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The dynamics of an electronic wavefunction often have non-trivial

consequences onits spatial distribution, for example, during tunnelling or
chemical bond formation. Yet, revealing spatio-temporal coupling requires
ultrafast videography at the intrinsic size of electronic wavefunctions, at

the so-called space-time limit. Here we experimentally access the intrinsic
quantum motion of individual electrons at the space-time limit while they are
tunnelling through an energy barrier, using atomic-scale lightwave-driven
scanning tunnelling microscopy with attosecond time resolution. While
modulating the tunnelling barrier with two time-delayed near-infrared pulses
forming phase-controlled single-cycle waveforms, isolated electron tunnelling
transients shorter than1fsareidentified. The measured spatial extension
depends on the interplay of multi-photon and field-driven dynamics, as
confirmed by full quantum simulations. We experimentally localize the
attosecond-confined tunnelling wave packet on the angstrom scale and use it
to map asingle copper adatom onasilver surface. This fusion of attosecond
science with atomic-scale scanning tunnelling microscopy makes it possible to
study wavefunction dynamics inside atoms, molecules and solids.

Inquantum mechanics, aspatially localized electron (uncertainty, Ax)
is described by awave packet containing abroad momentum distribu-
tion of width Ap bounded by Heisenberg’s uncertainty product
Ax x Ap > #/2.1tis, thus,impossible to localize an electron simultane-
ouslyinrealand momentum space with arbitrary precision. By contrast,
there is no uncertainty product between time and space. Hence, one
might assume that preparing the temporal structure of awavefunction
(width, At) leaves its spatial extent (Ax) unaffected. Yet At and Ax are
oftencoupledinnon-trivial ways whenelectrons are subject to ultrafast
changes?®. For the prototypical situation of an electron tunnelling
through an energy barrier, the Kramers—Henneberger theorem** shows
thatatime-dependent tilt of the barrier—asimposed by phonons®°or
external fields" *—has the same effect as a dynamic spatial displace-
ment. Hence, the spatial shape of the wavefunction may also be dra-
matically affected depending on the modulation frequency (Fig.1a,b).

Dynamical reshaping of real-space wavefunctions is believed
to play a crucial role also in the making and breaking of chemical

bonds®, where ionic motion or electromagnetic fields change the
energy landscape. In prospective petahertz electronics, ultrafast
acceleration of Bloch electrons through a crystalline solid can lead to
interband quantum interferences expected to reshape the real-space
wavefunctions??. Inside atoms, electrons approaching the nucleus can
beaccelerated so strongly that the effective blur of the real-space wave-
function caused by Zitterbewegung changes their fine structure. Yeta
direct observation of this class of non-trivial spatio-temporal coupling
is extremely challenging asit requires ultrafast atomic-scale videogra-
phy resolving the space-time volume of the wavefunction, often also
referred to as the space-time limit?., Ultrafast microscopy has tracked
elementary dynamics onever shorter scales>****, Lightwave-driven
scanning tunnelling microscopy (STM) inthe terahertz (THz) spectral
range has enabled slow-motion imaging of molecular orbitals and
defect states”” with a resolution of ~100 fs (refs. 12,13) or even 30 fs
(ref. 27). On these timescales, electrons follow the nuclear motion
instantaneously according to the Born-Oppenheimer approximation,
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Fig.1| Attosecond lightwave STM. a, Quantum mechanical wave packet ¢(x, t)
scattering at abarrier (red transparent sheet) in the presence of a time-
dependent electric field £ (¢) (red wave). The field E(¢) oscillates on a timescale 7
larger than the encounter time 7, of ¢ at the barrier. The spatio-temporal
structure of the transmitted g is therefore almost unaffected. b, Analogous
situation, but for 7; < 7,. The temporally confined interactionimprints a
non-trivial spatio-temporal structure on the transmitted ¢. ¢, Schematic set-up:
two spectrally distinct NIR pulses with variable delay time 1 are focused onto the
sharp metal tip of a scanning tunnelling microscope. The bias voltage Vg is
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applied to the sample with respect to the tip. The CEP-dependent part /cgo of the
total tunnelling current /pc is extracted. d, The normalized intensity spectra of
the two incident NIR pulses show no overlap, excluding spectral interference
between them. The spectral phase (grey) is flat across most portions of the
spectrum. e, Resulting single-cycle electric field waveform (FWHM = 5.2 fs) at

