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 12 

We employ near-infrared single-cycle pulse pairs to drive interferometric autocorrelations of the ultrafast 13 

current produced by optical field emission at the nanogap of a single plasmonic nanocircuit. This highly nonlinear 14 

process depends fully on the precise temporal field profile of the optical driving pulse. Current autocorrelations 15 

are acquired with sub-femtosecond temporal resolution as a function of both pulse delay and absolute carrier-16 

envelope phase. In this way, we study the ultrafast dynamics of electronic nanotransport. Quantitative 17 

modelling of the experiments enables us to monitor the spatio-temporal evolution of the electron density and 18 

currents induced in the system and to elucidate the physics underlying the electron transfer driven by strong 19 

optical fields in plasmonic gaps. Especially, we clarify the interplay between carrier-envelope phase of the driving 20 

pulse, plasmonic resonance and quiver motion. 21 

 22 

Femtosecond pulses consisting of only a few cycles of the optical carrier wave [1] have enabled breakthrough 23 

opportunities for the direct manipulation of electrons in condensed matter based on nonlinear phenomena as well 24 

as in free space via linear acceleration [2-18]. The traditional conditions for such control experiments required 25 

extreme pulse intensities at low repetition rates, imposing substantial difficulties for the extraction of the dynamics 26 

of individual charge carriers. Recently, several works paradigmatically changed the approach to exploit optical 27 

phenomena driven by strong fields by employing pulses with minute energy content at high repetition rates, thus 28 

allowing for generation and manipulation of photoelectrons in nanoscale systems [4,19,20].  29 

 30 

In this context, single-cycle pulses with an energy of only a few picojoules may result in extremely nonlinear optical 31 

phenomena within a few-nanometer gap between the tips of an optical antenna [19,21-25]. The strong electrical 32 
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bias provided by the field contained in the ultrashort optical pulses was harnessed to drive tunneling and ballistic 33 

acceleration of electrons generating a current with PHz bandwidth [19,26]. This non-perturbative process is fully 34 

coherent with the driving radiation and occurs within a half-cycle of the near-IR carrier wavelength [19]. Here, by 35 

performing interferomeric autocorrelation measurements with two identical replicas of truly single-cycle driving 36 

pulses, we directly access the attosecond dynamics of the optical field emission and electron transport in plasmonic 37 

gaps. Controllable variation of the carrier-envelope phase (CEP) of the pulses enriches the experimental acquisition 38 

of the interferometric traces by an additional variable that allows for a deep understanding and complete insight 39 

into the relationship between the photo-emitted electrons and the accelerating field. Time-dependent density 40 

functional theory (TDDFT) calculations of the optical field emission and subsequent acceleration of the electrons in 41 

the plasmonic gap accurately reproduce the experimental results. In this way, we elucidate the underlying 42 

microscopic phenomena, including visualization of the evolution of electron currents in time and space as a 43 

function of the CEP of the driving pulses.  44 

 45 

Fig. 1(a) Conceptual sketch of the experiment with two single-cycle light pulses delayed by a time Δt and focused on the 46 
nanocircuit. The relative CEP of the biasing pulses can be fully controlled with a precision of 10 mrad. The image includes 47 
a scanning electron micrograph of the Au optical antenna with electrical leads on a fused-silica substrate and a zoom into 48 
the gap region (inset). The red arrow sets the positive direction of the electric field, and the white arrow gives the 49 
corresponding direction of the electron transfer. (b) Temporal profile of the optical field when set to a cosine phase in 50 
free space (CEP=0), as characterized by 2D spectral shearing interferometry [27]. (c) The pulse-averaged current induced 51 
by the electric field of light. At the pulse repetition rate of 80 MHz the transfer of one electron per pulse corresponds to a 52 
current of 12.8 picoamperes.  Results are shown as a function of the free-space amplitude of the electric field of the laser 53 
pulse. The current is modulated sinusoidally with a phase ϕ that is directly related to the far-field CEP of the driving pulse 54 

