
Articles
https://doi.org/10.1038/s41567-019-0745-8

1Department of Physics and Center for Applied Photonics, University of Konstanz, Konstanz, Germany. 2Centro de Física de Materiales, Centro Mixto  
CSIC-UPV/EHU and Donostia International Physics Center (DIPC), Donostia–San Sebastián, Spain. 3Institut des Sciences Moléculaires d′Orsay – UMR 
8214, CNRS–Université Paris Sud, Orsay, France. 4Physics and Materials Science Research Unit, University of Luxembourg, Luxembourg, Luxembourg. 
*e-mail: daniele.brida@uni.lu

Femtosecond pulses consisting of only a few cycles of the opti-
cal carrier wave1 have enabled breakthrough opportunities 
for the direct manipulation of electrons in condensed matter 

based on nonlinear phenomena as well as in free space via linear 
acceleration2–18. The traditional conditions for such control experi-
ments required extreme pulse intensities at low repetition rates, 
imposing substantial difficulties for the extraction of the dynamics 
of individual charge carriers. Recently, several works paradigmati-
cally changed the approach to exploit optical phenomena driven by 
strong fields by employing pulses with minute energy content at 
high repetition rates, thus allowing for the generation and manipu-
lation of photoelectrons in nanoscale systems4,19,20.

In this context, single-cycle pulses with an energy of only a 
few picojoules may result in extremely nonlinear optical phe-
nomena within a few-nanometre gap between the tips of an opti-
cal antenna19,21–25. The strong electrical bias provided by the field 
contained in the ultrashort optical pulses has been harnessed to 
drive tunnelling and ballistic acceleration of electrons generating  
a current with PHz bandwidth19,26. This non-perturbative process  
is fully coherent with the driving radiation and occurs within a  
half-cycle of the near-infrared carrier wavelength19. Here, by per-
forming interferomeric autocorrelation measurements with two 
identical replicas of single-cycle driving pulses, we directly access 
the attosecond dynamics of the optical field emission and electron 
transport in plasmonic gaps. Controllable variation of the carrier-
envelope phase (CEP) of the pulses enriches the experimental 
acquisition of the interferometric traces by an additional variable 
that allows for a deep understanding and complete insight into the 
relationship between the photo-emitted electrons and the acceler-
ating field. Time-dependent density functional theory (TDDFT) 
calculations of the optical field emission and subsequent accel-
eration of the electrons in the plasmonic gap accurately reproduce 
the experimental results. In this way, we elucidate the underlying 
microscopic phenomena, including visualization of the evolution of 

electron currents in time and space as a function of the CEP of the 
driving pulses.

Figure 1a depicts the conceptual scheme of the experiment. The 
single-cycle pulses are set at a variable delay Δt by a broadband dis-
persion-balanced Mach–Zehnder interferometer and then focused 
tightly onto the nanocircuit containing a single plasmonic bowtie 
antenna. The Au nanoantenna features a 6 nm open junction and 
was fabricated via electron-beam lithography (inset, Fig. 1a). Under 
a static electric bias, this structure exhibits a tunnelling-like cur-
rent–voltage (I–V) characteristic that is antisymmetric and highly 
nonlinear19. The bowtie design allows for a sub-wavelength concen-
tration of the electric field of the laser pulse into the gap, while at 
the same time preserving its single-cycle character owing to strong 
radiation damping25.

