
Article https://doi.org/10.1038/s41467-024-45564-w

Real-time tracking of coherent oscillations of
electrons in a nanodevice by photo-assisted
tunnelling

Yang Luo 1, Frank Neubrech 1,2, Alberto Martin-Jimenez1, Na Liu 1,2,
Klaus Kern 1,3 & Manish Garg 1

Coherent collective oscillations of electrons excited in metallic nanostructures
(localized surface plasmons) can confine incident light to atomic scales and
enable strong light-matter interactions, which depend nonlinearly on the local
field. Direct sampling of such collective electron oscillations in real-time is
crucial to performing petahertz scale optical modulation, control, and readout
in a quantumnanodevice. Here, we demonstrate real-time tracking of collective
electron oscillations in an Au bowtie nanoantenna, by recording photo-assisted
tunnelling currents generated by such oscillations in this quantum nanodevice.
The collective electron oscillations show a noninstantaneous response to the
driving laser fields with a T2 decay time of nearly 8 femtoseconds. The con-
tributions of linear and nonlinear electron oscillations in the generated tun-
nelling currents were precisely determined. A phase control of electron
oscillations in the nanodevice is illustrated. Functioning in ambient conditions,
the excitation, phase control, and read-out of coherent electron oscillations
pave the way toward on-chip light-wave electronics in quantum nanodevices.

Interaction of lightwithmetallic nanostructures can lead to a collective
oscillation of conduction electrons. If the frequency of the incident
light matches with the intrinsic resonance frequency of the collective
electron oscillations (surface plasmons) in nanostructures, such
oscillations can be dramatically amplified1,2. The resulting strong
electromagnetic field arising from the driven collective electron
oscillations has now found many applications, ranging from atomic
scale nano-optics3–6 to single molecule sensing7. Moreover, it enables
exploring the nonlinear optical response of matter6,8–19. On interaction
of strong electromagnetic fields with matter, nonlinearity in electron
oscillations sets in, implying that the electronmotion does not remain
harmonic anymore. Anharmonic electronic motion implies that elec-
trons oscillate with many frequencies, which are multiples of the
driving frequency, in close analogy to a classical anharmonic (driven)
oscillator.

In absence of the capability to directly resolve coherent electron
oscillations in the time domain, interaction of light with matter has

been studied by spectral measurements (in the UV to infrared range)
utilizing the techniques of absorption spectroscopy and transient
reflectivity20,21. Signatures of nonlinearity in light-matter interactions in
nanostructures have also been studied by spectral measurements, e.g.
second and third harmonic generation22–24. Ultrafast techniques such
as time-resolved two-photon photoemission25,26 (TR-2PPE) and time-
resolved scanning near-field optical microscopy27,28 (TR-SNOM) have
been successfully applied to monitor ultrafast plasmon dynamics at
the nanoscale. Suchmeasurements can retrieve the ultrafast evolution
of the spatially dependent plasmonic electric fields29,30, nevertheless,
they do not capture the phase information of the frequency-
dependent plasmon oscillations. Recent experiments have shown
that the photo-assisted tunnelling currents induced in a plasmonic
nanodevice can be controlled by tuning the carrier-envelope-phase
(CEP) of the driving laser pulses15,19. Nevertheless, a direct sampling of
the ultrafast coherent collective electron oscillations and the resulting
local electric field in the time domain has not been reported yet, which
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is highly desired since it is the key to modern photonic functionalities
operating at petahertz frequencies, ultrafast switching, and all-optical
signal processing31–35.

Here, we demonstrate an approach wherein both plasmon oscil-
lations and nonlinear electron oscillations arising from the nonlinear
optical response induced by ultrashort laser pulses in a strongly light-
interacting quantum nanodevice can be traced directly in the time
domain. Our nanodevice comprises of Au bowtie nanoantennas, with
junction gaps of only a few nm. Electron oscillations in the nanodevice
were traced by recording photo-assisted tunnelling currents. The
plasmon oscillations show a noninstantaneous response to the driving
electric field of the laser pulses with a T2 decay time of ~8 fs.
The spectral phase of the plasmonic field is highly dispersive in close
agreement with a classical harmonic oscillator driven at its resonance
frequency. Furthermore, we show that the contributions of linear and
nonlinear electron oscillations in the generated photo-assisted tun-
nelling currents can be precisely deciphered and sampled in real-time.

Phase control of plasmonoscillations directly in the timedomain in the
quantum nanodevice is also demonstrated.