ϕ = CEP+δ. Since only the relative CEP can be defined experimentally, δ is unknown. The phase of the current variation ϕ 55 

is then defined such that ϕ=0 corresponds to the maximum current, and this reference is used to assign the values in 56 
panel (c). The dotted line reports the TDDFT result obtained for the phase conditions of the pulse corresponding to the 57 
maximum electron transfer.  58 

 59 

 60 
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Figure 1(a) depicts the conceptual scheme of the experiment. The single-cycle pulses are set at a variable delay Δt 61 

by a broadband dispersion-balanced Mach-Zehnder interferometer and then focused tightly onto the nanocircuit 62 

containing a single plasmonic bowtie antenna. The Au nanoantenna features a 6 nm open junction and was 63 

fabricated via electron beam lithography (inset in Fig. 1(a)). Under a quasi-static electric bias, this structure exhibits 64 

a tunneling-like current-voltage (I-V) characteristic that is antisymmetric and highly nonlinear [19]. The bowtie 65 

design allows for a sub-wavelength concentration of the electric field of the laser pulse into the gap while at the 66 

same time preserving its single-cycle character owing to the strong radiation damping [25].                                              67 

 68 

A custom-designed Er:fiber laser system [1,28] operates at a repetition rate of 80 MHz and generates 4.2-fs pulses 69 

from a tailored supercontinuum spanning from 800 nm to 2200 nm generated in a highly nonlinear germanosilicate 70 

fiber. After compression, the optical transients have a full-width-at-half-maximum (FWHM) duration that 71 

corresponds to a single cycle of the carrier wavelength at 1250 nm. Such single-cycle pulses are ideal for driving 72 

ultrafast transport experiments that exploit a non-perturbative phenomenon such as optical field emission [19]. 73 

The temporal profile of the pulses is characterized in Fig. 1(b). A passive phase-locking scheme [29] is implemented 74 

in a way that allows arbitrary control of the carrier-envelope phase without affecting the temporal duration of the 75 

pulse [19]. These optical transients provide a strong and ultrafast bias for direct and coherent driving of electronic 76 

transport across the junction. Due to the strong nonlinearity of the optical field emission process, an optically-77 

induced symmetry break occurs in the electric transport which leads to a net current that depends on the carrier-78 

envelope phase of the driving pulse. Consequently, when sweeping the carrier-envelope phase over a range of 2π, 79 

the integral current passes through a maximum, crosses zero and finally completely reverses its direction.  80 

 81 

For the autocorrelation measurements, the current generated at the nanojunction of the circuit is recorded as a 82 

function of both the delay between the two pulse replicas and their carrier-envelope phase. These measurements 83 

were performed in air and at room temperature over several minutes. They demonstrate excellent reproducibility 84 

of the current signal and high stability of the nanostructure, as indicated by the traces depicted in figure 1(c) that 85 

report the current measured as a function of the optical field amplitude of the single-cycle pulses. This dataset was 86 

acquired at different relative CEP of the driving pulses on a single sample. Note that since the absolute value of CEP 87 

cannot be defined experimentally, in figure 1(c) we assign the results according to the phase of the sinusoidal 88 

modulation of the current, ϕ. This reference phase is set to zero, ϕ=ϕ0=0,  for the situation that shows the 89 

maximum positive value of the current. In our experiments, the phase shift δ between the absolute value of the far-90 

field CEP and ϕ is approximately π/2, as assessed by the numerical calculations. At perfect temporal overlap 91 

between the two pulses (i.e. delay Δt = 0 fs, equivalent to a single pulse), the average optical power amounts to 1.7 92 

mW. This value still corresponds to a minute driving pulse energy of 21 pJ and a free-space peak field of 1 V/nm at 93 

the sample position within the confocal spot of the objective (1.5 µm spot size). Owing to the implementation of 94 
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smaller gaps and a shorter pulse, we achieve a four-fold increase in the current at a factor of four lower driving 95 

energy as compared to our previous results [19], allowing interferometry measurements with an unprecedented 96 

access to a complex dynamics of electron currents within the gap. The experimental data obtained with a single 97 

pulse are reproduced with our TDDFT calculations allowing to retrieve the amplitude of the electric field in the gap, 98 

as well as to identify the absolute value of the CEP that provides the maximum positive current (also see the SI).  99 