A custom-designed Er:fibre laser system1,27 operating at a repeti-
tion rate of 80 MHz generates 4.2 fs pulses from a tailored supercon-
tinuum spanning from 800 nm to 2,200 nm generated in a highly 
nonlinear germanosilicate fibre. After compression, the optical 
transients have a full-width at half-maximum (FWHM) dura-
tion that corresponds to a single cycle of the carrier wavelength 
at 1,250 nm. Such single-cycle pulses are ideal for driving ultrafast 
transport experiments that exploit a non-perturbative phenom-
enon such as optical field emission19. The temporal profile of the 
pulses is characterized in Fig. 1b. A passive phase-locking scheme28 
is implemented in a way that allows arbitrary control of the CEP 
without affecting the temporal duration of the pulse19. These opti-
cal transients provide a strong and ultrafast bias for direct and 
coherent driving of electronic transport across the junction. Due 
to the strong nonlinearity of the optical field emission process, an 
optically induced symmetry break occurs in the electric transport, 
which leads to a net current that depends on the CEP of the driving 
pulse. Consequently, when sweeping the CEP over a range of 2π, the 
integral current passes through a maximum, crosses zero and finally 
completely reverses its direction.
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For the autocorrelation measurements, the current generated at 
the nanojunction of the circuit is recorded as a function of both the 
delay between the two pulse replicas and their CEPs. These mea-
surements were performed in air and at room temperature over 
several minutes. They demonstrate excellent reproducibility of the 
current signal and high stability of the nanostructure, as indicated 
by the traces depicted in Fig. 1c, which report the current measured 
as a function of the optical field amplitude of the single-cycle pulses. 
This dataset was acquired at different relative CEPs of the driving 
pulses on a single sample. Note that, because the absolute value of 
the CEP cannot be defined experimentally, in Fig. 1c we assign the 
results according to the phase of the sinusoidal modulation of the 
current, φ. This reference phase is set to zero, φ = φ0 = 0, for the situ-
ation that shows the maximum positive value of the current. In our 
experiments, the phase shift δ between the absolute value of the far-
field CEP and φ is approximately −π/2, as assessed by the numeri-
cal calculations. At perfect temporal overlap between the two pulses 
(that is, delay Δt = 0 fs, equivalent to a single pulse), the average 
optical power amounts to 1.7 mW. This value still corresponds to 
a minute driving pulse energy of 21 pJ and a free-space peak field 
of 1 V nm−1 at the sample position within the confocal spot of 
the objective (1.5 µm spot size). Owing to the implementation of 
smaller gaps and a shorter pulse, we achieve a fourfold increase in 
the current at a factor of four lower driving energy as compared to 
our previous results19, allowing interferometry measurements with 
unprecedented access to a complex dynamics of electron currents 
within the gap. The experimental data obtained with a single pulse 
are reproduced with our TDDFT calculations, allowing retrieval of 
the amplitude of the electric field in the gap, as well as identification 
of the absolute value of the CEP that provides the maximum posi-
tive current (see Supplementary Information).

Figure 2a presents a full two-dimensional (2D) map of the inter-
ferometric autocorrelation that depicts the nonlinear ultrafast cur-
rent driven by a pulse pair as a function of their relative time delay 
Δt and CEP. The colour code from blue to red follows the amplitude 
and direction of the electron transfer. The 2D map of electron trans-
port contains information that goes well beyond standard interfero-
metric autocorrelation measurements based on optical nonlinear 

signals, where a 1D fringe pattern is acquired as a function of the 
temporal delay between the pulses. Specifically, it contains one addi-
tional degree of freedom on the ordinate: the modulation of the cur-
rent by varying the CEP encoded in the single-cycle optical fields. 
Simultaneous access to both the temporal delay and the CEP depen-
dence of electron transport allows unveiling of the complex non-
perturbative phenomenon of optical field emission in a nanogap 
and provides unprecedented details to be exploited in combination 
with theoretical approaches, as presented in this work. In Fig. 2b 
the theoretical 2D autocorrelation map shows an excellent qualita-
tive agreement with the experimental one (Fig. 2a). The quantita-
tive comparison between experiment and calculations is presented 
in Fig. 2c,d which includes a cut of the map at a fixed value of the 
reference phase φ, and can be conceptually compared to a standard 
interferometric autocorrelation measurement. The results in Fig. 2e 
display the dependence of the electron transfer on φ (and thus on 
the CEP as CEP = φ − δ) at zero time delay, demonstrating full CEP 
control of the electron currents with a single optical pulse.

From this dataset, it becomes clear that the interferometric auto-
correlation originates from a highly non-perturbative process oper-
ating on a sub-femtosecond timescale. The interference maxima 
are significantly shorter than an optical half-cycle of the driving 
field, featuring a FWHM of ~1 fs. In addition, the autocorrelation 
signal completely vanishes between the constructive maxima, and 
the amplitude of the side peaks is strongly reduced with respect to 
the situation of perfect overlap. Importantly, these findings clearly 
demonstrate that the electronic transport in the junction is directly 
connected with the phase of the driving pulse, and that the current 
dynamics of electronic wavepackets can be controlled on timescales 
shorter than a half-cycle of the optical field.

