonlinear (Eq. (S6)) or linearized Hamiltonian (Eq. (S7)) in the 

product Fock space of plasmonic and vibrational modes. For the parameters of the system 

discussed in this work, we found that all the calculations were converged for the Fock 

space limited to 5 plasmonic states and 7 vibrational states. 

This approach allows us to observe the transition between the so-called single-

photon weak coupling regime (WC) characterized by 𝑔 ≪ 𝜅, 𝜔𝑚 (and consequently 

〈�̂�†�̂�〉𝑠𝑠 ≪ |𝛼𝑠|2), and the single-photon strong coupling regime (SC), where 

〈�̂�†�̂�〉𝑠𝑠~|𝛼𝑠|2. As the system approaches SC, the linearization approach fails and the 

intensities of the Stokes and anti-Stokes emission become overestimated by the linearized 

Hamiltonian (see the discussion in SI of Ref. (8)).  

 

Analytical solution of the linearized Hamiltonian 

Alternatively, the dynamics of the system in the WC regime defined above 

(𝑔 ≪ 𝜅, 𝜔𝑚) can be addressed by treating the plasmonic cavity as a structured reservoir, 
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which modifies the rate of transitions between the vibrational states of the molecule. In 

this framework the rate of transitions which remove (add) one phonon are modified by 

factor 𝐴−(𝐴+). These parameters are determined by the quantum noise spectrum 

𝑆�̂��̂�(𝜔) = ∫ 𝑒−𝑖𝜔𝑡〈�̂�(𝑡)�̂�(0)〉 𝑑𝑡
∞

−∞
  as 𝐴± = 𝑔2𝑆�̂��̂�(𝜔 = ∓𝜔𝑚) where operator 

�̂� = �̂�†�̂� quantifies the fluctuations of the cavity population, and the correlator 

〈�̂�(𝑡)�̂�(0)〉 is calculated for the decoupled system (𝑔 = 0). Consequently, the cavity is 

found in the coherent state with amplitude 𝛼𝑠, and the noise spectrum 𝑆�̂��̂� is given by a 

simple Lorentzian function 
 

𝑆�̂��̂�(𝜔) = |𝛼𝑠|2
𝜅

(𝜅/2)2 + (𝜔𝑐 − 𝜔𝑙 + 𝜔)2
 (S9) 

In this result, the damping rate of the vibrations is modified by optomechanical damping 
 

Γopt = 𝑔2Ω2 (
𝜅

Δ2 + 𝜅2
) (ℒ− − ℒ+) (S10) 

with the coherent driving parameter Ω, and ℒ± = [(𝜔𝑐 − 𝜔𝑙 ± 𝜔𝑚)2 + (
𝜅

2
)

2

]
−1

. The 

incoherent population of phonons becomes 
 

𝑛incoh =
Γopt

Γeff
𝑛rad +

Γ𝑚

Γeff
𝑛th

=
Γopt

Γeff

(𝜔𝑐 − 𝜔𝑙 − 𝜔𝑚)2 + (𝜅/2)2

4 𝜔𝑚(𝜔𝑐 − 𝜔𝑙)
+

Γ𝑚

Γeff
𝑛th 

(S11) 

where the effective damping is Γeff = Γopt + Γ𝑚. Depending on the detuning of the laser 

from the cavity mode, the optomechanical damping Γopt can either be positive or 

negative. If Γopt is positive, the effective damping is increased and the vibrations of the 

molecule are cooled – that is, the population of the vibrational mode is quenched (24). In 

contrast, for Γopt < 0 (the case we observe in our experiments), the population of 

vibrational mode is amplified (8,23). 

The resulting spectrum of emission can be calculated from the input-output 

formalism as 
 

𝑆(𝜔) ∝ 𝜔4ℒ−𝑔2Ω2
Γeff

(𝜔 − 𝜔𝑙 − 𝜔𝑚)2 + (
Γeff

2 )
2  𝑛incoh

+ 𝜔4ℒ+𝑔2Ω2
Γeff

(𝜔 − 𝜔𝑙 + 𝜔𝑚)2 + (Γeff/2)2
(𝑛incoh

+ 1) 

(S12) 

Consequently, the anti-Stokes/Stokes ratio is given by 
 𝑆(𝜔𝑎𝑆)

𝑆(𝜔𝑆)
= (

𝜔𝑙 + 𝜔𝑚

𝜔𝑙 − 𝜔𝑚
)

4 ℒ−

ℒ+

𝑛incoh

𝑛incoh + 1
 (S13) 

Since in the weak-coupling limit the coherent part of the phonon population |𝛽𝑠|2 

(see Eq. (S5)) does not contribute to the intensity of the Raman scattering, throughout the 

manuscript we neglect this term, and refer to the incoherent part of the phonon population 

𝑛incoh as the phonon population 𝑛. We have also verified through numerical studies that 
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in the regime of parameters, including the largest reported coupling optomechanical 𝑔, 

the coherent population is negligible.  