Results
Real-time sampling of coherent collective electron oscillations
In our experiments, arrays of seven identically designed Au bowtie
nanoantennas (Fig. 1a) of ~300nm size (isosceles triangle) with junc-
tion gaps of a few nm fabricated on top of a fused silica substrate (see
Methods for details) were illuminated with two ultrashort laser pulses
(pulseduration, τP ~ 7 fs) of slightly different carrier frequencies. Fig. 1b
shows a scanning electron microscope (SEM) image of seven Au
bowtie nanoantennas. The plasmonic response of these nanoantennas
as a function of the incident laser wavelength and the spatial dis-
tribution of the localfield enhancement in the junctionwere calculated
by finite element simulations, as shown in Fig. 1c (see section II in
Supplementary Information for details). Owing to the high field
enhancement at the junctions of the bowtie nanoantennas, plasmon
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Fig. 1 | Nanodevice and optical homodyne beating technique for tracing
coherent oscillations of electrons. a Photograph of the nanodevice. The nano-
device consists of a series of seven connected, identically designed, Au bowtie
nanoantennas fabricated on top of a fused silica substrate. b A scanning electron
microscope (SEM) image of seven bowties. c Numerically calculated plasmonic
response (left panel) of a single Au bowtie (junction size of 10 nm) showing the 2nd

order resonance as deduced from the spatial near field distribution (right panel) at
770nm. The local field-enhancement factor is denoted by the colour code in the
colour bar. In the simulations, the electrical field is polarized along the long bowtie
axis. d Schematic of the experimental set-up: laser pulses with a very small offset

frequency, f0, in their carrier frequencies are generated by selecting the orginal
laser beam E1(nfr) (pulse-2) and first-order diffracted beam E2(nfr + f0) (pulse-1) of
laser pulses (pulse duration τP ~ 7 fs, central wavelength λc ~ 800nm, repetition rate
fr ~ 80MHz) traversing through an acousto-optic frequency shifter (AOFS). Those
two pulses are delayed (τ) and combined, then focused onto the nanodevice.
Photocurrent generated by the laser pulses in the nanodevice is measured by lock-
in detection at the offset frequency of f0. BS Beam splitter. AOFS Acousto Optic
Frequency Shifter. RF generator Radio frequency signal generator. OAPM Off-Axis
Parabolic Mirror.
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oscillations will dominantly be excited when focusing the incident
laser pulses in these nanoantenna junctions. In order to time resolve
the plasmon oscillations induced by the ultrashort laser pulses, we
probe the homodyne beating signal between plasmon oscillations
induced by two ultrashort laser pulses with a very small difference in
their carrier frequencies.

Here, we briefly explain the technique of homodyne beating, a
self-referencing method to measure e.g. the phase of plasmon oscil-
lations that are induced by the laser pulses in the nanoantennas (see
section III in Supplementary Information for details). Ultrashort laser
pulses (τP ~ 7 fs) coming at a repetition rate of ~80MHz (fr) were passed
through an acousto-optic-frequency-shifter (AOFS), which is driven at
the frequency of fr + f0 as shown in Fig. 1d, f0 is ~700Hz. The 1st order
diffraction beam (‘pulse-1’) coming from the AOFS is slightly shifted in
its carrier frequency, by f0, with respect to the carrier frequency of the
incident (original) laser pulses (‘pulse-2’). These two laser pulses are
then combined and focused in the junction of the nanoantennas, as
schematically shown in Fig. 1d. The excited collective electron oscil-
lations in the junction produce a local electric field, which can be
expressed as a convolution of the incident laser field Ei(t) and the
optical response function (R(t)) of the nanoantennas;
ELiðtÞ / EiðtÞ*RðtÞ, where the subscripts, i = 1, 2 denote the twodifferent
laser pulses. The net electricfieldproducedby the electronoscillations
induced by the two laser pulses at the junction of nanoantennas can
then be expressed as;

EðtÞ=
X
n

fEL1ðtÞ expð�inf rtÞ+ EL2ðt � τÞ expð�iðnf r + f 0Þðt � τÞÞ+ c:c:g

ð1Þ

where nfr is the nth (range from ~3.5 × 106 to ~6 × 106) multiple of the
repetition rate of the laser pulses, τ represents the delay between the
two pulses.

Due to the highly localized field enhancement in the nanoantenna
junction, only the electrons close to the junction can be excited on
interaction with photons and tunnel across the junction. A bias voltage
is applied on the anoantenna to facilitate the electron tunnelling pro-
cesses. The mechanism of photo-assisted tunneling in the nanoan-
tenna junction will be discussed later in the text. The single-photon

assisted tunnelling of electrons induced e.g. by the plasmon oscilla-
tions in the nanoantenna junction is proportional to the linear polar-
ization of the system; I1

T ðtÞ / EðtÞ2, which contains terms oscillating
at multiple frequencies. The very high-frequency terms, i.e. twice
the carrier frequencies of the laser pulse, 2nfr and 2nfr + 2f0
(~0.6 × 1015Hz), cannot be lock-in detected. Nevertheless, an inter-
ference term arising due to interference of the plasmon oscillations
induced by the two laser pulses comes at the very small offset fre-
quency of f0 between the laser pulses; I1

T ðtÞ / ELðtÞ2 cosðf 0t +nf rτÞ,
assuming ELðtÞ= EL1ðtÞ= EL2ðtÞ. This interference term contains both
the amplitude and the phase information of the local electric field in
the nanoantenna junction, which allows for a direct characterization of
the plasmon oscillations.

