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Abstract. 

Photon statistics is a powerful tool for characterizing the emission dynamics of nanoscopic 

systems and their photophysics. Recent advances that combine correlation spectroscopy with 

scanning tunneling microscopy-induced luminescence (STML) have allowed measuring the 

emission dynamics from individual molecules and defects demonstrating their nature as single 

photon emitters. The application of correlation spectroscopy to the analysis of the dynamics of 

a well-characterized adsorbate system in ultrahigh vacuum remained to be shown. Here we 

combine single photon time correlations with STML to measure the dynamics of individual H2 

molecules between a gold tip and a Au(111) surface. An adsorbed H2 molecule performs 

recurrent excursions below the tip apex. We use the fact that the presence of the H2 molecule 

in the junction modifies plasmon emission to study the adsorbate dynamics. Using the H2 

molecule as a chopper for STM-induced optical emission intensity we demonstrate bunching in 

the plasmonic photon train in a single measurement over six orders of magnitude in the time 

domain (from µs to s) that takes only a few seconds. Our findings illustrate the power of using 

photon statistics to measure the diffusion dynamics of adsorbates with STML. 
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Light permits dynamical studies of nanoscopic systems and has been employed to complement 

the nanoscale analytical power of scanning probe microscopy.1 In contrast to electric currents, 

light can be easily detected at the single quantum limit i.e. at the single photon level.2 This 

property permits one to characterize processes in regimes (e.g. low currents) that are not readily 

accessible by electronic means.3 Such conditions are often needed in the study of weakly bound 

atomic-scale systems, like individual molecules, in order to preserve their structural integrity 

and intrinsic properties during measurements. When a small molecule is adsorbed on a surface, 

it can exchange energy and momentum with the local environment, making the adsorbate prone 

to diffusion.4 For individual molecules confined on surfaces at cryogenic temperatures, the 

diffusion dynamics typically occur on the nanometer length scale and on a time scale in the 

microsecond to second range.5 Dynamical processes can be routinely accessed on the nanoscale 

with scanning tunneling microscopy (STM) but achieving high temporal resolution below the 

millisecond range of individual adsorbates has remained a challenge because of the limited 

bandwidth of the necessary current preamplifier.6,7 Photon correlations, by contrast, allow 

emission properties to be probed on the picosecond scale.8 Efforts to combine the temporal 

resolution of correlation spectroscopy with the spatial resolution of STM have been made earlier 

and while great advances have been obtained in the study of single photon emitters,9,10 

investigating the diffusion dynamics of well-characterized adsorbate systems with photon 

correlations has not seen much progress recently.11–13 

Here we report on the dynamics of an individual hydrogen molecule (H2) adsorbed on a 

crystalline Au(111) surface. Profiting from the tip-induced plasmonic electroluminescence and 

combining time-resolved photon detection with STML,9 we can monitor the motion of H2 with a 

time resolution down to a microsecond. Importantly, our experiments require only a few 

seconds of integration and can be easily extended to other molecular systems on surfaces. The 

technique is based on the observed change of plasmon emission intensity when a molecule is 

present in the STM tunnel junction. Inelastic electron tunneling processes excite plasmon 

nanocavity modes which can be detected as photons in the far field.14  When H2 moves into the 

junction, we observe a jump to higher conductance and a reduction of emission efficiency due 

to the fact that electrons preferably tunnel through the first empty molecular orbital, 15,16 which 

reduces the branching ratio between inelastic and elastic tunneling and results in plasmonic 

emission being suppressed. Since the increase of conductance is, however, much larger than the 

reduction of emission efficiency, we observe a significant increase in the total plasmon emission 

intensity. By calculating the second order correlation function of the photon intensity train, 

g(2)(τ), we are able to assess the dynamics of the molecule in the junction. Because the diffusion 
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of adsorbates is a common process in STM studies and many adsorbates modify plasmonic 

emission intensity, the measurement of plasmon modulation statistics in molecular tunnel 

junctions can be widely extended to measure the dynamics of adsorbates on metal surfaces. 