To gain microscopic insight into the spatiotemporal electron 
dynamics induced by the optical field in our nanodevice, we car-
ried out first-principles TDDFT29 simulations, a very powerful tool 
in the description of strong field phenomena at metal surfaces30–32. 
Although a full quantum calculation is out of reach for mesoscopic 
objects like the Au bowties used in the experiments, the main physics 
can be captured with the reduced system sketched in Fig. 3a. Indeed, 
for the bowtie used in our experiments, the height h = 20 nm is 

–20 –15 –10 –5 0 5 10 15 20

–1.0

–0.5

0

0.5

1.0

a b c

N
or

m
al

iz
ed

 e
le

ct
ric

 fi
el

d

Time (fs)

0.2 0.4 0.6 0.8 1.0
–0.2

–0.1

0

0.1

0.2

C
ur

re
nt

 (
e–  p

er
 p

ul
se

)

Free-space electric field (V nm–1)

φ (π)
0 1.0
0.25 1.25
0.5 1.5
0.75 1.75

Calculation

200 nm

–

x

40 nm

Δt

E

Fig. 1 | Driving ultrafast currents in a nanocircuit with single-cycle near-infrared pulses. a, Conceptual sketch of the experiment with two single-cycle 
light pulses delayed by a time Δt and focused on the nanocircuit. The relative CEP of the biasing pulses can be fully controlled with a precision of 10 mrad. 
Behind the sketch is a scanning electron micrograph (SEM) of the Au optical antenna with electrical leads on a fused-silica substrate, as well as an 
enlarged view into the gap region (inset). The red arrow indicates the positive direction of the electric field and the white arrow gives the corresponding 
direction of the electron transfer. b, Temporal profile of the optical field when set to a cosine phase in free space (CEP = 0), as characterized by two-
dimensional (2D) spectral shearing interferometry35. c, The pulse-averaged current induced by the electric field of the light. At the pulse repetition rate 
of 80 MHz the transfer of one electron per pulse corresponds to a current of 12.8 pA. Results are shown as a function of the free-space amplitude of 
the electric field of the laser pulse. The current is modulated sinusoidally with a phase φ that is directly related to the far-field CEP of the driving pulse 
φ = CEP + δ. Because only the relative CEP can be defined experimentally, δ is unknown. The phase of the current variation φ is then defined such that 
φ = 0 corresponds to the maximum current, and this reference is used to assign the values in c. The line with dots reports the TDDFT result obtained for 
the phase conditions of the pulse corresponding to the maximum electron transfer.
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larger than the size of the gap and the plasmonic field enhancement 
strongly confines the region of optical field emission and electron 
transport to the junction, as follows from the snapshots of the cal-
culated electron current density depicted in Fig. 3b. We then model 
the plasmonic gap as two infinite parallel Au cylinders described 
within the free electron (jellium) model. The cylinder radii Rc and 
their separation distance dg are adapted to the shape of the antenna 
as visualized by the scanning electron microscopy (SEM) images 
(Rc = 5 nm and dg = 6 nm). Because the optical response of the 
nanowire dimer is different from that of the actual bowtie antenna, 
special care is needed to correctly capture the optical field emission 
from the metal surfaces facing the gap in the experimental situation. 
To this end, in the TDDFT calculations, the incident sub-cycle pulse 
is set such that the time trace of the self-consistent electric field in 
the gap of the cylinder dimer is equivalent to the one obtained from 
classical Maxwell’s equations for the actual bowtie antenna (for fur-
ther details see Supplementary Information). The absolute value of 
the field is calibrated with respect to the experimental dependence 
of the current on the pulse energy (see the theoretical result in  
Fig. 1c, plotted as a grey line with dots).

The effect of the plasmonic resonance in the near-field at the 
gap region of the bowtie nanoantenna can be seen in Fig. 3c. The 
far-field transient (red line) of a pulse with CEP = 0 in free space 
becomes distorted within the antenna gap (green line). The field in 
the junction is enhanced by two orders of magnitude, in line with 
the data obtained with classical calculations in the literature11,33. In 
addition, a phase shift CEPgap − CEP ≈ 0.35π occurs between the 
effective phase of the pulse in the near-field of the gap, CEPgap, and 
that of the far-field transient. This value is obtained from the time 
dependence of the fields close to t = 0 within the central part of the 
pulse. The plasmon resonance of the nanoantenna results in a few-
cycle ringing of the near-field with a characteristic phase shift of π/2 
at large times following the main peak. We show that, in analogy 

with experiments on multiphoton electron emission from flat metal 
surfaces34, an excitation of the antenna plasmon in the present case 
has a strong effect on the autocorrelation traces.