We note that the above derivation assumes weak single-photon coupling between 

the cavity plasmons and vibrations. Furthermore, in the systems analysed in this work the 

average photon population |𝛼𝑠|2 is much smaller than 1. As a result, the effective 

optomechanical damping obeys −Γeff ≪ Γ𝑚 and we do not expect to observe lasing. 

To analyze in more detail how the approximation of weak coupling reduces the 

accuracy of the estimation of coupling coefficients, in Fig. S2 we compare the ratio of 

anti-Stokes to Stokes emission intensities, calculated numerically with the full 

Hamiltonian (black lines), and using the analytical formulation (Eq. (S12), red lines), for 

frequencies of the incident laser and coupling parameter: (A) ℏ𝑔 = 10 meV, and (B) 

ℏ𝑔 = 60 meV. The remaining parameters are identical to those used throughout the 

paper. 
 

 

 

Fig. S2. Comparison of numerical solution and linearized analytical solution for 

different coupling strengths. 

Anti-Stokes/Stokes ratio as a function of the detuning of the laser from the cavity 

∆= ℏ(𝜔𝑐 − 𝜔𝑙), calculated numerically for the full optomechanical Hamiltonian given in 

Eq. (S6) (black lines) or analytically for the linearized Hamiltonian given in Eq. (S7) (red 

lines) for coupling (A) ℏ𝑔 = 10 meV, and (B) ℏ𝑔 = 60 meV, and coherent pumping 

ℏΩ = 0.01 meV. 
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S2. Calculation of the coherent pumping parameter 

The coherent driving parameter Ω describes the ability of the incident illumination 

to excite the plasmons in the cavity mode, and is defined as (8) 
 

Ω =
𝜅

2
√

𝜖0𝜖𝑑𝑉eff

2ℏ𝜔𝑐
𝐾|𝐸|   (S14) 

with vacuum permittivity 𝜖0, effective cavity volume 𝑉eff, cavity resonance frequency 𝜔𝑐, 

field enhancement provided by the cavity mode 𝐾, and absolute value of the electric field 

of the incident laser |𝐸| related to the laser intensity 𝐼 by 𝐼 =
𝑐𝜖0

2
|𝐸|2. We note that here 

we apply the description of the effective mode volume of the cavity (22 nm
3
 for 80nm 

diameter nanoparticles, see section S5) and enhancement (𝐾=480, see section S4) 

calculated for the particle with the protrusion. 

Alternatively, we can use the cavity description for 𝐾 proposed in (25). Overall we 

thus obtain for the coherent driving parameter 
 

 
Ω2 =

𝜅2

ℏ2𝜔𝑐
2

𝛾𝑟𝑎𝑑𝜎𝑒𝑥𝑡𝑄2

4𝜔𝑐
𝐼 =

𝛾𝑟𝑎𝑑𝜎𝑒𝑥𝑡

4𝜔𝑐
𝐼 =

𝜂𝜅𝜎𝑒𝑥𝑡

4𝜔𝑐
𝐼   (S15) 

with the radiative decay rate of the plasmon 𝛾𝑟𝑎𝑑, the radiative efficiency 𝜂, and the 

plasmon extinction cross section 𝜎𝑒𝑥𝑡. We extract values for 𝜂, 𝜅, and 𝜎 from FDTD 

simulations, taking into account the experimental angle of illumination (55°) (see Fig. 

S3). The simulated resonances 𝜔𝑐 are in good agreement with our previous experiments. 

For the phonon relaxation time we assume 10 ps, which is typical for the phonon lifetime 

in such molecules (26, 27). 

 

 
 



 

 

8 

 

 

Fig. S3 Far-field properties of the nanocavities 

(A) Simulated absorption and scattering cross-sections for the NPoM system used here. 