7 = 0 fsand ¢ = 0 featuring a pronounced field asymmetry with a peak electric
field strength of up to 7.6 MV cmin the far field. Grey curve: field envelope.
Inset: electric field transients for ¢ = 0 (red) and ¢ = T (darkred) of the
grey-shaded regionaround¢t=0fs.

and dynamical reshaping can be neglected. A direct observation of
single-electronmotion at their intrinsic timescale requires wave packet
control within1fs or faster®™,

Here we develop sub-femtosecond lightwave-driven STM to sculpt
andtracethe space-time volume of an attosecond electronic wavefunc-
tion. Using a two-colour pump-probe scheme with phase-controlled
near-infrared (NIR) single-cycle fields, we directly reveal optically
driven wavefunction dynamics faster thana cycle of light. Intriguingly,
the volume of single tunnelling electrons depends sensitively on the
interplay of multi-photon and field-driven dynamics, as confirmed
by full quantum dynamical simulations. We experimentally identify
conditions for maximally compact electron wave packets, which allow
us to combine attosecond and atomic-scale resolution in real-space
microscopy, for the first time.

Preparation of attosecond wave packets

To prepare compact electronic wave packets, we extend the concept
oflightwave-driven STM to the intrinsic timescale of electronic motion
illustrated in Fig. 1a,b. Single-cycle light pulses are focused onto the
tunnelling junction of an STM (Fig. 1c). Previously, THz biasing has
drivenelectronsin the strong-field regime (characterized by aKeldysh
parameter k < 1; Methods, ref. 32) to tunnel across the tip-sample
junction during the field crest of the most intense oscillation
half-cycle®*2*1718 Upscaling the carrier frequency by two orders of
magnitude from1THzto an NIR frequency of -190 THz may naively be
expected to downscale the time window for tunnelling ininverse pro-
portion from ~100 fs to 0.5 fs. Sub-femtosecond charge transfer has

indeed been explored in nanostructures® * or attosecond field emis-

sion from metallic nanotips®*°. Yet the electrons may no longer react
instantly to the field owing to, for example, photon-assisted
tunnelling processes*'.

This crossover regime, whichis characterized by k ~ 1(Methods),
canleadtointriguing correlations between the temporal and the spatial
structure of the electronic wave packet. We explore these dynamics by
focusing NIR pulses onto the tip-sample junction of alow-temperature
STM and recording the light-induced tunnelling current (Fig. 1c).
Importantly, the NIR light constitutes a critical thermal load on the
tip-sample junction. Slight variations of the pulse energy introduce
modifications of the tunnelling current that can exceed the coveted
lightwave-driven current by many orders of magnitude (Methods and
Extended Data Fig. 1). Thermal artefacts can be excluded by keeping
therelative fluctuations of the laser power below 10 (Methods), pre-
cluding beam chopping for signal retrieval .

We introduce a novel modulation scheme to separate the
lightwave-driven tunnelling currents from trivial background effects:
using a newly developed Er:fibre laser system (Methods), we rapidly
modulate the carrier-envelope phase (CEP), ¢, of the optical wave-
forms. Our design based on an acousto-optic phase shifter followed
by afibre amplifier and a highly nonlinear optical fibre eliminates power
fluctuations and keeps both the beam pointing and the spectral phase
of the pulses stable (Methods). The above-octave-spanning spectral
intensity and phase after pulse compression (Fig. 1d) define two
well-separated pulses centred at v.=164 THz (purple) and 249 THz
(orange), whose mutual delay T can be tuned with attosecond precision.