Compared to the well-established method of evaluating telegraphic noise in the tunnel 

current,7,17,18 our technique allows for an efficient analysis of the system time constants over 

many orders of magnitude using an optoelectronic approach. 

In Fig. 1 we present constant current STM images of a Au(111) surface covered with H2 measured 

at 4K. Fig. 1a shows a high resolution large scale image of three H2/Au(111) terraces separated 

by monatomic steps obtained at a bias voltage of +3.23 V applied to the sample. H2 molecules 

exhibit a long-range ordered hexagonal superstructure with an average periodicity of ≈2 nm, 

templated by the herringbone reconstruction of Au(111). This intermolecular distance is 

approximately half the surface state Fermi wavelength (λF/2 = 1.9 nm)19 suggestive of a surface-

state-mediated electronic intermolecular interaction.20–22 In Fermi superlattices the adsorbates 

scatter substrate electrons which generate electronic density oscillations. Charge fluctuations 

induce an oscillatory potential between adsorbates, with a characteristic periodicity 

proportional to the electron wave vector at the Fermi energy.20 Such long-range ordered 

superstructures mediated by surface electrons are known to be low-temperature metastable 

configurations for a number of small physisorbed adsorbates and have been observed on 

densely-packed noble metal interfaces bearing surface states.20,23 Hydrogen is known to form 

coverage-dependent superlattices on semiconductors and metal surfaces 24–29 and condensed 

hydrogen structures have been reported on Au(111) around surface defects such as single 

molecules 30 or metal clusters.31 Here we report the observation of a two-dimensional surface-

state-mediated H2 superlattice on Au(111) for the first time.  

Hydrogen adsorbates have earlier been studied by means of scanning tunneling spectroscopy 

(STS) and inelastic electron tunneling spectroscopy (IETS) and are known to exhibit a 

characteristic vibrational structure that permits their identification. 24,25,27,29,30,32,33 The inset in 

Fig. 2a shows a STS curve obtained on top of a molecular adsorbate with the characteristic 

double peak around the Fermi level originating from the ν = 01 vibrational mode of H2 

adsorbates while they are trapped between tip and substrate.32,33 In our experiments, we 

rationalize the formation of the surface-state mediated H2 superlattice by the condensation of 

a coverage-dependent network of H2 appearing in the presence of residual hydrogen in the 

cryogenic vacuum of our  low temperature STM. Assuming that each protrusion corresponds to 

a single molecule, the molecular coverage is 2% with respect to the reconstructed Au(111) 

surface atom density.34  However, the value may vary since H2/Au(111) is an extremely bias-
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dependent system and scanning at the required higher voltages can stimulate partial H2 

desorption.  

To gain further insights into the nanocavity geometry and electronic structure we have 

performed DFT simulations of the complete STM tip - H2 - Au(111) system with tip-surface 

distances of 5 Å and 7Å (see S.I. for further details).35 Such separations are characteristic for the 

tunnel regime in STM. We find that in the relaxed structure of the system a H2 molecule is 

vertically aligned between tip and sample. The molecule is tensile-stretched which produces a 

weakened H-H bond. The H atom closest to the tip has a tendency to be below the apex due to 

the higher reactivity of the last protruding Au atom of the tip. The H atom closest to the sample 

is located in an atop position of the Au surface. To theoretically explore the dynamical processes, 

we have performed ab initio molecular dynamics (AIMD) calculations and simulated the energy 

input from tunneling electrons. After an energy of ~3 eV is equally distributed between the 

atoms of the relaxed unit cell, the system is allowed to evolve following the quantum 

mechanically induced force fields and resulting motions. Under these conditions we find that 

the H2 molecule oscillates between two configurations, one where the H2 is vertically aligned 

and the other where the molecule is submitted to a high degree of strain. During its vibrations, 

the molecule performs excursions outside and inside the tunnel junction, (see S.I) which is made 

apparent by the bistable emission condition observed in the experiments, as we will discuss in 

more detail below. 