(B) Calculated radiative efficiency for the same geometry. (C) Extracted distributions of 

experimental dark-field scattering peaks for >400 NPoM, showing directly the precision 

of the nanogap assembly from the narrow frequency distributions of extracted bonding 

dipole/quadrupole plasmon (BDP/BQP) wavelengths. 
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S3. Localised DFT simulations 

The simulated SERS spectra shown in Figure 2 (main text) are obtained by first 

calculating the full Raman tensor by DFT. Subsequently, the tensor is re-evaluated under 

the assumption of inhomogeneous illumination (here we use a narrow Gaussian beam 

with a small neck of varying size). To match the experimental spectra both the probe 

diameter and the probe position was varied. Figure S4 shows calculated SERS spectra for 

different probe diameters. Already if the probe diameter is increased to a diameter of 1 

nm the typical powder spectrum of BPT is observed, indicating that our observed spectral 

features can only be explained by much smaller effective probe sizes, on the scale of a 

single gold atom. 

 

 

Fig. S4 DFT simulations with different probe diameters 

Calculated spectra of BPT for different probe diameters from 2 Å to 10 Å. The intensities 

for each probe diameter were normalised to the maximum value. 
 

We used the presence of the dominant spectral features for the comparison of the 

experimental spectra with the DFT simulated spectra (see Fig. 2, main text), and find 

these spectral features appear to be unique in each case, even if not exactly matching in peak 

sizes or positions.  We believe that the remaining spectral differences can be explained by 

the fact that the DFT simulations use an idealised field distribution (which can be slightly 

different in the experiments) and/or that there can sometimes be several picocavities 

present at the same time in the experiment (adding additional lines to the observed 

spectrum). 

Figure S5 shows the impact of moving the probe spot over the molecule. The 

obtained spectra change drastically depending on the exact relative position of the 

molecule and the probe as well as the exact tilt angle of the molecule. 
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Fig. S5 DFT simulations with different probe locations 

Calculated SERS spectra for different probe positions, the probe diameter is kept constant 

at 4 Å. Strong changes of the observed vibrational modes and their relative intensities are 

observed depending on the exact position of the centre of the probe. 
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S4. Spectral response of the picocavity 

The spectral response of a facetted gold nanoparticle-on-mirror with and without a 

picocavity were calculated by both 3-dimensional boundary element methods (BEM) and 

Finite Difference Time Domain methods (Lumerical FDTD). In particular, the field 

distributions shown in Fig. 1D,E were obtained with BEM, and the FDTD calculations 

give similar results.  

The structure was illuminated from the side, or at an angle of 55° (mimicking the 

experimental incidence, as shown in Fig.S6). We verified that changing the illumination 

angle with respect to the substrate does not significantly influence the estimates of field 

enhancement or effective mode volume. For the dielectric functions, Johnson-Christy 

tabulated data were used for gold (Au), and a constant d =2.1 was used for the 1.3nm 

thick biphenyl-4-thiol monolayer. The particle was modelled as an 80 nm diameter 

truncated sphere atop the monolayer, with facet diameter of 32nm (Fig.S6). This 

parameter was previously determined by analysing SEM images of gold nanoparticles 

with different sizes. Using the appropriate facet size is important to match both the 

spectral positions of the quadrupolar (BQP) and dipolar (BDP) modes (28). 

Underneath the monolayer, the gold substrate was modelled as an infinite region 

(FDTD) or a disk with radius and thickness much larger than the diameter of the particle 

(BEM). The shape of the protrusion was selected to reflect the physical size of a single 

gold atom, forming a hemisphere of 0.3 nm radius. To avoid artificial effects of field 

concentration near the angled interface between the hemisphere and the particle, and 

better describe the effect of the smearing of electrons’ wavefunction, we smoothed this 

rough edge by introducing a conical structure around the hemisphere. 

 

Fig. S6: Nanoparticle-on-mirror geometry used in modelling the optical response.  

The arrows in the left panel denote the orientation and polarization of the incident plane-

wave illumination. The right panel shows a magnified region of the gap and details the 

geometry of the protrusion. 

 

The description of the atomic protrusion within a local classical description is fully 

legitimate since a comparison of fully quantum atomistic calculations with the local ones 

provides a perfect agreement in the localization and field distributions. Non-local effects 

can be safely neglected since the main features of the localization are given by the 
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atomistic geometry at this scale rather than by the dynamical screening of the electrons 

(29). 