A real-time sampling of the plasmon oscillations induced by the
laser pulses with a total pulse energy of ~100 pJ is shown in Fig. 2a. The
plasmons undergo an oscillation period of ~2.6 fs. Fourier transformof
the time trace in Fig. 2a reveals the spectral shape of the plasmonic
response of the nanoantennas (Fig. 2b), which closely resembles the
spectral shape of the plasmonic response evaluated from the finite
element simulations (Fig. 1c and Fig. S2 of the Supplementary Infor-
mation). A comparison of the spectrum of this plasmonic response
with the spectrum of the incident laser pulses reveals significant
spectral and temporal shaping of the laser pulses in the nanoantenna
junction, as shown in Fig. 2b. A broad plasmonic response of the
nanoantennas (Fig. 1c) implies a very fast damping rate of the induced
plasmon oscillations, in the range of only a few fs36. The decay of the
plasmon oscillations can be seen by a long and asymmetric oscillation
trace on the positive side of the delay axis in Fig. 2a, as indicated by the
black arrows.

Non-resonant excitation of bound electrons in a system is usually
instantaneous, i.e. the electrons will oscillate in phase with the driving
electric field and the oscillations will fade out as soon as the impetus
from the driving field is over37. However, when the electrons are
excited on resonance, their response is delayed with respect to the
driving electric field and it has amuch longer decay time. Such delayed
response of bound electrons has been earlier reported for a dielectric
medium37,38 as well as for an atom39. Furthermore, another key dis-
tinctive feature of the resonant electron oscillations compared to the
non-resonant case is their phase curve along the frequency axis. The
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Fig. 2 | Real-time tracking of coherent collective electron oscillations.
a Variation of the laser-induced photocurrent as a function of the delay between
pulse-1 and pulse-2 laser pulses of slightly different carrier frequencies (Fig. 1d) in a
biased nanodevice, with the bias in the nanoantenna junction being 2.5 V. The
designed gap size of the nanoantennas was 5 nm. b Comparison of the experi-
mental and calculated plasmonic response in the nanoantenna junction. The
dashed-blue and dashed-red curves represent the phases of experimentally

measured and theoretically simulated plasmon oscillations, respectively. The
dotted-black curve shows the spectrum of the incident laser pulses on the
nanoantenna junction. c Comparison of the electric field of ~ 7 fs long driving laser
pulse (dashed black curve) with the theoretically calculated plasmonic field (solid
blue curve). Gray double arrow indicates a delayed response of the plasmon
oscillations with respect to the electric field of the driving laser pulse.
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phase curve around the resonance frequency is very dispersive, and
the phase difference along the two extrema of the resonance fre-
quency is ~π radians.

A bound electronic system, such as plasmons in the
nanoantenna junction with the restoring force from the ions of the
nanoantennas, can be simply modelled as a driven damped harmonic
oscillator40,41. The electric field of the plasmon oscillations (EPl) can be
expressed as;

EPlðtÞ /
Z t

�1

1
ωR

ELaserðt0Þ expð�γðt � t0ÞÞ sinðωRðt � t0ÞÞdt0 ð2Þ

where ωR is the resonance frequency of the plasmons, ELaser is the
electric field of the driving laser pulse, and γ is the intrinsic damping
rate of the plasmonoscillations, which is determined by the bandwidth
of the spectrum of the plasmonic resonance.

Fig. 2c shows a comparison of the calculated plasmonic field,
considering a resonance frequency ωR at ~1.6 eV and a damping rate
γ of ~0.12 fs−1, with the incident electric field of ~7 fs Fourier-limited
laser pulse. This damping rate corresponds to a spectral linewidth
of ~160meV of the plasmonic response, which is in agreement with
the calculations using finite element simulations. The local electric
field resulting from plasmon oscillations as measured in the experi-
ment is in good agreement with the calculated plasmonic field as
shown in Fig. 2c. A long tail associated with the damping of the plas-
mon oscillations along the positive delay axis can be clearly seen,
which decays on the time scale of ~8 fs (T2 decay time). A direct
comparison of the experimentally measured plasmon oscillations,
the electric field of the driving laser pulse, and the calculated
plasmonic field is shown in Fig. S3 of the Supplementary Information.
The simulation also shows that the peak electric field of the plasmon

oscillations is delayed by ~3 fs with respect to that of the driving laser
pulse (Fig. 2c).

The spectrum and the phase of the plasmon oscillations as cap-
tured in the experiment are contrasted with those obtained from cal-
culations (obtained by Fourier transform of EPl) in Fig. 2b. Plasmons
undergo a spectral phase shift of nearly π radians across its resonance
curve as also consistent with the model. The spectrum of plasmon
oscillations as simulated from the model is also in good agreement
with the measurement. This consistency further attests the validity of
the simple damped harmonic oscillatormodel describing the plasmon
oscillations as measured in the experiments, and transparently
demonstrates the capability of our technique to time resolve ultrafast
plasmon oscillations. In addition to allowing access into the near-field
plasmon oscillations (EPl), an inversion of Eq. (2) also enables a direct
measurement of the far field of the driving laser pulse.