Next we address the spatially-resolved STM-induced luminescence (STML). A lens collects the 

light from the tunnel junction and guides it to a single photon avalanche photodiode (SPAD) 

which enables measuring the STML intensity while raster scanning the tip over the surface. Fig. 

1c and 1d show luminescence maps measured simultaneously with the constant current 

topographies presented in Fig. 1a and 1b, respectively. The color scales represent the spectrally 

integrated photon intensity. Comparing topographic STM images with photon maps leads us to 

the observation that light efficiency decreases at the positions where H2 molecules are present. 

Height maxima coincide with minima in the photon maps (Fig. 1e). Moreover, clean Au(111) 

regions correlate with higher photon efficiencies; at the bottom left of Fig. 1b one molecule is 

missing in the topographic map which results in the extraordinarily high experimental quantum 

efficiency (detected photons per tunneling electron) on that region in Fig.1d.  

To understand the origin of the quantum efficiency decrease on top of the molecule we study 

the electronic structure and the charge transport mechanisms of the H2/Au(111) system with 

experiments and ab-initio calculations. Let us first consider a metallic tunnel junction formed 
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between a metal tip and a Au(111) surface without H2 adsorbates. The schematic energy 

diagram of such a “clean” tunnel junction is presented in Fig. 2b. When a positive bias is applied 

to the sample, it results in the tunneling of electrons from the tip to the sample. At a bias of +3 

V, inelastic electron processes excite tip-sample nanocavity plasmon modes with a quantum 

efficiency up to 1.5 x 10-4 photons/electron1,14 (Fig. 1 c,d). Due to the large number of initial and 

final states available for inelastic tunneling (marked with red arrows in Fig 2b) a broad emission 

spectrum of around 100 nm width is typically observed (see S.I.). Broadband plasmonic spectra 

are characteristic of the electroluminescence of coinage-metal tunnel junctions, even in the 

presence of molecular adsorbates.1,36 

When H2 is present in the junction, its molecular orbitals modify the tunneling matrix elements 

of charge carriers and reduce the probability for the inelastic tunneling events that are 

responsible for plasmon emission. In Fig. 2a we present the dI/dU spectrum measured on a H2 

adsorbate on Au(111) with a clean metallic tip. Since dI/dU is proportional to the local density 

of states (LDOS), Fig. 2a reflects the electronic structure of the H2/Au(111) system. The strong 

feature at +3.3V corresponds to the lowest unoccupied molecular orbital (LUMO) of the 

adsorbed species and may be related to the antibonding 1σ* state of H2. We calculated the LDOS 

of a H2 molecule adsorbed on a Au(111) surface within the density functional theory (DFT) 

framework and found the presence of an antibonding molecular state at an energy of +2.58 V, 

in reasonable agreement with the experimental observation (see S.I). The molecular orbital-

derived state at +3.3V is associated with two important facts: the observation of H2 in the tunnel 

junction and the simultaneous reduction of STML quantum efficiency. The lack of molecular 

states at negative voltages hinders tunneling to the molecule in this voltage range, which 

explains the apparent absence of H2 under these tunneling conditions (see S.I.). Once the tunnel 

voltage reaches the molecular state at +3.3V, the probability for elastic tunneling processes is 

increased at the expense of the inelastic processes involving plasmon generation.15 Hence, the 

resonant tunneling of electrons from the tip to the +3.3 eV state of the molecule results in a 

decrease of the rate of inelastic tunneling events and in an effective reduction of plasmon 

emission efficiency as is observed in the constant current photon maps. 