Fig. S7 shows the simulated near-field spectra. Despite the dramatic changes to the 

near-field distribution and localisation, the spectral response of the nanoparticle-on-

mirror construct remains unchanged when a single Au atom moves, making it impossible 

to directly detect the formation and destruction of picocavities using far-field methods, 

such as dark-field scattering. 

 

Fig. S7 Simulated near- and far-field response of a nanoparticle-on-mirror with and 

without a picocavity  

Simulated absorption, scattering (A) and near-field (B) spectra for facetted gold 

nanoparticles on a mirror either with or without a picocavity (BEM calculation). 
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S5. Calculation of the mode volume from numerical calculations 

The mode volume was calculated from three dimensional BEM simulations. Briefly, 

first the mode energy density 𝑊(𝒓, 𝜔) was calculated (30-32): 

 
 𝑊(𝒓, 𝜔) =

1

2
(

𝜕[𝜔𝜖(𝒓,𝜔)]

𝜕𝜔
𝜖0|𝐸(𝒓, 𝜔)|2 + 𝜇0|𝐻(𝒓, 𝜔)|2).  (S16) 

To obtain the effective mode volume, the energy density is integrated over the 

volume of the nanoparticle-on-mirror construct and normalised to the maximum value of 

the electric field following: 
 

𝑉eff(𝜔) =
∫ 𝑊(𝒓,𝜔)d𝒓

𝜖0𝜖𝑑 max(|𝐸(𝒓,𝜔)2|)
.       (S17) 

For the quadrupolar (BQP) mode resonance, which is used throughout this work, a 

mode volume 𝑉eff = 300 nm3, calculated at the peak wavelength of the mode, is obtained 

if no picocavity is present. If the picocavity is added to the simulation, the BQP mode 

volume is drastically decreased to 22 nm3. This value is larger than the localization 

volumes experimentally estimated in Section S7 from the straightforward relationship 

between the optomechanical coupling parameter 𝑔 and the Raman localization volume of 

a single plasmonic mode 𝑉loc (Eq. S3) which was estimated to be below 1 nm
3
.  

We note that the derivation of the parameter 𝑔 in Eq. S3 is based on the canonical 

quantization of the electromagnetic field in a cavity with effective mode volume 𝑉eff (8), 

thus one could expect similar values for 𝑉loc and 𝑉eff. However, there are several effects 

that can explain the difference between these two volumes. We list some of them in the 

following: 

1) The definition of the volume of a plasmonic mode according to Eq. S17 is useful 

when a Lorentzian-like resonance dominates the signal, but it is not rigorous – even for a 

single mode – due to the difficulty of defining the modes in the presence of strong 

absorption and scattering, and because the spectral shape of plasmonic resonances is in 

general not Lorentzian. This difficulty can be approached by defining a complex-valued 

volume of the quasi-normal modes, but the introduction of these modes into a quantum 

formalism of SERS is not straightforward (31,34). An alternative method quantizes the 

electromagnetic fields as a frequency integral over bosonic modes, with the relative 

weight of the modes at each energy given by the classical Green's Function (33). 

In the simplest extension of our model, one could consider two plasmonic modes of 

the system: the BQP mode discussed in this work, and another mode that could be either 

non-radiative or radiative. We can consider three types of interactions between the 

plasmonic modes that would modify the nature of the coupling: 

a) Transfer of excitations between the radiative BQP and a non-radiative 

pseudomode (35) through an additional nonlinear optomechanical interaction term 

(curved arrow in Fig. S8a). The pseudomode is formed by a rich structure of high-order, 

non-radiative modes peaking at a wavelength of around 500 nm. By reciprocity, this 

pseudomode does not couple to the incident plane-wave illumination and, as we have 

verified through numerical calculations, it weakly modifies the response of the system. 

b) Transfer of excitations between the radiative BQP and a radiative dipolar (BDP) 

mode (peaking at around 810 nm in our situation), mediated by the nonlinear 

optomechanical interaction (Fig. S8b). Despite the considerable detuning from the laser 
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frequency, the bright BDP mode couples very efficiently to the incident illumination, and 

can strongly affect the population of vibrations of the molecule. 

c) Resonant coupling of the high-order pseudomodes to the bright BQP mode, and 

optomechanical coupling to the vibrations (Fig. S8(c)), effectively acting as very 

localized probes for molecules. 

 
Fig. S8: Schemes of optomechanical interaction in a system composed of several 

plasmon modes.  