The enhanced electric field in the junction region drives the 
optical field emission and thus the electron flow through the gap, 
as illustrated in Fig. 3d. For an illumination pulse with a CEP = 0 
in free space, the antenna resonance shapes the temporal profile 
of the transient to become almost sine-like in the near-field, with 
an effective phase CEPgap = 0.35π (Fig. 3c). This effect, combined 
with the temporal dynamics of the electrons within the gap, leads to 
two opposite electronic streams, which are produced by the central 
cycle of the pulse and almost completely cancel each other. The net 
electron transport through the gap is therefore close to zero in this 
situation. The entire dynamics is repeated by the following cycles at 
strongly reduced magnitudes because of the progressive decay of the 
induced near-field.

The finite propagation time of the photo-emitted electrons 
through the antenna gap explains an additional offset of the oscilla-
tion of the current through the centre of the junction with respect to 
that of the field in the gap. It is noteworthy, for the present geometry, 
that the trajectories followed by the electrons differ from what is 
typically observed in the case of metal tips. For optical field emis-
sion from nanotips or individual plasmonic nanoobjects, the fast 
spatial decay of the electric near-fields reduces the quiver motion 
of emitted electrons2,10,11,30. However, contrary to the case of a single 
nanoparticle, the electric field in a metallic gap is rather uniform 
spatially. This fact causes the dynamics of electron transport to 
be strongly affected by the quiver motion, as illustrated in Fig. 3d.  
In detail, similar to Fowler–Nordheim emission in strong d.c. 
fields30, the early electrons are ejected from the right surface by  
the strong positive optical field during the first half-period of the 
pulse with maximum at t ≈ 2 fs. These electrons appear as a cur-
rent burst propagating from right to left within the gap. The initial 
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acceleration is sketched in the left snapshot of Fig. 3b. Because the 
driving pulse is almost sine-like in the near-field, the polarity of the 
field changes within the second half-cycle of the pulse, when the 
electrons are still in the gap. As a result, part of the electrons belong-
ing to the initial burst experiences a complete reversal of sign in 
the propagation direction (seen as a change of sign of the electron 
current density from blue-negative to red-positive going through 
white-zero) approximately at the centre of the junction. This situa-
tion is depicted in the right snapshot of Fig. 3b where the red region 
corresponding to positive current density within the gap appears 
at positive values of the x coordinate. The positive current density 
at the negative values of the x coordinate corresponds to the elec-
trons ejected from the left surface by the strong optical negative 
field during the second half-period of the pulse with an extremum 
value at t ≈ 4 fs (see also Fig. 3d). The quiver motion of the ejected 
electrons is further illustrated with classical electron trajectories in 
Supplementary Fig. 9, which provides a classical analogue to the 
results of the TDDFT calculations in Fig. 3d.

In the present case, the amplitude of the quiver motion 
XQ = Eg/ω2 (Eg is the maximum value of the field in the gap and 
ω is the central frequency of the pulse; all values are expressed in 
atomic units) is such that the electron excursion 2XQ is essentially 
smaller than the size of the gap, thus enabling coherent motion of 
the ejected electrons. This aspect has a direct consequence for the 
CEP conditions for maximum electron transport to occur, because 
a significant number of the electrons does not cross the junction 
directly, but experiences a quiver motion with several reversals of 
the direction of propagation before crossing the gap (examples of 
the classical electron trajectories are provided in the Supplementary 
Information). The dynamics of the electron currents is further com-
plicated by the presence of the small fraction of electrons rescattered 
from the parent tip and from the opposite tip across the junction. 
Nevertheless, the optimal CEP provides a drift velocity such that the 

electrons emitted at the central part of the pulse cross the junction. 
In fact, we calculate that the maximum electron transfer is reached 
for CEP = 0.49π of the far-field transient, resulting in the effective 
phase CEPgap = 0.84π of the central part of the pulse in the near-field 
of an antenna gap (Supplementary Fig. 11). Therefore, the match 
between the measured and calculated sinusoidal modulation of 
the current at delay Δt = 0 fs in Fig. 2e allows us to unambiguously 
determine the absolute value of the free-space CEP in the experi-
ment. Along with the possibility to determine the CEP of the experi-
mental transient, the remarkable agreement between the modelled 
and experimental results also reveals the role of the plasmon mode 
of the nanoantenna. It follows from our calculations that the sec-
ondary maxima in the experimental autocorrelation plot in Fig. 2c 
emerge owing to the overlap of the strong fields at the central part of 
the second replica with the resonantly enhanced near-fields at large 
time delays following the first pulse. In fact, in the ideal case of a flat 
antenna response, the autocorrelation signal obtained with TDDFT 
is zero at every time delay except for the central cycle.

