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1. Methods.

The experiments are performed with an in-house built, low-temperature (4.2 K), UHV (<10 -

11 mbar) STM. Light originating from the tunnel junction is collimated by an in-situ lens cooled 

to the same temperature as the whole STM assembly. The light is guided to a photon counter 

outside the cryostat and the UHV chamber. There is negligible heat admission to the sample 

thus ensuring that its temperature does not increase during optical measurements. Single 

photon time correlations are measured with a gold tip on individual H2 molecules on Au(111) 

with the current feedback loop off to keep the tip-substrate distance constant independently 

from the current fluctuations appearing due to the molecular motion. Photons are detected by 

one single-photon counting avalanche photodiode (single-photon counting module SPCM-

AQRH-14, supplier: Perkin-Elmer). All photon intensities and efficiencies correspond to raw data 

without corrections for detection losses. The arrival times of detected photons are recorded 

using a time-correlated single-photon counting PC card (SPC-130, supplier: Becker&Hickl) in the 

so-called first-in-first-out (FIFO) mode. The dark count rate of the detectors is 70 counts s-1 and 

contributes negligibly to the correlation data. The Au(111) single-crystal substrate was cleaned 

by repeated cycles of Ar+ ion sputtering and annealing to 800 K. The H2 coverage (2%)  in the 

experiment arises from residual molecular hydrogen in the cryostat of our 4K-STM. Surface-state 

mediated superlattices are observed at large positive bias voltages where the H2 molecules are 

visible. Au(111) regions can be cleaned of H2 by applying 10V, 10ms voltage pulses, which 

induces terrace-selective desorption of the adsorbates (see sections below).

Ab-initio Molecular Dynamics (AIMD) simulations are performed within the FIREBALL code 

methodology. The local density approximation was used for the exchange and simulation 

functional. The FIREBALL basis is defined by a set of atomic-like orbitals vanishing at certain 

cutoff radii (rs(Au) = 4.5, rp(Au) = 4.90, rd(Au) = 4.30 and rs(H) = 3.8 in atomic units). The system 

is created as slab of 6 layers of Au with a 5x5 surface periodicity (150 atoms) and a pyramid tip 

of 4 atoms attached to three additional 5x5 layers of Au (79 atoms). 16 k-points sampled the 

first Brillouin Zone. Both subsystems have been constructed in the (111) direction and an 

adequate periodicity in the Z-direction is included in order to find a bulk-like connection 

between the topmost layer of tip and the bottommost layer of thesurface (both fixed), leading 

to the simulation of a larger slab. A single H2 molecule is placed between them, free to move 

after energy input under the influence of the forces calculated quantum mechanically, using the 

following protocol. (i) First, the system is relaxed using standard DFT techniques. (ii) Each freely 

movable atom in the resulting structure receives a random initial velocity according to a 

Maxwell–Boltzmann distribution for a given input energy. (iii) The atoms are then free to move 
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using these initial velocities and the atomic forces calculated quantum mechanically within the 

DFT framework. (iv) Finally, the system is let evolve for 2.5 ps, corresponding to 5000 AIMD 

steps.

2. Voltage-induced and temperature-induced desorption of H2.

In Fig. S1 we present two consecutive STM images of the Au(111) surface covered with H2 

adsorbates. In Fig. S1a each Au(111) terrace is covered with the H2 surface-state mediated Fermi 

superlattice. In Fig. S1b the central terrace has been cleaned of H2 adsorbates. In between both 

images a voltage pulse of +6V, 10 ms was applied in the position marked with a star in Fig. S1a. 