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-026-01932-0

(pA)

max
CEO

)

150
& (pJ)

leeo (PA)

W

Delay time, 7 (fs)

Apeeo (M) T

Fig. 2| Evolution of lightwave-driven tunnelling currents with delay time 7.
a, CEP-modulated tunnelling current /cgg as a function of 7 for various pulse
energies £,=171p), 93 pJ, 55 p) and 36 pJ (colour coded from dark to light blue,
I,c =100 pA, V3 =200 mV). For 7 = O fs, the maxima of the envelopes of both NIR
pulses coincide in time. Grey lines: positions of current minimafor ¢, =93 p).
Datasets for low pulse energies are multiplied by a constant factor asindicated.
Leftinset: zoom-in of /g for £,=171 p). Red and purple vertical lines and arrows
mark exemplary sub-femtosecond features. Right inset: nonlinear scaling of the
peak value of Icgo(7) with the pulse energy £,.. b, Phase difference A, after
subtracting alinear slope from the corresponding experimentally measured
phase ¢¢q (€,=171p)). Ad.g, exhibits steps at the positions of the current
minimaina (grey vertical lines). c, Comparison of measured (solid line) and
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simulated (dots) CEP-modulated part of the tunnelling current as a function of 7.
The experiments were taken above a Cu(111) surface with&,=75pJ and V; =0 mV
(setpoint, /=100 pAat ;=200 mV).d, Corresponding phase ¢, of the
experimental (solid line) and simulated (dots) tunnelling current. The theoretical
dataweresshifted in 7,and a constant offset was applied to match the
experimental data. e, Experimental (solid line) and simulated (dots) differential
phase A¢, obtained by subtracting alinear slope (-1t/fs) fromd. f, Electric field
transients (coloured curves, colour code according to c-e) together with their
respective envelopes (grey curves) for different 7. For certain 7, the maximum of
the envelope (dots) exhibits sudden changes in time, explaining the phase jumps
of o (see text).

Alarge-aperture mirror focuses the pulses onto the STM junction.
Because the two NIR pulses do not spectrally overlap, they cannot
interfere, excluding average power modulations as a function of t
(Extended Data Fig. 2). This constant-power CEP-sensitive detection
scheme enables pump-probe type experiments with subcycle resolu-
tion as shown below.

From the spectra of Fig. 1d, we reconstruct the temporal shape of
thefield of both pulses by aninverse Fourier transformup toa constant
CEP offset. For 7 = 0 fs, the superposition of both pulses synthesizes a
waveform (Fig. 1e) with a full-width at half-maximum (FWHM) of the
intensity envelope of 5.2 fs, corresponding to a single optical cycle cen-
tredat190 THz. For ¢ = O, the resulting waveformexhibitsal.36 ratio
betweenthe positive and negative field maxima. Numerical simulations
confirm that the subcycle character of the near-field waveform in the
tip-sample junction is preserved from the incident transient
(Extended Data Fig. 3). In the diffraction-limited focus at the STM tip,
peak electric fields of up to 7.6 MV cm™ are reached (Methods). The
inset in Fig. 1e illustrates two exemplary waveforms with ¢ = 0 and
@ce = m. Theacousto-optic phase shifter sweeps the CEPlinearly intime
as @cg (¢) « 2nfceot, where f = 1kHz is the carrier-envelope offset
frequency (Methods). The CEP-dependent fraction of the tunnelling
current, called /cgo, which is modulated at fi¢q, is detected by lock-in
demodulation, yielding also its phase ¢¢gq inrelationto @ (¢).

Fingerprints of subcycle tunnelling
With this novel scheme, which avoids artefactual signals, we search for
genuine lightwave-driven tunnelling currents on an atomically flat

Ag(100) surface (Extended DataFig.4). Importantly, a stable and highly
reproducible CEP-dependent component of the tunnelling current
emerges (Fig. 2a), proving the existence of subcycle charge transfer.
The stroboscopically measured currents /g (7) for four pulse
energies £,=171pJ, 93 pJ, 55 pJ and 36 p) are qualitatively similar
but scaled in amplitude. /cgo (7) occurs only in the vicinity of 7 =0fs,
where the two pulses overlap to form the most asymmetric waveforms
(Extended Data Fig. 2). Most remarkably, /o (7) exhibits strong
oscillations on asubcycle scale, and reproducible structures down to
sub-femtosecond scales (Fig. 2a, leftinset), which proves the presence
of attosecond current components®***”**#*#* The threshold-like scal-
ing of the maxima of ;o (7) with €, (Fig. 2a, right inset) underpins the
nonlinear character of the tunnelling process.