In both the measured and calculated data, the CEP dependence 
of the secondary maxima is slightly phase-shifted with respect to the 
main peak. This result stems from the following: (1) the non-Gauss-
ian, asymmetric profile of the driving pulse for which the slowly 
varying envelope approximation is not valid (that is, the carrier 
cannot be considered monochromatic) and thus may be affected by 
some residual chirp and (2) the resonance effect of the plasmonic 
antenna that shapes the field within the gap and defines the quiver 
motion of electrons emitted at different instants of time. This aspect 
becomes even clearer in the interferometric autocorrelation plotted 
in Fig. 2d. The experimental data (red lines) and theoretical results 
(black lines) correspond to the constant phase φ = 3π/8 cut of the 
autocorrelation maps of Fig. 2a,b. The signs of the secondary max-
ima are reversed with respect to those of the main peak at Δt = 0. 
Altogether, the high nonlinearity of the optical field emission allows 
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for using our device as a sensitive probe of the dynamics of the near-
fields in plasmonic gaps.

In conclusion, the interferometric autocorrelation measurements 
performed with single-cycle pulses that coherently drive electric 
currents at the gap of a single nanodevice show that it is possible to 
achieve an extremely nonlinear regime, even at minute pJ pulse ener-
gies. Along with optical field emission, the understanding of the com-
plex dynamics of the field-driven transport investigated with extreme 
temporal resolution demonstrates that we can model and control the 
transfer of individual electrons between two metallic nanocontacts 
and access the evolution of plasmonic fields in the nanogap on a sub-
cycle timescale. Therefore, tracing and dissecting an ultrashort pho-
tocurrent in a plasmonic nanogap is found to be crucial for the proper 
design of integrated plasmonic and optoelectronic devices that oper-
ate in the single-electron regime at optical frequencies. In addition, 
the theoretical developments and fundamental understanding of elec-
tronic dynamics driven at the nanoscale by optical fields, as achieved 
in this work, will allow us to target future experiments where electron 
transport is confined to both atomic time and length scales.
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Methods
Source of control transients. The elements of the Er:fibre laser system providing 
the ultrashort optical control pulses exploited in our experiment are described in 
detail in ref. 16. Here, single-cycle near-infrared transients that are passively phase-
locked were generated at a repetition rate as high as 80 MHz by combining super-
octave-spanning coherent synthesis with elimination of the CEP slip via difference 
frequency mixing and re-amplification. The present implementation of the system 
is even superior to our earlier results in terms of pulse duration1. The laser system 
also offers precise CEP control by placing a pair of fused-silica wedges before the 
last Er:fibre amplifier and final compression. The minimum duration is achieved by 
independent soliton and dispersive wave compression (with a three-prism set-up) 
before coherent combination of the two spectral components produced by a highly 
nonlinear fibre.

For full temporal reconstruction of the pulse, we performed a direct 
characterization using 2D spectral shearing interferometry. This method  
allows direct reconstruction of the electric field profile, that is, the amplitude  
and phase of the electromagnetic wave. It is particularly suited for super- 
octave-spanning spectra. By fine-tuning the dispersion via an SF10 prism pair,  
we obtained an almost flat phase over the entire spectrum. This result  
corresponds to a pulse duration of 4.2 fs and one optical cycle at the central 
wavelength of 1,250 nm. The complete characterization is provided in the 
Supplementary Information.

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

TDDFT. The dynamics of the electron density induced by a laser pulse were 
obtained by solving the time-dependent Kohn–Sham (KS) equations29  
(where r = (x,y,z) is the electron position vector):

i∂tψk r; tð Þ ¼ T þ VAu þ Vxc nð Þ þ VH nð Þ þ Vext tð Þf gψk r; tð Þ ð1Þ

This equation describes the evolution of the Kohn–Sham (KS) orbitals ψk under 
the action of an external potential Vext. The incident laser pulse is treated within 
the dipole approximation. In the Coulomb gauge the external potential is given 
by Vext = Eext(t)x, where Eext(t) describes the external field, and the dimer x axis is 
defined in Fig. 3a. In equation (1), T is the kinetic energy operator, VAu describes 
the electron interaction with atomic cores, Vxc(n) is the exchange-correlation 
potential treated within the adiabatic local density approximation29 with the 
exchange-correlation kernel of Gunnarsson and Lundqvist36 and VH(n) is the 
Hartree potential. The time-dependent electronic density of the system is given 
by n r; tð Þ ¼