The tunneling probability to H2 is extremely bias-dependent and H2 can only be imaged using 

large positive voltages (see section below). High bias voltages are essential for obtaining STM-

induced plasmonic emission and for structural characterization of the superlattice. However, we 

noticed that in some cases, the use of voltages above +5 V triggered H2 desorption on a particular 

terrace. Such an observation indicates that the superlattice can be desorbed easily and 

selectively. The fact that desorption is restricted to a single terraces may suggests the mediation 

by surface-state electrons in the desorption mechanism. Surface states present on Au(111) have 

a free electron-like character and can propagate along terraces for several tens of nanometers 

but are efficiently reflected at surface steps. Therefore, exciting surface electrons by the 

tunneling current from the tip and subsequent energy transfer to the translational and 

vibrational modes of the molecules covering the terrace may explain the ability to selectively 

desorb H2 from terraces. Similar terrace-selective, long-range remote molecular activation has 

been reported for molecular adsorbates on surfaces with pronounced surface states.1

Figure S1. Topography of H2 on Au(111) terraces and voltage-pulse-induced desorption. a) 
STM topography of Au(111) sample where all terraces are covered by H2  adsorbates. b) STM 

topography obtained consecutively to panel a where the terrace labeled with a star has 
undergone a pulse-induced H2 desorption. Both images are 100 x 50 nm2, tunneling parameters 

100 pA, +3.0 V.

In Fig. S2 we present two consecutive STM topographs obtained at 10.5K and 11K respectively. 

In an experiment designed to test the desorption temperature of the Fermi superlattice we 
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imaged the surface while the sample temperature slowly increased. We observed that the Fermi 

superlattice is stable until 10.5K but disappeared at temperatures equal or higher than 11K 

which we attribute to H2 desorption from the Au(111) surface. 

Figure S2. Temperature-induced desorption of H2 a. Constant current STM image of H2 on 
Au(111) at 10.5K and b.11K.  Scanning parameters +3.4V, 100 pA; scale bar 12nm.

3. Invisibility of adsorbates at negative bias voltages.

Figure S3. Topography and photon maps of the H2/Au(111) system at negative and positive 
bias voltages. Upper part: STM topography and photon map at -3.07 V bias voltage. The 
adsorbates are invisible in both the topography and photon channels. Shown in the lower 
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quadrants is the same region reimaged at +3.23 V. All images are 50 x50 nm2 and are recorded 
at constant current conditions at 120 pA.

In Fig. S3 we present two measurements (upper and lower panel) illustrating the bias-

dependence of the H2 adsorbates. STM topography (left hand side) and photon map (right hand 

side) have been measured simultaneously for each bias voltage. We find that H2 can only be 

detected when tunneling at positive voltages. At negative bias the surface looks essentially 

adsorbate-free in all channels. The different appearances can be alternatingly reproduced, 

therefore precluding the intermediate desorption of adsorbates. While bias dependent STM 

imaging has been reported for other molecular adsorbates,2 3 this is to our knowledge the first 

system where the adsorbate stays completely unobservable over a wide range of voltages. 

Fig. S4.  Three different 15x15 nm2 STM images and correspondent photon maps  of H2 on 
Au(111) measured with different tunneling parameters on the same area. As discussed in the 

text,  the molecules are invisible at negative bias. At positive bias the adsorbate appearance is 
very sensitive to the current setpoint.The tunneling parameters are given on the left hand side.
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In Fig. S4 we show the 15 x15 nm2 region of H2/Au(111)  presented in Fig.1b and 1d of the main 

text at various tunneling conditions. We notice that the molecules accommodate to the 

underlying herringbone reconstruction by introducing a slightly larger intermolecular distance 

in the regions of fcc packing of the underlying herringbone substrate. In Fig. S4c and S4d we 

present images obtained at higher current setpoint where the streaky behavior of the molecule 

due to the excursions can be more clearly observed. The time required for one scan line in an 

image is several 100 ms and is therefore about ten times longer than the molecular residence 

time. The streaky appearance thus indicates the change between presence and absence of a 

molecule in the tunnel channel during raster scanning. It is possible to characterize the unit cell 

of the Fermi superlattice with respect to the Au unit cell. In the close-packed Fermi superlattice 

the molecules are oriented 30° w.r.t the directions of high symmetry of gold. Given that the 

lattice parameter of Au is 2.88 Å, we can approximate the structure as 4(√3x√3)R30° which has 

a lattice parameter of 19,95 Å. The molecules will be moving around their lattice position 

continuously. In disordered regions the intermolecular 2nm distance prevails over 

crystallographic order leading to a glassy configuration. In Fig. S5 we present a large scale image 

of the superlattice.  In the inset we show the Fourier transform of the image and obtain a circle, 

which is indicative of a glassy structure, and broad peaks of enhanced intensity correspond to 

the 4(√3x√3)R30° lattice.