Notably, the subcycle dynamics also manifest in the phase of
the tunnelling current. For better visibility, Fig. 2b shows Ag . (7)
obtained by subtracting a linear slope from ¢cro(7) (Extended
Data Fig. 4). Ag (1) exhibits steps at the positions of the minima in
Iceo (7) (vertical lines). As we will show below, this structure relates to
the NIR carrier waveforms and their change with 7. The CEP and wave-
form dependence of the current clearly verifies attosecond
tunnelling®?*"**#34¢_On this timescale, electrons are expected to
exhibit a non-instantaneous response that could also non-trivially
convolve temporal and spatial signatures of the wavefunction.

Full quantum theory of NIR-induced tunnelling
While the presence of subcycle, attosecond current components is
directly evident from the experimental observables, we compare our
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Fig. 3| Time-domain DFT simulation of subcycle currents. a, Electric field
transient (red) and its envelope (grey) of an exemplary single-cycle transient

(t =3.4fs, cp = 0and peak field, 1.04 V nm™) used for the TD-DFT simulations
of lightwave-driven currents between two atomic sodium clusters. The
corresponding simulated current transient /(t) = dQ/dt (purple) is confinedtoa
duration of At = 988 as (FWHM). b, Selected snapshots of the spatial distribution
of the simulated relative charge density Ap (t) = p (¢) — po (colour coded in
atomic units) in the tunnel junction (tip-sample distance 16 A), with the
equilibrium charge density p,. Theimages represent a cut through the middle of
the tip and the sample at y = 0. Emerging excitations at t = -24.1fs follow the
geometry of the sodium clusters forming tip (top) and sample (bottom). At

2.0fs

t=-1.7fsand 0.5 fs, a strong shake-up of Ap (t) becomes apparent, while Ap
inside the tunnelling gap indicates the rapid charge transfer at ¢ = 2.0 fs. The
colour scale saturates at 3 x 10~® atomic units (a.u.). ¢, Simulated energy-resolved
change in occupation of electronic states after an excitation of the tip-sample
cluster with a Gaussian pulse (peak electric field, 2.16 Vnm™; centre frequency,
242 THz). States above the Fermi energy Er get transiently occupied. d, In the
photon-assisted lightwave-driven tunnelling regime (Keldysh parameter « ~ 1),
electrons (blue dots) tunnel through the vacuum barrier (Vac.) from the tip to the
sample (Samp.) via pathways (blue arrows) including excited states (dashed
lines) but still see the light-field modulation (red) of the barrier.

results with a full real-space/time-domain quantum theory to micro-
scopically model these processes. We simulated the light-induced
charge transfer between two atomic sodium clusters representing the
tunnelling junction with time-dependent density functional theory
(TD-DFT; Methods), which treats strong-field and multi-photon phys-
ics on equal footing®™*°. The theoretically retrieved CEP-dependent
modulation depth /¢ (7) and its phase ¢ceo(7) faithfully reproduce
the experimental data (Fig. 2c-e). Onthe basis of the excellent theory-
experiment agreement, we use the TD-DFT results to extract the exact
temporal shape of the tunnelling current.

The strong dependence of /g on 7 (Fig. 2¢) is caused by the sen-
sitivity of the electronic wave packet dynamics to the precise shape of
the NIR carrier field. Figure 2f shows the 7-dependent optical wave-
formsthatdrive the current. The peak of /cgg (T =—0.6 fs) is caused by
the single-cycle transient in Fig. 2f, where the influence of the CEP on
light-driven currentsis maximal (Extended DataFig.3).For t =-0.1fs,
the carrier-wave maximumis shifted against the envelope maximum,
creating a CEP offset, which gradually grows with r and underlies the
linear shiftin ¢cgo (7). For T > 0.4 fs, an oscillation node shifts through
the pulse eventually destroying the single-cycle character. At 7 = 0.9 fs
and 1.4 fs, the envelope features two almost equally strong envelope
maxima (purple dots). Under this condition, the CEP has a minimal
effect onthe tunnelling current, explaining the dip in /cgg. For 0.9 fs <
7 <1.4 fs, the maximum shifts from before to after the node. This sud-
den CEP change manifests as astep inthe experimental and computed
Pceo(T), occurring within a few hundred attosecondsin 7 (Fig. 2e).