P
k¼occ ψk r; tð Þj j2

I
 where the summation runs over the occupied KS 

orbitals. The initial conditions ψ0
k rð Þ
I

 are given by the KS orbitals of the ground-
state system, obtained from the ground-state DFT calculation:

T þ VAu þ Vxc n0ð Þ þ VH n0ð Þf g|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
H0

ψ0
k rð Þ ¼ Ekψ

0
k rð Þ ð2Þ

where the Hamiltonian H0 depends on the ground-state density via the 
exchange-correlation and Hartree potentials. Consistent with TDDFT, the 
exchange-correlation kernel of Gunnarsson and Lundqvist is used for Vxc(n0), 
where n0 rð Þ ¼

P
k¼occ ψ0

k r; tð Þ
 2

I
.

Considering the dimer of two infinite cylindrical nanowires with dg = 6 nm  
as a reduced model mimicking the bowtie antenna gap brings the system 
within reach of quantum calculations if the free electron (jellium) description 
of the metal37 is used. Within the jellium model (JM) the ionic cores at the gold 
lattice sites are replaced by the uniform positive background charge of density 
nþ ¼ 4π

3 r
3
s

� ��1

I
. We use rs = 3a0, characteristic for the valence electron density of 

gold (a0 = 0.053 nm is the Bohr radius). At the price of losing atomistic details, this 
approach allows us to follow the dynamics of the valence electrons of the metal 
involved in the screening, optical field emission and electron transport9,30–32,38. 
Note also that the JM has been successfully employed in the context of plasmonics, 
allowing theoretical prediction of quantum effects that were later confirmed 
experimentally24.

The reduced model of the cylindrical nanowire dimer reproduces well the 
optical field electron emission and electron transport in the gap of the realistic 
bowtie antenna. However, the exact description of the electric field induced in the 
gap region, including the macroscopic effect of the actual triangular dimer, is of 
paramount importance for capturing the details of electron emission and transport. 
To this end, we solve the classical Maxwell’s equations, and we calculate the field in 
the gap Eg(t) for the actual silica-supported bowtie nanoantenna subjected to the 
experimental incident pulse. (As a reference, we use the field Eg(t) in the centre of 
the junction.) In the TDDFT calculations, Eext(t) is then set in such a way that the 
self-consistent field in the gap equals Eg(t). The absolute value of the electric field 
strength used in the TDDFT calculations has been set such that the experimental 
data obtained with ∆t = 0 and the CEP corresponding to the maximum electron 
transfer are reproduced as shown in Fig. 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−1 and we used this 
value for all TDDFT calculations. This fact implies an 11-fold enhancement of the 
free-space electric field, which is significantly lower than the theoretical estimate 
based on the solution of the classical Maxwell’s equations. However, it has to be 
considered as an effective value accounting for the experimental uncertainties, as 
well as for the model geometry used in the TDDFT study and possible nonlinear 
effects leading to a strong reduction of the field enhancement as compared to the 
predictions of classical linear theory39.

Given the time-dependent solutions of the KS equations ψk r; tð Þ
I

, one can 
obtain the time-dependent probability current density

j r; tð Þ ¼ � i
2

P
k¼occ ψ *

k r; tð Þ∇ψk r; tð Þ � ψk r; tð Þ∇ψ *
k r; tð Þ

 
ð3Þ

and the total electron current per unit height through the centre of the gap (êx
I

 is 
the unit-length vector along the x axis)

I tð Þ ¼
Z

êxj r; tð Þjx¼0dy ð4Þ

The theoretical prediction for the number of electrons transferred  
across the gap of the bowtie nanoantenna is then given by N ¼ h

R T
t0
I tð Þdt

I
,  

where h = 20 nm is the height of the nanoantenna. The final propagation time  
is taken to be large enough that the electric field becomes small and the electron 
transfer stops.

The TDDFT results presented in Fig. 2 could be reproduced with the use of a 
classical simple man’s model30 (see Supplementary Information) assuming a flat 
gap geometry, which is a simpler and tackleable geometry than that used in our 
TDDFT calculations. Thus, the calculated 2D interferometric autocorrelation 
stems from robust underlying physical phenomena such as optical field emission 
from the metal surfaces and the subsequent electron motion in the time-varying 
field. Because the time evolution of the fields in the junction used in the theoretical 
description takes into account plasmonic effects, we conjecture that the TDDFT 
results presented in this work are qualitatively robust with respect to small 
variations of the system geometry and with respect to the JM description of gold.
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