Concurrent with modification of plasmonic emission in the nanocavity, the H2 molecule gets 

transiently charged and its molecular vibrational and translational modes become excited.32,33,37 

The negative differential resistance feature observed around 3.5 eV is a clear indication that 

energy dissipation channels are opened when tunneling into the antibonding 1σ* state. Energy 

loss by excitation of translational modes of H2 can lead to molecular diffusion across the Au(111) 

surface.38 As a consequence of a migration process the tip-sample junction may become emptied 
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of H2. However, the surface-state mediated potential between adsorbates will drive the 

molecule back below the tip to its minimum energy position within the Fermi lattice. The 

schematic in Fig. 3 shows a cartoon of the dynamical processes occurring in the tip - H2 - Au(111) 

junction during the single photon time correlation experiments. The presence of the molecule 

modifies the elastic and inelastic branching ratios and results in a lower plasmon efficiency. 

However, the increase in tunnel current at open feedback (i.e. constant height) conditions 

overcompensates this reduction and results in a net increase of the observed plasmonic 

intensity (see S.I.). The molecule in the junction will eventually get charged and performs a 

migration process leaving the tunnel junction. When the tunnel junction is clean of H2 

adsorbates it will produce low plasmon emission intensity at a fixed tip – Au(111) distance. When 

the molecule returns to its position below the tip apex the junction becomes bright again. The 

two alternating states result in periods of low and high photon count rates. Therefore, the 

resulting light intensity trace will exhibit photon bunches interrupted by time intervals that 

correspond to the time when the H2 molecule is out of the tip-sample junction.  

A means for analyzing the relative time delay between photons in a stream is the normalized 

second order correlation function of the light intensity I(t): 

𝑔(2)(𝜏) =
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

〈𝐼(𝑡)〉〈𝐼(𝑡+𝜏)〉
   [1] 

𝑔(2)(𝜏)  expresses the probability that two photons are detected with a time difference 𝜏 and is 

proportional to the number of all photon pairs observed with time 𝜏 between them. We use 

𝑔(2)(𝜏) to analyze the STM-induced luminescence of the H2/Au(111) system and assess the 

dynamics of the excursions of the H2 molecule in the junction. For this aim we connect one SPAD 

to a time-correlated single photon counting (TCSPC) module and record the arrival time of every 

detected photon.39 We calculate 𝑔(2)(𝜏) and access time constants down to the low 

microsecond range. The timescale of our set-up is limited of the electronic detector afterpulsing 

which generates artifacts at times < 1 µs.39  

In Fig. 4c we present the 𝑔(2)(𝜏)  function obtained on a Au(111) region without H2. 𝑔(2)(𝜏) is 

exactly unity over more than five orders of magnitude in the time domain. This is an important 

reference measurement since mechanical noise in the experimental set-up or tip instabilities, 

even when small, will become obvious in spurious photon bunching features. Moreover, all 

𝑔(2)(𝜏) measurements were performed in constant height mode, to avoid the possible damping 

artifacts which can be introduced by the feedback loop. In comparison, the 𝑔(2)(𝜏) function 

measured over a H2 molecule at the same tunneling conditions (Fig. 4d) demonstrates notable 
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bunching reflected by a 𝑔(2)(0) = 1.4 . The bunching can also be qualitatively visualized in the 

intensity traces. In Fig. 4a and 4b we present the first 25 ms of the intensity traces evaluated in 

Fig. 4c and 4d, respectively. In the traces, each detected photon is represented by a vertical line 

at its arrival time. When a H2 molecule moves in and out of the junction it strongly modulates 

the light emission (see for example a blank space around τ = 10 ms in Fig. 4b). In contrast, the 

photon stream emitted from the empty Au(111) junction is more regular and shows a Poissonian 

photon distribution (Fig. 4a). By fitting 𝑔(2)(𝜏) in Fig. 4d (see blue dashed line) with one 

exponential function we can determine the characteristic time constant related to the dynamics 

of the molecule. Deviations from unity, indicate that photons within the stream are not emitted 

independently of each other but are related by some photophysical mechanism. Note that the 

time axis in Fig. 4d is logarithmic and an exponential function thus appears as a smooth step 

between two values with the step extending over two orders of magnitude on the time scale. 