Time and space uncertainty

With the full quantum theory at hand, we can further follow the wave
packet in space and time while an exemplary field transient (Fig. 3a)
biases the junction. Figure 3b shows four snapshots of the simulated
tip-sample junction during the charge transfer process. The difference

in charge density Ap(t, x, z) with respect to the unperturbed ground
state pg is colour coded (see Supplementary Information for full
movie). When the electric field is still low (¢ = -24.1fs), Ap reflects the
geometry of tip and sample. During the main negative (¢t =-1.7 fs) and
positive (¢ = 0.5 fs) half cycles, astrong shake-up of Ap (¢) evolves, with
Ap occupyingincreasingly more volume. Att=2.0 fs, the wave packet
bridges the gap as indicated by the finite Ap between tip and sample.

The computed time derivative of the corresponding charge trans-
fer represents the tunnelling current (Fig. 3a, purple), which flows
within a time window of slightly less than 1 fs. Most remarkably, the
currentmaximumin Fig. 3ais distinctly delayed by 0.5 fs after the field
maximum and persists up to about 1.5 fs. Unlike in THz-STM on the
10-100 fs scale, the current response in attosecond STM is no longer
instantaneous as the speed of the barrier modulation starts to reach
the response time of the electrons. The retardation of the charge
transfer to the field, which is exclusively revealed by our quantum
simulations, is characteristic of theintermediate light-matter interac-
tion regime, k = 1, and related to the Keldysh time*’. Moreover, the
increasing evanescent Ap extendinginto the vacuum region (Fig. 3b)
hints towards a transient occupation of excited states that lie energeti-
cally close to the vacuum level. This is confirmed by the simulated
change in occupation (Fig. 3¢). Hence, tunnelling at k = 1 occurs as
sketched in Fig. 3d: when the electric field of the single-cycle pulse
(red) tilts the potential between tip and sample, electrons cross the
barrier non-adiabatically via quantum pathways that include excited
statesin tip and sample. These spatially more extended states, which
face reduced tunnelling barriers, can be reached by one- or few-
photon excitations.

Remarkably, the tunnelling barrier is extremely thin, irrespec-
tive of the light field. This scenario differs profoundly from the usual
situation encountered in strong-field-drivenisolated atoms or tunnel-
ling-photoemission from a single electrode, where the width of the
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Forg,<100 p), the decay becomes much steeper (<5 A). The backgroundis given
by the measurement noise floor. Inset: experimental geometry of the tunnel
junction. b, Image of a single Cuadatom on Ag(100) recorded with attosecond
tunnelling currents proving atomic confinement (g, = 93 p)). ¢, Simultaneously
recorded image obtained from Ipc. d, Line cut through b and ¢ (dashed lines)
confirming asimilar lateral resolution for DC and lightwave-induced currents.

triangular tunnelling barrier scales inversely with the bias field, and
the relative strengths of multi-photon and tunnelling processes are
gauged by the Keldysh parameter k (ref. 32). In our experiment, the
tunnelling process can occur inthe strong-field regime or by directional
currents shaped through the interference of few-photon excitation
processes of different orders”. In any case, such photon-assisted tun-
nellingis susceptible to the phase of the junction modulation, that s,
the CEP and waveform of the electric field transient. Photon-assisted
lightwave-driventunnellingintroduces afinite temporal delay, a spatial
spread of the wavefunction and a strongly enhanced tunnelling prob-
ability. Therefore, this scenario closely intertwines temporal signatures
with the spatial structure.