Unravelling linear and nonlinear contributions in light-matter
interaction
At higher field strength of the incident laser pulses, nonlinear electron
oscillations induced by higher order polarization responses of the
nanoantenna junction set in due to the strong plasmon-enhanced
light-matter interaction42 (see section III in the Supplementary Infor-
mation). Fig. 3a shows the temporal evolution of the local second-
order nonlinear oscillation of electrons induced at a total pulse
energy of ~200 pJ. The photocurrent generated in the nanodevice
due to the second-order nonlinear polarization response of the
nanoantennas can also be measured with the homodyne beating
technique; I2

T ðtÞ / EðtÞ2Eðt � τÞ2ð1� cosð2f 0t +2nf rτÞÞ. A lock-in
detection of the photocurrent signal at twice the offset frequency
(2f0) enables temporal sampling of the second-order nonlinear elec-
tron oscillations in the junction; entailing its complete phase
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a, b Variation of the laser-induced photocurrent as a function of the delay between
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respectively. The bias in the nanoantenna junction is 3.0 V. c Spectral response of
the time-resolved electron oscillations in a (red-curve). d Spectral response of
the time-resolved electron oscillations in (b) (green-curve). eMeasured variation of
the photo-assisted tunnelling current as a function of increasing field-strength of
the incident laser pulses (top x-axis) on the nanodevices. Violet and red-points

show the variation of the photocurrent signal measured with the lock-in detection
frequency of f0 and 2f0, respectively. Measurements were performed at the zero-
delay between pulse-1 and pulse-2 (Fig. 1d). Peak-field strength refers to the max-
imum of the net electric field produced by the two pulses. Black-points show the
variation of the total photo-assisted tunnelling current generated in the nanode-
vice. Dashed green and orange curves indicate a slope of one (linear) and two
(quadratic) in the dual logarithmic plot. Error bars represent the standarddeviation
of the signal from ten consecutive measurements.
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information. At higher pulse energy, ~300 pJ, the third-order nonlinear
oscillations of electrons, induced by three-photon absorption, can be
recorded as shown in Fig. 3b; measured by performing lock-in detec-
tion at 3f0 frequency. However, the measurements at such high laser
pulse energies are not very stable as the nanodevice is prone to phy-
sical damage, which can be induced by electromigration or field
evaporation19. Theoscillationperiods of nonlinear electronoscillations
for the case of 2nd and 3rd order optical responses are ~1.3 fs and ~0.9 fs,
respectively. The spectral responses of 2nd and 3rd order nonlinear
electron oscillations reveal a significant spectral shaping due to the
multi-photon interactions in the nanoantenna junction, as shown in
Figs. 3c, d.

In the weak-field or perturbative regime, light-matter interaction
is usually characterized by a power-scaling experiment, wherein a
physically relevant quantity is measured as a function of increasing
intensity of the laser pulses. A nth order nonlinearity implies
the interaction with n number of photons to be dominated43,44.
Nevertheless, n − 1 and n − 2 photon orders in the light-matter inter-
action do not cease to exist, but their contributions are harder to
access. A technique capable of deciphering the contribution of
all photon-channels (linear and nonlinear polarizations) at a
particular intensity of the laser pulse in the process of light-matter
interaction is considerably sought after. Here, we demonstrate
the technique of homodyne beating as a powerful tool to precisely
decipher the contributions of different photon channels in the
light-matter interaction.

The variation of the total photocurrent generated by the laser
pulses in the junction of the nanoantennas as a function of increasing
intensity is shown in Fig. 3e (black data points), measured by intensity
modulation (at ~520Hz) of laser pulses. In a dual logarithmic plot, the
scaling of the total photocurrent shows a switch from a linear scaling
(slope of 1) at lower intensities to a quadrating scaling (slope of 2) at
higher intensities of the laser pulses, indicating the contributions from
both linear and nonlinear polarization responses of the nanoantenna
junction at higher intensities. In order to disentangle the contributions
of the different photon-channels, the variation of the photocurrent
signal at zero delay between pulse-1 and pulse-2 (Fig. 1d) was measured
as a function of intensity of the laser pulses for two different frequencies
in the lock-in detection, f0 and 2f0, as shown in Fig. 3e. The scaling of the
lock-in signal at f0 frequency is similar to the behaviour of the total
photocurrent, since this signal can arise from both linear as well as local
nonlinear polarization responses of the nanoantenna junction (with a
prefactor of 0.5, see section III in Supplementary Information for
details). However, the signal at 2f0 frequency can only arise from the
second-order nonlinear polarization response (with a prefactor of 1/8).
Thus, its scaling with respect to the intensity of the laser pulse is purely
quadratic. This change from linear (dashed green curve) to quadratic
(dashedorange curve) behaviour in the scaling of the total photocurrent
signal occurs at the similar local field strength of the laser pulses where
the signal at 2f0 frequency starts emerging, as indicated by a vertical
black-dashed curve in Fig. 3e. Thus, demonstrating a direct measure-
ment of the contribution of the 2nd order light-induced polarization
response (nonlinear electron oscillations). We note that the pulse
energies were kept below ~220 pJ in the measurement to avoid damage
of the nanoantennas. The contribution of photocurrent at 3f0 frequency
is too weak to be reproducibly determined, but in principle, can be
measured with our technique. The local structures in the nanoantennas
are unaffected during the intensity dependence measurement (Fig. 3e)
as confirmed by the reproducibility-check measurements (see Fig. S6 in
Supplementary Information). In conclusion, by recording the homo-
dyne beating signal at f0 and its harmonic frequencies (2f0 and higher),
we can precisely determine the contributions of linear and nonlinear
electron oscillations (polarization responses) in the generated tunnel-
ling currents in the nanodevice.