 100 

 101 

Fig. 2 Colour map of the measured (panel a)) and calculated (panel b)) two-dimensional interferometric autocorrelation 102 
acquired as a function of temporal delay Δt and phase ϕ of the sinusoidal current modulation. (c) Interferometric 103 
autocorrelation (red line) of two identical single-cycle pulses with CEP set to deliver the maximum peak current using the 104 
current driven at the nanogap as nonlinear signal (dashed line in (a) and (b)). The extreme order of nonlinearity is 105 
underlined by the absence of signal when the maxima of the field do not overlap at the periodicity of the carrier 106 
wavelength. The width of the central peak amounts to approximately 1 fs. The experimental data is compared with the 107 
equivalent trace derived from the calculations (black line). (d) same as (c) but acquired at ϕ	= ૜ૈ/ૡ (dotted line in (a) 108 
and (b)). (e) Vertical cut of the 2D colour map at Δt = 0, i.e. equivalent to single pulse illuminating the nanogap. The 109 
sinusoidal modulation of the current with the phase ϕ	 is shown for experiment (red line) and theory (black line). 110 

 111 

Figure 2(a) presents the full 2D map of the interferometric autocorrelation that depicts the nonlinear ultrafast 112 

current driven by a pulse pair as a function of their relative time-delay Δt, and CEP. The colour code from blue to 113 

red follows the amplitude and direction of the electron transfer. The 2D map of electron transport contains 114 

information that goes well beyond standard interferometric autocorrelation measurements based on optical 115 
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nonlinear signals where a one-dimensional fringe pattern is acquired as a function of the temporal delay between 116 

the pulses. Specifically, it contains one additional degree of freedom on the ordinate: the modulation of the current 117 

by varying the CEP encoded in the single-cycle optical fields. Simultaneous access to both the temporal delay and 118 

the carrier-envelope phase dependence of electron transport allows unveiling the complex non-perturbative 119 

phenomenon of optical field emission in a nanogap and provides unprecedented details to be exploited in 120 

combination with theoretical approaches, as presented in this work. In Fig. 2(b) the theoretical 2D autocorrelation 121 

map shows an excellent qualitative agreement with the experimental one (Fig. 2(a)). The quantitative comparison 122 

between experiment and calculations is presented in Fig. 2(c) and Fig. 2(d) which include a cut of the map at a fixed 123 

value of the reference phase ϕ, and can be conceptually compared to a standard interferometric autocorrelation 124 

measurement. The results in figure 2(e) display the dependence of the electron transfer on ϕ (and thus on the CEP 125 

as CEP= ϕ+δ) at zero time delay, demonstrating full CEP control of the electron currents with a single optical pulse.  126 

 127 

From this dataset, it becomes clear that the interferometric autocorrelation originates from a highly non-128 

perturbative process operating on a sub-femtosecond time scale. The interference maxima are significantly shorter 129 

than an optical half-cycle of the driving field, featuring a FWHM of approximately 1 fs. In addition, the 130 

autocorrelation signal completely vanishes between the constructive maxima, and the amplitude of the side peaks 131 

is strongly reduced with respect to the situation of perfect overlap. Importantly, these findings clearly demonstrate 132 

that the electronic transport in the junction is directly connected with the phase of the driving pulse, and that the 133 

current dynamics of electronic wavepackets can be controlled on the timescales shorter than a half-cycle of the 134 

optical field. 135 

 136 

To gain microscopic insight into the spatio-temporal electron dynamics induced by the optical field in our 137 

nanodevice, we carry out first-principles TDDFT [30] simulations, a very powerful tool in the description of the 138 

strong field phenomena at metal surfaces [31-33]. While a full quantum calculation is out of reach for mesoscopic 139 

objects like the Au bowties used in the experiments, the main physics can be captured with the reduced system 140 

sketched in figure 3(a). Indeed, for the bowtie used in our experiments the height h=20nm is essentially larger than 141 