Fig. S5.  150nm x 150nm image of the Fermi superlattice on a single Au(111) terrace. Inset: 
Fourier transform of the image.
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4. Local density of states of the tip-H2-surface

To better understand the nanocavity geometry and its electronic structure we have performed 

DFT simulations of a model STM tip - H2 - Au(111) system.4 In a first step, we have started finding 

the most stable site for a single H2 molecule on a Au-5x5 unit cell. This unit cell is large enough 

to ensure that the H2 molecules do not interact laterally with each other. As previously reported, 

the molecule is vertically weakly physisorbed on the Au(111) surface. We have checked the 

influence of van der Waals (vdW) forces by performing calculations including the D3 approach.5  

We find that upon vdW inclusion the adsorption configuration remains the same and only a 

slightly increased adsorption energy appears. Figure S6a shows the projected density of states 

(DOS) on the molecule in the most stable configuration. The molecular bonding state 1σ appears 

clearly localized deep below the Fermi level (the dotted line fixed by the gold surface) in the 

occupied states. On the other hand, the anti-bonding state 1σ* is distributed over a range of 

energies above the Fermi level, leading to a first peak at 2.58 eV. The theoretical position of this 

state explains the relatively large voltage required for the detection of the H2 molecule in the 

experimental STM image. 

Figure S6. Density of states inthe tunnel junction. a. Projected density of states (DOS) on the 
hydrogen molecule physisorbed in a Au-5x5 surface as a function of energy together with the 
molecular states of the isolated molecule (the dotted line indicates the Fermi level position). b. 
Isosurface of the charge density of the tip-H2-Au(111) system at an electron energy 2 eV above 

the gold Fermi level.

In a second step, the Au tip is approached to a distance of 5 Å, established between the apex 

and the gold surface. Fig. S6b shows the lateral projection of the equilibrium configuration after 

DFT relaxation for the simulated unit cell. We notice that the H2 molecule is vertically aligned in 

the tunnel junction with one of the H atoms closer to the tip and the other H atom in an atop 
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position. An isosurface of the electronic charge density at positive bias (similar conditions as the 

ones used in the experiments) reveals a strong charge asymmetry in the H2 molecule in the 

junction. This asymmetry depletes charge from the H atom closer to the tip and transfers it to 

the H atom closer to the surface, leaving the molecule stretched. This situation may be the 

precursor to further excitation of various molecular degrees of freedom. It also indicates the 

substantial modification of the electronic properties of the molecule in the nanocavity. The real 

space distribution of charge density shown in Fig. S6b has a nodal plane perpendicular to the 

principle axis of the H2 molecule, showing its reminiscent origin of the molecular anti-bonding 

state. 

5. Ab-initio molecular dynamics (AIMD)

Figure S7. Schematics of the unit cell used for molecular calculations. The system comprises a 
STM tip, a single H2 molecule, and a Au(111) slab. The distance between tip and substrate is 7Å 

in a and 5Å in b which are both typical values for the tunneling regime in STM. The first 700 
steps of the ab-initio molecular dynamics have been overlaid to represent the motion of the 

molecule in the tunnel junction. The molecule has a strong tendency to stay below the tip but 
also to perform excursions out of the junction due to electron excitation.
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To explore the physical origin of the dynamic fluctuations, we have simulated the energy input 

from inelastic tunneling electrons into the system by ab initio molecular dynamics (AIMD) 

calculations.4  In order to simulate the effect of the energy dissipation after elastic tunneling to 

the molecule and subsequent electron and energy release to the substrate, we distribute the 

energy of ~3 eV between all the freely movable 231 atoms of the unit cell equally. The system is 

then allowed to evolve. Fig. S7a shows AIMD calculations for a tip-surface distance of 7 Å while 