(a) An inherently dark pseudomode couples to a bright BQP mode via the inelastic 

excitation of vibrations (curved arrow). (b) A bright BDP mode couples to another bright 

BQP mode via the inelastic excitation of vibrations. (c) A pseudomode and a bright BQP 

mode are resonantly coupled (dashed line), and the pseudomode is optomechanically 

coupled to the vibrations. 

 

2) The inhomogeneity of the electric field distribution over the volume of the 

molecule is addressed only in the calculations of the Raman activity (section S3), and 

then inserted into a model which assumes a point-like molecule (8). As the size of the 

molecule is comparable to the extent of the hot-spot, however, a more exact approach 

should consider the finite extent of the molecule in all the derivations. 

 

3) Raman activity is not easy to calculate in such a complex system (see below). 

Gaussian illumination has been considered in our calculations instead of the exact field 

distribution of the hot spot. Furthermore, effects from the presence of the gold surface 

and the neighbouring molecules has not been considered in the calculation of the Raman 

activity, which could affect the exact values of the coupling parameters derived. 

 

4) The protrusion used in the numerical calculations has been chosen to reflect the 

presence of hot-spots due to single atoms whose electron wavefunction is smeared out, 

but the characteristics of the hot-spots may vary from experiment to experiment. 
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S6. Reference measurements on silicon 

To test the performance of our experimental setup we perform reference 

measurements on silicon at different temperatures. Figure S9 shows an example spectrum 

and the extracted temperatures using: 
 𝑆(𝜔𝑎𝑆)

𝑆(𝜔𝑆)
= (

𝜔𝑙 + 𝜔𝑚

𝜔𝑙 − 𝜔𝑚
)

4 𝑛th

𝑛th + 1
= (

𝜔𝑙 + 𝜔𝑚

𝜔𝑙 − 𝜔𝑚
)

4

exp (−
ℏ𝜔𝑚

𝑘𝐵𝑇
) (S18) 

for different sample lattice temperatures. Note that this equation does not contain the 

factor ℒ−/ℒ+ as the silicon is not placed in an optical cavity. Below 100 K the anti-

Stokes signal of the main silicon vibration is too small to be detected (indicating that the 

thermal population is essentially zero). The power series at different temperatures shows 

a constant anti-Stokes to Stokes ratio, as expected for a purely thermal population. The 

extracted temperature well matches the lattice temperature (inset). 

 

 

Fig. S9 Anti-Stokes / Stokes Raman reference measurements on silicon  

(A) Anti-Stokes and Stokes spectra of silicon, with inset showing temperature extracted 

from the anti-Stokes to Stokes ratio using Eq. (2) in the main text. (B) Power series at 

different lattice temperatures, showing as expected that for a purely thermal population 

the anti-Stokes to Stokes ratio is constant (in contrast to the single-molecule data shown 

in the main text). 
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S7. Estimation of the mode volume from the measured anti-Stokes/Stokes ratio 

As we discussed in section S1, the coupling strength 𝑔 is defined by the element of 

the Raman tensor of the considered mode 𝑅𝜈 and the localisation volume 𝑉loc of the 

plasmonic picocavity as  
 𝑔 = 𝑅𝑘𝑄𝜈

0 𝜔𝑐

𝜖0 𝜀𝑑 𝑉loc
  . (S19) 

The main difficulty in converting the experimentally determined coupling strengths 

into localisation volumes is to know the exact Raman activity, which depends crucially 

on the exact position of the picocavity with respect to the molecule and the picocavity 

size, as we demonstrated above, in Section S3. Therefore, to obtain a conservative upper 

estimate of the localisation volume from the ratio of anti-Stokes to Stokes intensities, we 

apply the following protocol for each of the vibrational modes shown in Figure 2 C&D of 

the main text: 

(i) we solve numerically the Hamiltonian of the system, as described in section 

S1, and find the value of coupling parameter 𝑔 which yields the correct anti-

Stokes to Stokes ratio, 

(ii) from the DFT calculations (see section S3 for details), we retrieve the 

maximum value of the Raman activity for a given picocavity geometry, 

(iii) we find the localisation volume 𝑉loc from the definition of 𝑔 (Eq. (S19)). 

As a result, we find volumes 𝑉loc 0.25 ± 0.07 nm
3
 and 0.47 ± 0.17 nm

3
 obtained 

from the two spectra shown in Figure 2C&D of the main text. The volumes determined 

from different vibrational modes in the same picocavity are in good agreement despite 

different coupling strengths for each mode (quoted errors are the standard deviations 

between volumes determined for different vibrational modes).   