the size of the gap and the plasmonic field enhancement strongly confines the region of optical field emission and 142 

electron transport to the junction, as follows from the snapshots of the calculated electron current density 143 

depicted in figure 3(b). We then model the plasmonic gap as two infinite parallel Au cylinders described within the 144 

free electron (jellium) model. The cylinder radii Rc and their separation distance dg are adapted to the shape of the 145 

antenna as visualized by the SEM images (Rc=5nm and dg=6nm). Since the optical response of the nanowire dimer is 146 

different from that of the actual bowtie antenna, special care is needed to correctly capture the optical field 147 

emission from the metal surfaces facing the gap in the experimental situation. To this end, in the TDDFT 148 

calculations, the incident sub-cycle pulse is set such that the time trace of the self-consistent electric field in the 149 
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gap of the cylinder dimer is equivalent to the one obtained from classical Maxwell's equations for the actual bowtie 150 

antenna (for further details see SI). The absolute value of the field is calibrated with respect to the experimental 151 

dependence of the current on the pulse energy (see theoretical result in figure 1(c) plotted as grey line with dots).  152 

 153 

The effect of the plasmonic resonance in the near-field at the gap region of the bowtie nanoantenna may be seen 154 

in Fig. 3(c). The far-field transient (red line) of a pulse with CEP = 0 in free space becomes distorted within the 155 

antenna gap (green line). The field in the junction is enhanced by two orders of magnitude in line with the data 156 

obtained with classical calculations in the literature [11,34]. In addition, a phase shift CEPgap - CEP ൎ  occurs 157 ߨ0.35

between the effective phase of the pulse in the near-field of the gap, CEPgap, and that of the far-field transient. This 158 

value is obtained from the time dependence of the fields close to t=0 within the central part of the pulse. The 159 

plasmon resonance of the nanoantenna results in a few-cycle ringing of the near-field with a characteristic phase 160 

shift of ߨ 2	⁄ at large times following the main peak. We show that, in analogy with experiments on multiphoton 161 

electron emission from flat metal surfaces [35], an excitation of the antenna plasmon in the present case has a 162 

strong effect on the autocorrelation traces. 163 

 164 

  165 

Fig. 3(a) Conceptual sketch of the antenna geometry employed for the calculations. The cylinders reproducing the 166 
morphology of the antenna apexes are used in the TDDFT calculations of the optical field emission while the plasmonic 167 
resonance corresponding to the whole bowtie antenna gap is captured by solving the classical Maxwell's equations. (b) 168 
Snapshots of the electron current density within the gap at two different instants of time indicated with dashed lines in 169 
panel d). The reference time t=0 is set at the maximum of the free-space optical field. (c) Electric field profile of the far-170 
field illumination of a pulse with CEP=0 (red) and corresponding electric field profile calculated in the centre of the gap 171 
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(green). The fields in the antenna gap are scaled by a factor of 1/100. (d) Left: colour map of the electron current along 172 
the dimer axis, calculated as a function of time for far-field illumination with CEP=0. Right: corresponding electric field in 173 
the gap (green) and integrated electron current across the gap central plane (black). The metal volume is shaded with 174 
yellow rectangles. 175 

 176 

 177 

The enhanced electric field in the junction region drives the optical field emission and thus the electron flow 178 

through the gap, as illustrated in figure 3(d). For an illumination pulse with a CEP=0 in free space, the antenna 179 

resonance shapes the temporal profile of the transient to become almost sine-like in the near-field with an 180 

effective phase CEPgap=  This effect, combined with the temporal dynamics of the electrons 181 .(see Fig. 3(c)) ߨ0.35

within the gap, leads to two opposite electronic streams – which are produced by the central cycle of the pulse and 182 

which almost completely cancel out each other. The net electron transport through the gap is therefore close to 183 

zero in this situation. The entire dynamics is repeated by the following cycles at strongly reduced magnitudes 184 

because of the progressive decay of the induced near-field.  185 

 186 

The finite propagation time of the photoemitted electrons through the antenna gap explains an additional offset of 187 

the oscillation of the current through the centre of the junction with respect to that of the field in the gap. 188 