Measuring the size of the attosecond wave packet
Our combination of sub-atomic real-space resolution and attosecond
temporal definition with the well-defined environment of ultrahigh
vacuum allows us to experimentally assess the space-time limit of
single-electron tunnelling. We first measured the vertical decay of the
electron wave packetinthejunction, thatis, the distance dependence
of Icgo (Fig. 4a) by setting 7 to the maximum of /g and retracting the
tip from the sample starting from a defined setpoint (/,c=1nA at
V5 =200 mV). For the highest pulse energy of 171 pJ, Icgo decays by one
order of magnitude within [, = 8.7 A. This decay constant is distinctly
larger than characteristic of steady-state tunnelling at the Fermi level
(I.=1A; Extended Data Fig. 4) and attests to the contribution of excited
electrons with an effectively reduced barrier and more extended
wavefunctions.

The simulated /cgo(A2) faithfully reproduces the experimental
decaylength. Remarkably, [, canbe substantially reduced to 5.8 A, 4.3 A
and 3.8 A, by decreasing the NIR pulse energy to 93 p), 55 p) and 36 pJ,
respectively. This field-dependent variation of the decay length is
similar to the amplitude of the Kramers-Henneberger shift’ obtained
for our experimental parameters (Methods). Our quantum theory
(Fig.4a, dots) confirms these differences to originate fromareduction
of few-photon excitation, which would otherwise delay and delocalize
electrons (Extended Data Fig. 5). Thus, by optimizing control para-
meters, the spatio-temporal sweet spot of sub-femtosecond tunnelling
confined to Angstrom scales in vertical direction is reached.

To experimentally access the critical lateral spread of the wave-
function, we map /g above a single copper adatom on Ag(100). At a
pulse energy of £, =93 pJ, the tip was approached above the centre of
theatomto/,, =100 pAat V; =200 mVandsubsequently raster-scanned
in constant-height mode, which excludes artefacts from a potential
crosstalk between the DC and lightwave-driven currents via the STM
feedback loop (Methods). The simultaneously recorded maps of /o
and /¢ (Fig. 4b,c) clearly resolve the atom; line profiles confirm the
atomic lateral confinement within -6 A (Fig. 4d), proving that the
sub-femtosecond electron tunnelling transients are spatially localized
on the atomic scale. Notably, /cgo decreases above the adatom. The
exact contrast mechanismis currently under investigation. We tenta-
tively assignit to the local decrease in the work function of the sample
above the adatom*®, potentially leading to a locally more symmetric
tunnelling barrier that reduces /cgo. Independently of the detailed
atomistic contrast mechanism, tunnelling is merely determined by the
wavefunction overlap between the initial and final states. Therefore,
our atomically resolved images demonstrate that attosecond electron
pulses can be sculpted into few-A wave packets in all three
spatial dimensions.

Conclusion

Our attosecond/atomic-scale lightwave STM allows us to resolve
the intrinsic space-time limit of electronic wave packets. In a novel
CEP-controlled two-colour pump-probe-like experiment, we study
how temporal driving of an electronic wavefunction across a tunnelling
junction affectsits spatial shape. CEP-and delay time-dependent tun-
nelling currents reveal attosecond electron motion, whose microscopic
dynamics are set by photon-assisted tunnelling. The simultaneous
action of few-photon and strong-field aspects leads to a fascinating
correlation between the delayed timing of the tunnelling electrons
and their spatial extent. In the future, absolute clocking experiments
may further clarify the role of attosecond delays in field-driven tun-
nelling. By tuning the field strength, the electron wave packets can be
confined tobelow1 fsintime and few Ain all three spatial dimensions.
This breakthrough not only enables us to probe the wavefunction’s
extension by imaging a single Cuadatom with attosecond currents; it
also transforms our ability to study and control quantum phenomena
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in molecules, nanoscale devices and correlated materials. Exciting
foundational dynamics that may now become accessible range from
quantum electrodynamic corrections to the Kramers-Henneberger
transformation’, signatures of chaos*” and dynamical transparencies
of tunnelling barriers®® to spatio-temporal correlations of electronic
wavefunctions during the making or breaking of chemical bonds®.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541566-026-01932-0.
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Methods