Photo-assisted electron tunnelling in the nanoantenna junction
In the following, we discuss the mechanism of photocurrent generation
in the junction of theAubowtie nanoantennas. Thedetermination of the
contributions of one- and two- photon processes in the power scaling
measurements of the photocurrent signal in Fig. 3e excludes the
mechanism of laser field-driven tunnelling in the nanoantenna junction,
where a much less nonlinear power-dependent behaviour is expected.
Besides, the Keldysh parameter for our pulses at the nanoantenna
junction is above 4, where the laser field-driven tunnelling effects are
virtually absent44. In order to understand themechanism underlying the
photocurrent generation, we measured the variation of the photo-
current signal at f0 frequency as a function of the increasing bias voltage
applied in the nanoantenna junction, as shown in Fig. 4a. The photo-
current signal shows an extremely nonlinear dependence on the applied
bias in the junction. Therefore, over-the-barrier photoemission44 can be
excluded, as it would be virtually insensitive to the small biases applied
in the junction.Moreover, the electrons excited by plasmon oscillations,
following photoexcitation by laser pulses, can be up to approximately
1.6 eV above the Fermi level of Au, but, still significantly below the
tunnelling barrier of Au (~5 eV) and cannot induce photoemission
(photocurrent) in the measurement.

Here, we describe photocurrent generation by a simple model
accounting for tunnelling of electrons across the nanoantenna junc-
tion with an effective Fermi electron distribution45 that is photo-
excited by the laser pulses, as shown schematically in Fig. 4b. In the
case of photo-assisted tunnelling46, electrons from one side of the
junction are photo-excited via one-, two- or three-photon absorption
and then tunnel to the other side through a reduced effective tun-
nelling barrier. The calculated electron tunnelling probability as a
function of increasing bias (see section V in Supplementary Informa-
tion) for a junction of gap-width of ~1.2 nmmatches quite well with the
experimentally measured nonlinearity of the photocurrent signal
(Fig. 4a). The junction (tunnel) gap of ~1.2 nm is significantly bigger for
any DC tunnelling (below 5 V) but not for photo-assisted tunnelling.
Using scanning electron microscopy we found that the fabricated
junction gap of a single bowtie can be as small as 8 nm. Smaller gap
sizes may occur but could not be resolved with the available SEM. The
deviations between the designed and the actual junction gap sizes of
the nanodevice can result from the exposure characteristics of the
resist during thenanofabrications, or the electromigrationofAu atoms
in the nanoantenna junction19. It is worth mentioning that the mea-
surements performedwith single bowtie nanoantennadevices (Fig. S5)
give similar results as compared to the series of seven identical bowtie
nanoantennas (Figs. 2 and 4).

Real-time phase control of localized plasmon oscillations
We illustrate that the collective electron oscillations induced by the
laser pulses can be coherently controlled by varying the CEP of the
laser pulses, directly in the time domain. A modulation of the CEP of
the laser pulse controls the CEP of the laser-induced polarization,
which in turn coherently modulates the CEP of the driven plasmon
oscillations. As the technique presented in this work is a self-
referencing technique, we probe linear plasmon oscillations induced
in the junction of the nanoantennas by varying the CEP of one of
the laser pulses (pulse-1 in Fig. 1d), while keeping the CEP of the other
pulse fixed (pulse-2 in Fig. 1d). The CEP of the 1st order diffracted pulse
(pulse-1) is controlled by varying the phase of the radio frequency
phase-shifter (see section III in Supplementary Information) driving
the AOFS. Fig. 5a shows the temporal evolutions of plasmon (electron)
oscillations as a function of the varying CEP of pulse-1. Four repre-
sentative traces at the CEP of 0, 0.5π, π, and 1.5π are shown in Fig. 5b.
Phase control of plasmon (electron) oscillations as evident by a linear
movement of the maxima of the oscillations on change of the CEP can
be clearly seen in Fig. 5a, b.
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Discussion
Direct measurement of light-waves can enable the study of quantum
properties of ultrashort pulses, e.g. quantum fluctuations associated
with the ground state of the electric field and squeezing of light. By
utilizing the technique of optical homodyne beating, the electronic
polarization response of a single molecule trapped in the junction of
the nanodevice can be traced in the time-domain47; this polarization
response will have the fingerprints of molecular electronic and vibra-
tional levels. The capability to coherently trigger, measure and control
collective electron oscillations and the associated coherent multi-
photon processes opens new prospects for understanding strong
light-matter interaction in solids directly in the time domain as well as
pave the way towards on-chip light-wave electronics at petahertz
switching and read-out frequency31,48.