Noteworthy, for the present geometry, the trajectories followed by the electrons differ from what is typically 189 

observed in the case of metal tips. For optical field emission from nanotips or individual plasmonic nanoobjects, the 190 

fast spatial decay of the electric near-fields reduces the quiver motion of emitted electrons [2,10,11,31]. However, 191 

contrary to the case of a single nanoparticle, the electric field in a metallic gap is rather spatially uniform. This fact 192 

renders the dynamics of electron transport to be strongly affected by the quiver motion as illustrated in Fig. 3(d). In 193 

detail, similar to Fowler-Nordheim emission in strong dc fields [31], the early electrons are ejected from the right 194 

surface by the strong positive optical field during the first half-period of the pulse with maximum at 2~ݐ fs. These 195 

electrons appear as a current burst propagating from the right to the left within the gap. The initial acceleration 196 

within the gap is sketched in the left snapshot of figure 3(b). Since the driving pulse is almost sine-like in the near 197 

field, the polarity of the field changes within the second half-cycle of the pulse, when the electrons are still within 198 

the gap. As a result, part of the electrons belonging to the initial burst experience a complete reversal of sign in the 199 

propagation direction (seen as change of the sign of the electron current density from blue-negative to red-positive 200 

going through white-zero) approximately at the centre of the junction. This situation is depicted in the right 201 

snapshot of Fig. 3(b) where the red region corresponding to positive current density within the gap appears at 202 

positive values of the x-coordinate. The positive current density at the negative values of the x-coordinate 203 

corresponds to the electrons ejected from the left surface by the strong optical negative field during the second 204 

half-period of the pulse with an extremum value at 4~ݐ	fs (see also Fig. 3(d)).  The quiver motion of the ejected 205 
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electrons is further illustrated with classical electron trajectories in Fig. S9 of the Supporting Information which 206 

provides a classical analogue to the results of TDDFT calculations in Fig. 3(d).  207 

 208 

In the present case, the amplitude of the quiver motion ܺொ = ௚ܧ ߱ଶ⁄  ௚ is the maximum value of the field in the 209ܧ) 

gap and ߱ is the central frequency of the pulse, all values are expressed in atomic units), is such that the electron 210 

excursion	2ܺொ is essentially smaller than the size of the gap, thus enabling coherent motion of the ejected 211 

electrons. This aspect has a direct consequence on the CEP conditions for the maximum electron transport to occur 212 

since a significant number of the electrons do not cross the junction directly, but experience a quiver motion with 213 

several reversals of the direction of propagation before crossing the gap (the examples of the classical electron 214 

trajectories can be found in SI). The dynamics of the electron currents is further complicated by the presence of the 215 

small fraction of electrons re-scattered from the parent tip and from the opposite tip across the junction. 216 

Nevertheless, the optimal CEP provides a drift velocity such that the electrons emitted at the central part of the 217 

pulse cross the junction. In fact, we calculate that the maximum electron transfer is reached for CEP =0.48ߨ  of the 218 

far field transient resulting in the effective phase CEPgap = 0.84ߨ of the central part of the pulse in the near field of 219 

an antenna gap (see figure S8 of the Supporting Information). Therefore, the match between the measured and 220 

calculated sinusoidal modulation of the current at delay Δt = 0 fs in figure 2(e) allows us to unambiguously 221 

determine the absolute value of the free-space CEP in the experiment. Along with the possibility to determine the 222 

CEP of the experimental transient, the remarkable agreement between the modelled and experimental results also 223 

reveals the role of the plasmon mode of the nanoantenna. It follows from our calculations that the secondary 224 

maxima in the experimental autocorrelation plot in figure 2(c) emerge owing to the overlap of the strong fields at 225 

the central part of the second replica with the resonantly enhanced near-fields at large time delays following the 226 

first pulse. In fact, in the ideal case of a flat antenna response, the autocorrelation signal obtained with TDDFT is 227 

zero at every time delay except for the central cycle.  228 

 229 

In both measured and calculated data, the CEP-dependence of the secondary maxima is slightly phase-shifted with 230 