The localisation volume reported in this work depends on the parameters of the 

system which are obtained from FDTD analysis of the plasmonic cavity (coherent 

pumping of the cavity mode Ω) and the DFT calculations (Raman activity 𝑅𝑘), as well as 

parameters which are experimentally derived (such as the anti-Stokes to Stokes intensity 

ratio), through the following relationship: 

 
 

𝑉loc
2 ∝ 𝑅𝑘Ω2  [

𝑆(𝜔𝑎𝑆)

𝑆(𝜔𝑆)
]

−1

   . (S20) 

which holds exactly for the weak coupling limit, and in a good approximation for the 

largest recorded coupling. Therefore, the upper bound for the effective volume is found 

by maximizing the estimated parameters. In particular, the Raman activity for each mode 

is maximized with respect to the position of the picocavity by scanning the probe position 

(as described in section S3), and the coherent pumping is calculated by considering the 

optimized coupling between the incident illumination and the cavity mode. We thus 

believe that the localization volume is most likely smaller than the most conservative 

bound we have provided above. 

 We also note that nonlinear Stark effects from the optical field dressing the 

molecules are too small to be observable (given the spectral wandering discussed in 

Section S10). Estimated enhanced gap fields of 0.3V/nm, give <0.1cm
-1

 ac Stark shifts. 
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S8. Silver nanoparticle-on-mirror experiments 

To prove that formation of picocavities is not an effect that is limited to gold we 

have performed complementary experiments using a silver mirror and silver 

nanoparticles. Figure S10 shows typical results: (A) shows the formation of picocavities 

and the stabilisation if the laser is switched off. (B) shows a power series, showing the 

same linear dependence as observed for gold (main text, Fig. 3).  

 

Fig. S10 Picocavity formation in a silver nanocavity  

Replication experiments on the silver nanoparticle-on-mirror system. (A) Stability of 

picocavities when the laser is switched off. (B) Anti-Stokes: Stokes ratio as a function of 

the applied laser power, showing the characteristic linear dependence. 
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S9. Picocavity formation statistics 

The formation statistics of picocavities is probed as a function of the laser power by 

continuously monitoring the anti-Stokes & Stokes parts of the SERS spectrum at a given 

laser power density 𝑃 and extracting the occurrence frequency of forming picocavities 

𝑓 = 𝑁/∆𝑡 (Fig.S11), which is the number of observed anti-Stokes events 𝑁 in a given 

time interval ∆𝑡. There is a clear dependence on the laser power density with picocavities 

forming more rapidly at a larger laser power. The inset of Figure S11 shows a plot of 

ln (𝑓) vs 𝑃−1, showing that the power dependence follows 
 𝑓 = 𝑓0 × exp (−

𝑃

𝑃𝑐
),  (S21) 

with 𝑃𝑐 = 256 ± 15μW/μm2 (gold) and 𝑃𝑐 = 388 ± 48 μW/μm2 (silver). This 

difference is ascribed to the lower surface mobility of silver atoms caused by the native 

silver oxide layer covering silver surfaces. 

 

Fig. S11 Picocavity formation statistics for gold and silver nanocavities 

Picocavity formation statistics within (A) gold and (B) silver NPoM nanostructures. In 

both cases the main graph shows the observed occurrence frequency for different laser 

powers. The insets show a plot of ln(f) vs P
-1

 showing the Arrhenius behaviour. 
 

The observed critical laser powers can be converted into an energy by considering 

the plasmon absorption cross-section 𝜎𝑎𝑏𝑠 and the plasmon lifetime 𝜏𝑝: 

 𝐸 = 𝑃𝜎𝑎𝑏𝑠𝜏𝑝  (S22) 

From our experimental plasmon linewidth we find that the plasmon lifetime is 

approximately 30 fs, and the absorption cross-section at the laser wavelength (extracted 

from the FDTD simulation shown in Fig. S3A) is 0.0165 µm
2
. 
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S10. Spectral wandering 

The increased spectral wandering with increased laser power (cf. main text, Fig.4B) 

can be quantified by determining the average shift of a vibrational line from its average 

position Δ𝜈 in a given time interval Δ𝑡: 
 spectral wandering = |

Δ�̃�

Δ𝑡
|.  (S23) 

Figure S10 shows the spectral wandering extracted for the vibrational line around 