Methods
Nanodevice fabrication
The devices were fabricated on fused silica substrates using electron
beam lithography, evaporation, and lift-off techniques. One device
consists of ten arrays, each containing seven bowties with identically
designed geometric dimensions and junctions, (see Fig. 1 in the main-
text). In the design, the opposing isosceles triangles (triangle height of
300nm, base of 250 nm) forming the bowtie are separated by gap
sizes of 10 nm, 5 nm, 0 nm, and −5nm. The designed sizes of the
junctions, e.g. 5 nm, are identical for all bowties in one array. Negative
gap sizes indicate merged (overlapping) triangles. Please note that
the fabricated gap sizes will differ from the designed values due to the
proximity effect and exposure characteristics of the resist. Addition-
ally, the fabricated junction gaps will differ in size within one array due
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to the same reasonsmentioned above. Thus, differently sized junction
gaps and/or connected bowties may exist within the same array even
though they have identical sizes in the design. The electrical connec-
tions are fanned out allowing to electrically connect and address every
bowtie array individually. In addition, two bowtie arrays are replaced
by a rectangle of 1 x 3.5 microns (short cut scenario) allowing for
electrical reference measurements.

For nanofabrication, 80 nm of CSAR 62 resist (Allresist) was spin-
coated on a fused silica substrate (10mmx 10mm) and baked for 60 s
at 180° C. To avoid charging during electron exposure with the Raith
Eline Plus system, a layer of ESPACER 300Z (Showa Denko, Singapore)
was spin-coated (5000 rpm for 60 s) on top of the CSAR 62 resist. The
patterning of the nanostructures (bowties and 30 nmnarrow electrical
connections, see electronmicrograph in Fig. 1) was performed with an
electron beam energy of 20 keV, a current of 0.02 nA and a dose of
130 µC/cm−2. To fabricate nanometer-sized gaps, corrections for the
proximity effect were included in the design process and the move-
ment of the electron beam was optimized. The micro- and millimeter-
sized structures (contact pads and electronic connections, see image
in Fig. 1, main-text) were patterned in the same exposure step with the
same energy and dose, but a larger electron current (9.5 nA). After
exposure, the conducting ESPACER was removed in ultrapure water
(2 s). Subsequently, the resist was developed in AR 600-546 (Allresist)
for 60 s, stopped in AR 600-60 (Allresist) for 30 s and immersed in
propan−2-ol for 30 s. Using electron beamevaporation at a pressure of
5 × 10−7 mbar, a chromium (Cr) adhesion layer of 3 nm followed by
30nm of gold (Au) has been deposited on the developed sample. Lift-
off in N-Ethyl-2-pyrrolidon (Allresist) at 80 °C was performed for at
least 8 h, to remove the gold-covered and non-exposed CSAR resist
and reveal the fabricated structure.

Experimental set-up
In our experiments, CEP-stable ultrashort laser pulses were split
into two arms of theMach-Zehnder interferometer (Fig. 1d in themain-
text) by a beam splitter (BS). Laser pulses in one arm of the
interferometer were loosely focused onto an acousto-optic-frequency-
shifter (AOFS) by a bi-convex lens of a focal length of ~25 cm. A
transverse radio frequency wave of frequency fr + f0 (~80MHz +
700Hz) runs through the AOFSwith the average power of the incident
laser pulses being ~300mW. The fused silica AOFS of 20mm thickness
is driven by an arbitrary waveform synthesizer and the power of the
radio frequency (RF) wave is amplified by an RF amplifier up to ~2W.
The temporal dispersion of the laser pulses acquired on traversing
through the dispersive medium of the AOFS was pre-compensated
by multiple reflections off the surface of two pairs of double-angled
chirped dielectric mirrors before traversing through the AOFS.
The 0th order diffracted beam out of the AOFS is blocked, whereas the
1st order frequency upshifted laser beam (see also section II) is com-
bined with the laser pulses from the other arm of the interferometer.
In order to have identical temporal profiles of the incident laser
pulses from the two arms of the interferometer, a block of fused silica
glass of ~20mm thickness was added in the other beam path,
(Fig. 1d, main-text) to induce the same amount of dispersion in the
laser pulses as for the pulses traversing through the AOFS. The laser
pulses were characterized with non-collinear second-harmonic
frequency-resolved optical gating (FROG) measurements to make
sure that the laser pulses incident on the bowtie nanoantennas
were transform-limited in their temporal duration (see Fig. S1 in
Supplementary Information).

The two combined laser pulses (pulse-1 and pulse-2 in Fig. 1d,
main-text) are then focused by an off-axis parabolic mirror (OAPM)
of focal length ~2.5 cm to the bowtie nanoantenna device mounted
on a precision 3D stage. Markers in the nanodevice and a high
zoom objective (10× ) placed behind the nanodevice enable the
precise positioning of the nanoantenna junction in the laser focal spot

(~10 μm diameter). The photo-assisted tunnelling current induced by
the ultrashort laser pulses in the nanoantenna junction is amplified by
a high gain (× 109V/A) current amplifier (Femto, DLPCA-200) and
measured with a lock-in amplifier.