respect to the main peak. This result stems from: (i) the non-gaussian, asymmetric profile of the driving pulse for 231 

which the slowly varying envelope approximation is not valid (i.e. the carrier cannot be considered monochromatic) 232 

and thus may be affected by some residual chirp; (ii) the resonance effect of the plasmonic antenna that shapes the 233 

field within the gap and defines the quiver motion of electrons emitted at different instants of time. This aspect 234 

becomes even clearer in the interferometric autocorrelation plotted in figure 2(d). The experimental data (red 235 

lines) and theoretical results (black lines) correspond to the constant phase ϕ	=  cut of the autocorrelation 236 8/ߨ3

maps of figure 2(a) and (b). The signs of the secondary maxima are reversed with respect to the ones of the main 237 

peak at ∆ݐ = 0. Altogether, the high nonlinearity of the optical field emission allows for using our device as a 238 

sensitive probe of the dynamics of the near fields in plasmonic gaps.  239 
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 240 

In conclusion, we have performed interferometric autocorrelation measurements with single-cycle pulses that 241 

exploit the electric currents coherently driven at the gap of a single nanodevice. These measurements operate in an 242 

extremely nonlinear regime that is achieved even at minute pJ pulse energies. Along with optical field emission, a 243 

complex dynamics for the field-driven transport of the electrons emerges in the free space between the metal 244 

surfaces that determines the electron currents in the system and offsets the carrier-envelope phase of the driving 245 

field that produces maximum electron current. Remarkably, the extreme temporal resolution that we achieve in 246 

performing current autocorrelation measurements demonstrates that we can control the transfer of individual 247 

electrons between two metallic nanocontacts and access the evolution of plasmonic fields in the nanogap at a 248 

subcycle time scale. In such a scenario, the photoemitted electrons experience quiver motion, which responds to 249 

the complex temporal structure of the fields induced in the gap, resulting in a shift of the phase at which the 250 

maximum current is obtained. Therefore, tracing and dissecting an ultrashort photocurrent in a plasmonic nanogap 251 

is found to be crucial for the proper design of integrated plasmonic and optoelectronic devices that operate in the 252 

single-electron regime at optical frequencies. In addition, the theoretical developments and fundamental 253 

understanding of electronic dynamics driven at the nanoscale by optical fields, as achieved in this work, will allow 254 

to target future experiments where electron transport is confined to truly atomic time and length scales.  255 

 256 

Methods 257 

Methods and any associated references are available in the online version of the paper. 258 

Source of control transients  259 

The elements of the Er:fiber laser system providing the ultrashort optical control pulses exploited in our experiment are 260 
described in detail in Ref. 16. Here, for the first time, single-cycle near-infrared transients that are passively phase locked were 261 
generated at a repetition rate as high as 80 MHz by combining super-octave-spanning coherent synthesis with elimination of the 262 
carrier-envelope phase slip via difference frequency mixing and re-amplification. The present implementation of the system is 263 
even superior to our earlier results in terms of pulse duration [1]. The laser system also offers precise CEP control by placing a 264 
pair of fused-silica wedges before the last Er:fiber amplifier and final compression. The minimum duration is achieved by 265 
independent compression of soliton and dispersive wave (with a three-prism setup) before coherent combination of the two 266 
spectral components produced by a highly nonlinear fiber.  267 

For a full temporal reconstruction of the pulse we performed a direct characterization via two-dimensional spectral shearing 268 
interferometry. This method allows direct reconstruction of the electric field profile, i.e. the amplitude and the phase of the 269 
electromagnetic wave. It is particularly suited for super-octave-spanning spectra. By fine tuning the dispersion via an SF10 prism 270 
pair, we obtain an almost flat phase over the entire spectrum. This result corresponds to a pulse duration of 4.2 fs and 1 optical 271 
cycle at the central wavelength of 1250 nm. The complete characterization is included in the Supporting Information. 272 

 273 
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Antenna fabrication and characterization 274 