Fig. S7b shows the same calculation for 5 Å. In the upper part of both figures, we have overlaid 

the ball and stick model of the first 700 calculation steps to make the movement of the atoms 

apparent. The H2 molecule oscillates between the starting configuration of the calculations, 

which comprises an unperturbed H2 molecule vertically aligned below the apex atom of the tip 

and a configuration where the molecule tries to recover the DFT-relaxed H2 structure. During 

the oscillations, the molecule performs motion within the tunnel junction and excursions out of 

the junction. We have estimated the energetic barriers for such excursions for both 5 and 7 Å 

tip-sample distances. For the former case, the value is estimated as 1.25 eV while in the later 

case is reduced to 0.05 eV. This means that we are dealing with two limiting cases depending on 

the tip-surface distance. For 5Å a strong attraction for the molecule to stay in the junction with 

a great energetic cost for the molecular excursions from the cavity. Second, for the 7Å, a low 

attraction regime where the molecule can move in and out of the cavity with a much lower 

barrier. This suggests that the competition between the cavity attraction and electron-induced 

molecular motion may be a possible mechanism for the observed excursions in the experiment.  

6. Fit of g2(τ) with three time constants and current autocorrelation. 

The 34 µs and the 87 ms time constants have been determined by fitting the curve presented in 

Fig.4d with three exponentials (Fig.S8) instead of one as presented in the main text. The 

differences between fit and data for long and short timescales are completely removed and only 

noise remains. The main change in the graph is still due to the T1 time constant of 2.37 ms, which 

accounts for 80% of the total bunching. The 34 µs and the 87 ms constants account only for 11% 

and 9% respectively.
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Fig. S8. g(2)(t) presented in Fig. 4 d with the full fit using three time constants. Their relative 
weight in the total bunching peak are given in the inset table.

Additionally, we have acquired current and photon intensity traces using the control electronics 

of our STM. In Fig.S.9a we show a current trace (blue line), a photon trace (red line) and the 

respective efficiency trace (black line) obtained on a H2 molecule (different from the one 

presented in Fig.4 of the main text). It shows a telegraphic character with a low current value of 

130 pA and a high current value of 600 pA. These measurements are complementary to the 

single photon correlation presented in the main manuscript. The combined measurements of 

current and photon intensity traces under open feedback conditions with 50 µs integration time 

show that when the molecule is in the junction the tunnel current increases and the photon 

intensity increases as well. Note that while the quantum efficiency decreases (see black line in 

Fig.S9a) the current increase overcompensates this decrease and the total light intensity is 

higher when the molecule resides in the junction.

Fig.S9b compares the results of the single photon correlation method using the TCSPC 

introduced in this study (red data points) with the  current autocorrelation (blue curve) recorded 

simultaneously on a hydrogen molecule. The plots can be described by a time constant of 2.5 

ms and demonstrate a good agreement of the two types of measurements. Note that the 

current correlation function levels off and ends at a correlation time corresponding to the data 

acquisition time of 50 µs.
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Fig.S9. a. Photon (red line), current (blue line) and efficiency (black line) traces obtained 
simultaneously with the STM electronics on a H2 molecule (only two seconds of a full 26 second 

trace are shown). b.  Second order photon autocorrelation (red points) and current 
autocorrelation (blue line) recorded in parallel. Note that the current correlation data levels off 
at the time resolution of the STM electronics of 50 µs. A time-constant of 2.5 ms dominates the 

correlation functions.

7. Electroluminescence spectra.

Figure S10. Optical spectroscopy on a clean Au(111) terrace (orange curve) and on a H2 
molecule (red curve). The curves are normalized to their maxima. Tunneling parameters U = +3 

V, I = 150 pA.
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Fig. S10 shows that electroluminescence spectra obtained on H2 and on a clean Au(111) terrace 

exhibit the same spectral distribution. This observation indicates that the presence of the 

molecule modifies only the intensity of light emission but does not significantly alter the 

plasmonic modes of the junction.
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