Data availability
The data that support the findings of this study are available from the
corresponding author on request.

Code availability
The codes used for the DFT simulations in this study are available from
the corresponding author on request.

References
1. Maier, S. A. et al. Plasmonics - A route to nanoscale optical devices.

Adv. Mater. 13, 1501–1505 (2001).
2. Jiang, N. N., Zhuo, X. L. & Wang, J. F. Active plasmonics:

principles, structures, and applications. Chem. Rev. 118,
3054–3099 (2018).

3. Barbry, M. et al. Atomistic near-field nanoplasmonics: reaching
atomic-scale resolution in nanooptics. Nano Lett 15,
3410–3419 (2015).

4. Schotz, J. et al. Onset of charge interaction in strong-field photo-
emission from nanometric needle tips. Nanophotonics-Berlin 10,
3769–3775 (2021).

5. Forg, B. et al. Attosecond nanoscale near-field sampling. Nat.
Commun. 7, 11717 (2016).

6. Dombi, P. et al. Strong-field nano-optics. Rev. Mod. Phys. 92,
025003 (2020).

7. Zhang,R. et al. Chemicalmappingof a singlemolecule byplasmon-
enhanced Raman scattering. Nature 498, 82–86 (2013).

8. Bionta, M. R. et al. On-chip sampling of optical fields with attose-
cond resolution Nat. Photon 15, 787–787 (2021).

9. Rybka, T. et al. Sub-cycle optical phase control of nanotunnelling in
the single-electron regime. Nat. Photon. 10, 667–670 (2016).

10. Putnam, W. P., Hobbs, R. G., Keathley, P. D., Berggren, K. K. &
Kartner, F. X. Optical-field-controlled photoemission from plas-
monic nanoparticles. Nat. Phys. 13, 335–339 (2017).

11. Blochl, J. et al. Spatiotemporal sampling of near-petahertz vortex
fields. Optica 9, 755–761 (2022).

12. Herink, G., Solli, D. R., Gulde, M. & Ropers, C. Field-driven photo-
emission from nanostructures quenches the quiver motion. Nature
483, 190–193 (2012).

13. Kruger, M., Schenk, M. & Hommelhoff, P. Attosecond control of
electrons emitted from a nanoscale metal tip. Nature 475,
78–81 (2011).

14. Piglosiewicz, B. Carrier-envelope phase effects on the strong-field
photoemission of electrons from metallic nanostructures. Nat.
Photon. 8, 79–79 (2014).

15. Ludwig, M. et al. Sub-femtosecond electron transport in a nanos-
cale gap. Nat. Phys. 16, 341–345 (2020).

16. Liu, Y. Y., Beetar, J. E., Nesper, J., Gholam-Mirzaei, S. & Chini, M.
Single-shot measurement of few-cycle optical waveforms on a
chip. Nat. Photon. 16, 109–112 (2022).

17. Fischer, M. P. et al. Field-resolved detection of the temporal
response of a single plasmonic antenna in the mid-infrared.Optica
8, 898–903 (2021).

18. Heide, C. et al. Electronic coherence and coherent dephasing in the
optical control of electrons in graphene. Nano Lett 21,
9403–9409 (2021).

19. Yang, Y. J. et al. Light phase detection with on-chip petahertz
electronic networks. Nat. Commun. 11, 3407 (2020).

20. Kravets, V. G., Kabashin, A. V., Barnes, W. L. & Grigorenko, A. N.
Plasmonic surface lattice resonances: a review of properties and
applications. Chem. Rev. 118, 5912–5951 (2018).

Article https://doi.org/10.1038/s41467-024-45564-w

Nature Communications |         (2024) 15:1316 7



21. Lin, Y. B., Zou, Y. & Lindquist, R. G. A reflection-based localized
surface plasmon resonance fiber-optic probe for biochemical
sensing. Biomed. Opt. Express 2, 478–484 (2011).

22. Kauranen, M. & Zayats, A. V. Nonlinear plasmonics. Nat. Photon. 6,
737–748 (2012).

23. Panoiu, N. C., Sha, W. E. I., Lei, D. Y. & Li, G. C. Nonlinear optics in
plasmonic nanostructures. J. Optics UK 20 (2018).

24. Butet, J., Brevet, P. F. & Martin, O. J. F. Optical second harmonic
generation in plasmonic nanostructures: from fundamental princi-
ples to advanced applications. ACS Nano 9, 10545–10562 (2015).

25. Dabrowski, M., Dai, Y. N. & Petek, H. Ultrafast photoemission elec-
tron microscopy: imaging plasmons in space and time. Chem. Rev.
120, 6247–6287 (2020).

26. Davis, T. J. et al. Ultrafast vector imaging of plasmonic skyrmion
dynamics with deep subwavelength resolution. Science 368,
386 (2020).