The nanostructured electronic circuit equipped with a plasmonic antenna was fabricated by electron beam lithography. A fused 275 
silica window was spincoated with a 60 nm layer of PMMA (950k) resist. Heating the substrate above 100°C before deposition 276 
evaporates residual water on the surface. An 8 nm-thick thermally evaporated layer of aluminum provided the necessary 277 
electric conduction to avoid distortion due to charging effects during exposure. The structures were written with an area dose of 278 
400 pC/cm2 at 10 kV. Subsequently, the aluminum layer was removed in a bath of sodium hydroxide followed by a rinse in 279 
deionized water. Development of the resist was carried out in a mixture of methyl isobutyl ketone (MIBK), methyl ethyl ketone 280 
(MEK) and isopropanol (IPA) in a volume ratio of 100:6:300. The gold nanostructures were patterned in a subsequent 281 
evaporation process in which 18 nm of gold were evaporated on top of a 2 nm chromium adhesion layer followed by a lift-off 282 
process in a bath of acetone. The electronic interface between the nanostructures and the detection electronics was provided 283 
by a custom-made circuit board into which the fused silica substrates were integrated and connected by wire bonding.  284 

 285 

TD-DFT 286 

The dynamics of the electron density induced by a laser pulse has been obtained by solving the time-dependent Kohn-Sham (KS) 287 
equations [30]. 288 ߲݅௧߰௞ሺݎԦ, ሻݐ = ሼܶ + ஺ܸ௨ + ௫ܸ௖ሺ݊ሻ + ுܸሺ݊ሻ + ܸ௘௫௧ሺݐሻሽ	߰௞ሺݎԦ,  ሻ.    (1) 289ݐ

This equation describes the evolution of the quasiparticle Kohn-Sham (KS) orbitals ߰௞  under the action of an external potential 290 ܸ௘௫௧. The incident laser pulse is treated within the dipole approximation. In the Coulomb gauge the external potential is given 291 
by ܸ௘௫௧ =  ሻ describes the external field, and the dimer x-axis is defined in Fig. 3a. In Eq. (1) ܶ is the 292ݐ௘௫௧ሺܧ where ,ݔሻݐ௘௫௧ሺܧ
kinetic energy operator, ஺ܸ௨ describes the electron interaction with atomic cores, ௫ܸ௖ሺ݊ሻ		is the exchange-correlation potential 293 
treated within the adiabatic local density approximation [30] with exchange-correlation kernel of Gunnarson and Lundquist [36], 294 
and ுܸሺ݊ሻ is the Hartree potential. The time-dependent electronic density of the system is given by ݊ሺݎԦ, ሻݐ = ∑ |߰௞ሺݎԦ, ሻ|ଶ௞ୀ௢௖௖ݐ  295 
where the summation runs over the occupied KS orbitals. The initial conditions ߰௞଴ሺݎԦሻ are given by the KS orbitals of the ground 296 
state system, obtained from the ground-state density functional theory (DFT) calculation, 297 

  ሼܶ + ஺ܸ௨ + ௫ܸ௖ሺ݊଴ሻ + ுܸሺ݊଴ሻሽᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥுబ ߰௞଴ሺݎԦሻ =  Ԧሻ,    (2) 298ݎ௞߰௞଴ሺ߃

where the Hamiltonian ܪ଴ depends on the ground-state density via the exchange-correlation and Hartree potentials. Consistent 299 

with TDDFT, the exchange-correlation kernel of Gunnarson and Lundquist is used for ௫ܸ௖ሺ݊଴ሻ, where ݊଴ሺݎԦሻ = ∑ ห߰௞଴ሺݎԦ, ሻหଶ௞ୀ௢௖௖ݐ . 300 

 301 

Considering the dimer of two infinite cylindrical nanowires with ݀௚ = 6 nm as a reduced model mimicking the bowtie antenna 302 
gap brings the system within reach of quantum calculations if the free electron (jellium) description of the metal [37] is used. 303 
Within the jellium model (JM) the ionic cores at the gold lattice sites are replaced by the uniform positive background charge of 304 

density	݊ା = ቂସగଷ  ௦ଷቃିଵ.  We use rs=3 a0 characteristic for the valence electron density of gold (a0=0.053 nm stands for the Bohr 305ݎ

radius).   At the price of losing atomistic details, this approach allows us to follow the dynamics of the valence electrons of the 306 
metal involved in the screening, optical field emission, and electron transport [9,31-33,38]. Note also that the JM has been 307 
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successfully employed in the context of plasmonics allowing theoretical prediction of quantum effects later confirmed 308 
experimentally [24]. 309 