1513 cm
-1

 extracted from the data shown in Fig.4B. The fit shown in Fig. S12 is: 
 

|
Δ𝜈

Δ𝑡
| [cm-1𝑠−1] = 0.007 + 5.22 × 10−5 × exp(𝑃/𝑃𝑐  ) 

with  𝑃𝑐 = 0.08 μW μm-2 

(S24) 

 

 

Fig. S12 Spectral wandering for different laser powers 

Spectral wandering as a function of irradiation laser power. 
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S11. Additional experimental anti-Stokes spectra 

Figure S13 shows four examples of SERS spectra obtained for different picocavity 

realisations. All spectra are recorded on the anti-Stokes side of the spectrum in order to 

show only the amplified vibrational modes. Spectra are flipped to positive Raman shifts 

for clarity. 
 

 

Fig. S13 Additional anti-Stokes spectra of different picocavities 

Additional SERS spectra observed for different picocavity realisations. All spectra are 

observed on the anti-Stokes side of the spectrum (in order to show only the modes which 

are amplified by the picocavity) and flipped for clarity. 
 

For each picocavity realisation different spectra are observed, reflecting the large 

number of possible configurations (different picocavity positions, different molecular tilt 

angles). All spectra have in common that they are composed of IR- and Raman-active 

vibration modes of BPT. The exact intensity ratio depends on the field intensity and 

gradient at each atomic position. 
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S12. Picocavity stability under laser illumination 

As discussed in the main text both the formation and the destruction of picocavities 

are triggered by the laser illumination. To demonstrate this the laser was switched off and 

back on after varying delay times between 3 and 30 s. After the laser is switched on again 

the same spectrum can be observed, demonstrating that picocavities are frozen when 

there is no laser illumination (cf. Fig. S14A). However, it is not necessary to switch the 

laser completely off, already reducing the laser power by a factor of ten prolongs the 

lifetime of a picocavity massively (cf. Fig. S14B). 

 

 

Fig. S14 Full SERS time-series for the data shown in Fig. 4 (main text) 

 (A) Time-resolved SERS spectra of both anti-Stokes and Stokes spectral components as 

the laser is switched on and off (right) to demonstrate the stability of the picocavity. (B) 

Time-resolved SERS spectra as the laser power is dropped by a factor of 10 when the 

formation of a picocavity is observed. After a waiting time of 10 min the power is 

stepwise increased. SERS intensities shown are normalised by the laser power. 
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S13. BPT powder reference measurements 

Figure S15 shows a comparison of the bulk powder Raman spectrum of biphenyl-4-

thiol (BPT) and a SERS spectrum of BPT assembled in the NPoM geometry. Overall, 

there are only very few spectral changes when binding the molecules to gold. The main 

changes are the disappearance of the -S-H stretch vibration around 2550 cm
-1

 (due to 

binding to the gold substrate) and the splitting of the main Raman mode at approximately 

1580 cm
-1

. This peak split is due to slightly different vibrational energies of the upper and 

lower benzene ring when the molecule is bound to a gold substrate. 

 

 

Fig. S15 Comparison of powder Raman and NPoM SERS spectra 

BPT powder spectrum compared to a BPT SERS spectrum. The insets show enlarged 

views of the spectral regions around 1580 cm
-1

 and 2550 cm
-1

. 
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S14. Picocavity experiments at room temperature 

We have performed control experiments at room temperature and were able to also 

fleetingly see picocavities with IR active modes. However, at 𝑇 = 300 K it is impossible 

to stabilise the picocavities for a longer time due to the background thermal energies (as 

expected from our Arrhenius analysis). Figure S16 shows a SERS time series at room 

temperature where we switched the laser off once the formation of a picocavity was 

detected. After switching the laser back on the spectral features associated with the 

presence were gone indicating that the structure has relaxed back. In Fig.S16B one can 

clearly see the large thermal background on the anti-Stokes side, which is due to thermal 

excitation of the gold electrons (11). 

 

 

Fig. S16 Picocavity formation at room temperature 

(A) SERS time series of a BPT SAM assembled in the NPoM geometry at room 

temperature. The laser was switched off once the formation of fluctuating lines on the 

anti-Stokes side of the spectrum was detected. (B) SERS spectrum showing both 

fluctuating lines on the anti-Stokes side as well as the large thermal anti-Stokes 

background at 𝑇 = 300 K. 

 