27. Huber, M. A. et al. Femtosecond photo-switching of interface
polaritons in black phosphorus heterostructures.Nat. Nanotechnol.
12, 207–211 (2017).

28. Wagner, M. et al. Ultrafast dynamics of surface plasmons in InAs
by time-resolved infrared nanospectroscopy. Nano Lett. 14,
4529–4534 (2014).

29. Dai, Y. A. et al. Plasmonic topological quasiparticle on the nano-
metre and femtosecond scales. Nature 588, 616 (2020).

30. Dreher, P., Janoschka, D., Frank, B., Giessen, H. &Heringdorf, F. J. M.
Z. Focused surface plasmon polaritons coherently couple to elec-
tronic states in above-threshold electron emission.Commun. Phys-
Uk 6 (2023).

31. Boolakee, T. et al. Light-field control of real and virtual charge
carriers. Nature 605, 251–255 (2022).

32. Garg, M. et al. Multi-petahertz electronic metrology. Nature 538,
359–363 (2016).

33. Steinmeyer, G. A review of ultrafast optics and optoelectronics. J.
Opt. A. Pure Appl. Op. 5, R1–R15 (2003).

34. Sommer, A. et al. Attosecond nonlinear polarization and light-
matter energy transfer in solids. Nature 534, 86–90 (2016).

35. Sederberg, S. et al. Attosecond optoelectronic field measurement
in solids. Nat. Commun. 11, 1–8 (2020).

36. Csete, M., Szenes, A., Vass, D., Banhelyi, B. & Dombi, P. Few-cycle
localized plasmon oscillations. Sci. Rep. 10, 1–10 (2020).

37. Hofmann, M. et al. Noninstantaneous polarization dynamics in
dielectric media. Optica 2, 151–157 (2015).

38. Hui, D. et al. Attosecond electron motion control in dielectric. Nat.
Photon. 16, 33 (2022).

39. Hassan, M. T. et al. Optical attosecond pulses and tracking the
nonlinear response of bound electrons. Nature 530, 66–70 (2016).

40. Zuloaga, J. & Nordlander, P. On the energy shift between near-field
and far-field peak intensities in localized plasmon systems. Nano
Lett. 11, 1280–1283 (2011).

41. Song, H. B., Lang, P., Ji, B. Y., Song, X. W. & Lin, J. Q. Controlling
the dynamics of the plasmonic field in the nano-femtosecond scale
by chirped femtosecond laser pulse. Opt. Mater Express 11,
2817–2827 (2021).

42. Reutzel, M., Li, A. D. & Petek, H. Coherent Two-Dimensional Multi-
photon Photoelectron Spectroscopy of Metal Surfaces. Phys Rev X
9, 011044 (2019).

43. Schafer, K. J. & Kulander, K. C. High harmonic generation from
ultrafast pump lasers. Phys. Rev. Lett. 78, 638–641 (1997).

44. Krausz, F. & Ivanov, M. Attosecond physics. Rev. Mod. Phys. 81,
163–234 (2009).

45. Simmons, J. G. Generalized formula for the electric tunnel effect
between similar electrodes separated by a thin insulating film. J.
Appl. Phys. 34, 1793–1803 (1963).

46. Schroder, B. et al. Controlling photocurrent channels in scanning
tunneling microscopy. New J. Phys. 22, 033047 (2020).

47. Garg, M. et al. Real-space subfemtosecond imaging of quantum
electronic coherences in molecules. Nat. Photon. 16,
196–202 (2022).

48. Hui, D. et al. Ultrafast optical switching and data encoding on syn-
thesized light fields. Science Advances 9, 1–7 (2023).

Acknowledgements
We thank Javier Aizpurua, Andrey Borissov and Shaoxiang Sheng for
fruitful discussions, and Wolfgang Stiepany and Marko Memmler for
technical support. A.M.J acknowledges the Alexander von Humboldt
Foundation for financial support.

Author contributions
M.G. conceived the project and designed the experiments. K.K. super-
vised the project. Y.L., M.G., A.M.J built the experimental set-up, per-
formed the experiments and analyzed the experimental data. F.N. and
N.L. contemplated the design of the nanodevices and fabricated the
nanodevices. F.N. performed the finite element analysis simulations. All
authors interpreted the results and contributed to the preparation of the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45564-w.

Correspondence and requests for materials should be addressed to
Manish Garg.

Peer review information Nature Communications thanks Giulio Cerullo,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-45564-w

Nature Communications |         (2024) 15:1316 8

https://doi.org/10.1038/s41467-024-45564-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Real-time tracking of coherent oscillations of electrons in a nanodevice by photo-assisted tunnelling
	Results
	Real-time sampling of coherent collective electron oscillations
	Unravelling linear and nonlinear contributions in light-matter interaction
	Photo-assisted electron tunnelling in the nanoantenna junction
	Real-time phase control of localized plasmon oscillations

	Discussion
	Methods
	Nanodevice fabrication
	Experimental set-up

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information