 310 

The reduced model cylindrical nanowire dimer reproduces well the optical field electron emission and electron transport in the 311 
gap of the realistic bowtie antenna. However, the exact description of the electric field induced in the gap region, including the 312 
macroscopic effect of the actual triangular dimer, is of paramount importance for capturing the details of the electron emission 313 
and transport.  To this end we solve the classical Maxwell's equations, and we calculate the field in the gap  ܧ௚ሺݐሻ for the actual 314 
silica-supported bowtie nanoantenna subjected to the experimental incident pulse. (As a reference we use the field ܧ௚ሺݐሻ in the 315 
center of the junction). In the TDDFT calculations, ܧ௘௫௧ሺݐሻ is then set in such a way that the self-consistent field in the gap 316 
equals to ܧ௚ሺݐሻ. The absolute value of the electric field strength used in the TDDFT calculations has been set such that the 317 
experimental data obtained with ∆ݐ = 0	and the CEP corresponding to the maximum electron transfer are reproduced as shown 318 
in figure 1. For a transfer of 0.2 electrons per pulse, we found that the field in the gap is of the order of 10 V/nm and used this 319 
value for all the TDDFT calculations. This fact implies an 11-fold enhancement of the free-space electric field which is 320 
significantly lower than the theoretical estimate based on the solution of the classical Maxwell equations. However, it has to be 321 
considered as an effective value accounting for the experimental uncertainties, as well as for the model geometry used in the 322 
TDDFT study, and possible nonlinear effects leading to a strong reduction of the field enhancement as compared to the 323 
predictions of the classical linear theory [39].   324 

 325 

Provided the time-dependent solutions of the KS equations ߰௞ሺݎԦ,  ሻ, one can obtain the time-dependent probability current 326ݐ
density  327 

ଔԦሺݎԦ, ሻݐ = −݅ ∑ ଵଶ௞ୀ௢௖௖ ൛߰௞∗ሺݎԦ, ,ԦݎሬԦ߰௞ሺߘሻݐ ሻݐ − ߰௞ሺݎԦ, ,ԦݎሬԦ߰௞∗ሺߘሻݐ  ሻൟ,   (3) 328ݐ

and the total electron current per unit height through the centre of the gap (݁̂௫ is the unit-length vector along x-axis) 329 ܫሺݐሻ = ,ԦݎଔԦሺ	௫̂݁׬ ሻ|௫ୀ଴ݐ  330 (4)     .ݕ݀	

The theoretical prediction for the number of electrons transferred across the gap of the bowtie nanoantenna is then given by 331 ܰ = ℎ ׬ ௧்బݐ݀	ሻݐሺܫ , where h=20 nm is the height of the nanoantenna. The final propagation time is taken large enough so that the 332 

electric field becomes small and the electron transfer stops. 333 

 334 

The TDDFT results presented in figure 2 could be reproduced with the use of a classical simple man’s model [31] (see SI) 335 
assuming a flat gap geometry, i.e.  a simpler and tackable geometry than that used in our TDDFT calculations. Thus, the 336 
calculated two-dimensional interferometric autocorrelation stems from robust underlying physical phenomena such as optical 337 
field emission from the metal surfaces and the subsequent electron motion in the time varying field. Since the time evolution of 338 
the fields in the junction used in the theoretical description takes into account plasmonic effects, we conjecture that the TDDFT 339 
results presented in this work are qualitatively robust with respect to small variations of the system geometry, and with respect 340 
to the JM description of gold. 341 
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Data Availability: 345 

The data that support the findings of this study are available from the corresponding author upon reasonable request. 346 
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Code Availability: 348 
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