We find the dominating transition with a time constant 𝑇1 in the millisecond range with a value 

of 2.37 ms.  

To quantify the dynamics in more detail we use a time-dependent model permitting us to 

estimate the periods when the molecule stays below the tip with enhanced emission and the 

excursion periods with low photon intensity. We employ a two level rate model where the 

system is always in one of the two states, either in the bright state (molecule inside the junction) 

or in the dark state (molecule outside the junction). For simplicity we further assume that light 

emission in the latter state is negligible. We define the rate constants 𝑘𝑂𝑈𝑇 and 𝑘𝐼𝑁, accounting 

for the molecule to change from the bright to the dark state and from the dark to the bright 

state, respectively. The rates are the inverses of the average residence times of the molecule 

outside (𝑇𝐷𝐴𝑅𝐾) and inside (𝑇𝐵𝑅𝐼𝐺𝐻𝑇) the junction. The analytical solution yields: 

𝑔(2)(𝜏) = 1 +
𝑘𝑂𝑈𝑇

𝑘𝐼𝑁
𝑒−(𝑘𝐼𝑁+𝑘𝑂𝑈𝑇)𝜏    [2] 

where: 

𝑘𝑂𝑈𝑇 =  
1

𝑇𝐵𝑅𝐼𝐺𝐻𝑇
           ;         𝑘𝐼𝑁 =  

1

𝑇𝐷𝐴𝑅𝐾
                  [3] 

Therefore: 

  𝑔(2)(0) = 1 +
𝑘𝑂𝑈𝑇

𝑘𝐼𝑁
                    [4] 

    𝑇1= 
1

𝑘𝐼𝑁+𝑘𝑂𝑈𝑇
=   

𝑇𝐷𝐴𝑅𝐾  𝑇𝐵𝑅𝐼𝐺𝐻𝑇

𝑇𝐷𝐴𝑅𝐾+𝑇𝐵𝑅𝐼𝐺𝐻𝑇
       [5] 
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Fitting the experimental 𝑔(2)(𝜏) in Fig. 4d to the single exponential from equation [2] we obtain 

the values 𝑘𝑂𝑈𝑇 = 99±7 s-1 and 𝑘𝐼𝑁 = 318±25 s-1, which correspond to an average residence time 

for the molecule inside and outside the junction of 𝑇𝐵𝑅𝐼𝐺𝐻𝑇 = 10.1 ms and 𝑇𝐷𝐴𝑅𝐾= 3.1 ms, 

respectively.  

Minor deviations from this model are accounted for by extending the fitting function to a total 

of three exponentials. We then find two more time constants, 𝑇2 and 𝑇3, which are in the 

microsecond (31 µs) and millisecond range (87 ms), accounting for 11% and 9% of the bunching, 

respectively (see S.I). The physical origin of 𝑇2 and 𝑇3  is not clear at the present stage. These 

time constants may pertain to alternative processes which modify the light emission to a minor 

degree, e.g. molecular vibration, rotation or dissociation 33,37,40 and may be the subject of future 

investigations. 

In summary, we combine STM and single photon time correlation spectroscopy for studying the 

dynamics of H2 molecules on a gold surface using plasmon intensity modulations by individual 

adsorbate molecules. Measuring the arrival time of photons in light emission streams permits 

obtaining the characteristic time constants of adsorbates on noble metals in relatively short 

measurements. Theoretical calculations confirm that H2 molecules have a strong tendency to 

stay below the tip apex and perform short excursions upon energy dissipation thus 

corroborating the experimental observation. Since most organic molecules adsorbed on coinage 

metal surfaces modify the emission from nanocavity plasmon modes we expect a wide range of 

dynamical systems to be good candidates for characterization via photon correlations. 

Dependence of the dynamics on stimuli such as current, electric field or external light sources 

will open new research directions in molecular nanophotonics. The present study explores the 

dynamics down to the microsecond scale; the use of two detector Hanbury-Brown Twiss 

interferometry will permit accessing dynamic time constants down to the low ps range and, in 

combination with standard electronic telegraphic noise measurements, may open new insights 

into quantum plasmonics.8 
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Figure 1. a. Constant current topography STM image of H2 on Au(111). Every white protrusion 

can be ascribed to a single H2 molecule.  The H2 molecules are weakly physisorbed and form a 

surface-state mediated superlattice. 50x31nm2, U=+3.23V, I=120 pA . b. STM high resolution 

image of the H2/Au(111) surface.  15x15 nm2, U=+2.76V, I=40 pA. c. d. Luminescence efficiency 

maps recorded simultaneously with the constant current topography images in panels a and b, 

respectively. The color scale bar in the insets represent the spectrally integrated experimental 

quantum efficiency (in detected photons per tunneling electron). e. Topography and photon 

intensity profiles obtained along the dashed lines in images b and d. The weakest light intensity 

is detected at the position where the H2 molecules are located with the highest probability.
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Figure 2. a. Scanning tunneling spectroscopy of a H2 molecule on Au(111). The state located at 

+3.3V corresponds to the LUMO of the H2 molecules. The inset shows the characteristic double-

lobed zero-bias spectrum of H2 around the Fermi level. b. Energy diagram representing a 

“clean” tunnel junction without adsorbate. The electron paths are represented by red arrows, 

while the plasmonic emission is symbolized by a multicolor wave. c. Energy diagram with a H2 

molecule in the tunnel junction between tip and sample. The molecular electronic state 

enhances resonant tunneling of electrons from the tip to the molecule. The molecule remains 

transiently charged before the electron finally tunnels to the substrate. This resonant tunnel 

process suppresses the plasmonic emission efficiency shown in b. 
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Figure 3. Schematics of the experiment; the H2 performs excursions in the tip-sample 

nanocavity. The sequence shows a tunnel junction with a H2 adsorbate (marked Molecule IN) 

that emits photons with high intensity. The H2 molecule performs an excursion below the tip 

(marked Molecule OUT). During the time that the H2 molecule resides below the tip apex the 

inelastic channel responsible for plasmon excitation is less efficient and resonant tunneling to 

the LUMO of the molecules is enhanced. However due to the strong increase in the number of 

tunneling electrons, the total plasmon intensity increases. During the course of transient 

charging and discharging of the molecule, vibrational and translational modes of the adsorbate 

get excited permitting the molecule to perform excursions, which again modifies the plasmon 

intensity. 
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Figure 4. a. 25 ms sample of a photon train measured on a clean Au(111) region with no H2 

adsorbates present. The arrival time of each photon is marked by a vertical line. Panel c below 

shows the evaluation of the full train. b. 25 ms section of a photon train recorded on 

H2/Au(111). Panel d below shows the evaluation of the full train. c. Second order 

autocorrelation function,  𝑔(2)(𝜏), calculated from a photon train on a clean Au(111) surface 

recorded at Ubias= +3 V, current set point I=250 pA. During data acquisition the constant-current 

feedback was disabled. Within the measuring time of 8.1s a total of 392367 photons were 

detected in the train. The line indicates the value 1 which is expected for emission following 

Poissonian statistics. d. Second order autocorrelation function,  𝑔(2)(𝜏), calculated from a 

photon train on H2/Au(111),  recorded with the same STM settings as the data in c. Within the 

measuring time of 35.7 s a total of 338875 photons were detected in the train. The dashed 

curve is a best fit using eq. [2] describing the pronounced bunching of the light emission. 
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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 

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. 
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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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