NIR pump-probe scheme

The femtosecond Er:fibre laser system is based on an offset-free fre-
quency comb (TOPTICA DFC CORE), which outputs a CEP-stable pulse
trainatarepetitionrate of 80 MHz and a central wavelength of 1,560 nm
(refs. 51,52). The CEP control is achieved via an acousto-optic phase
shifter (AOPS)*. The repetition rate of the laser f,., and the radio fre-
quency ofthe AOPS driver fyops arelocked to the samereference clock.
Detuning fyops from f, such that fyops = fiep + fcro Creates alinear
CEPslip Apce = 2nifegot - Subsequently, a dual-stage Er:fibre amplifier
boosts the power to 400 mW, 70% (280 mW) of which are used for
continuum generation in a highly nonlinear optical fibre. Dispersion
compensationis achieved separately for frequency components above
andbelow1,560 nm by means of atwo-branch prism compressor. Razor
bladesin the Fourier plane of both beam paths block the more strongly
structured spectral parts near the central frequency. The end mirror
of the high-frequency prism compressor branch is mounted on a
closed-loop piezoelectric stage with nanometre precision. Thisis used
toadjust therelativearmlength and therefore the pump-probe delay
time 7 between the two pulses. The temporal overlap is monitored with
spectrally resolved sum frequency generation in a 10 pm thin type-l
B-bariumborate crystal. After compression, the pulse energy is tunable
between 36 pJand 171 pJ without altering the spectral content or chang-
ing the dispersion, using custom-built reflective neutral density filters
consisting of thin layers of gold on fused silica. A mirror telescope
including a pinhole in the focus serves to clean the spatial mode and
expands the beam for improved focusing in the STM. A 90° periscope
rotates the polarization vertically to align the polarization with the tip
axis. We performed FROG characterizations of the dispersive and
solitonic parts of the spectrum after the mode cleanup and obtain an
overall uncertainty of 10% for the pulse duration (FWHM), leading to
apulse duration of 5.2 fs + 0.5 fs, for the combined ultrashort pulse.

Attosecond waveform control

The intensity map of Extended Data Fig. 2 shows the envelope of the
field £, asafunction oftime tand 7, illustrating how the superposition
of the two pulses modulates £, . As 7 varies, the field envelope E.,, (t)
alternates between single- and multi-cycle waveforms. Accordingly,
the maximum of the field envelope £12* oscillates with 7 and the carrier

phase at the pulse maximum ¢,,,, exhibits adominantly linear depend-
enceon 7 (Extended DataFig. 2).

Power stability of the dual pulse set-up

The indispensable power stability of the synthesized dual pulse train
while sweeping r was monitored with a photodiode (Extended Data
Fig.2). While the CEP modulation schemeis active, the measured aver-
age power P(7) remains constant (c, black curve). The demodulated
component of the power P at fogo (grey curve) reveals a minute
relative modulation (standard deviation10.2 nW), whichhowever does
notdependonr.

STMset-up and sample preparation

Allmeasurements were performed inside anultrahigh-vacuum cham-
ber (base pressure, p <2 x107° mbar) equipped with a custom-built
low-temperature STM operated at a base temperature of -5K (IHe).
The bias voltage is applied to the sample and the tip is grounded. The
tunnelling current is collected from the tip, routed through a coaxial
cable (length1.2 m) and amplified with a gain factorof G=1x10° VA™
atabandwidth of 1.1 kHz (FEMTO Messtechnik GmbH, DLPCA-200, at
room temperature). We use an electro-chemically etched tungsten
tip. The laser enters the STM chamber through a diamond window.
A custom-designed in situ parabolic mirror with a large numerical
aperture of 0.6 and an effective focal lengthf=12.5 mmfocuses the col-
limated laser beam onto the STM tip. We measure afocal spot diameter
of wy,=4.3 pm, leading to amaximal field strength of 7.6 MV cm ™ of the

single-cycle pulse (low frequency pulse, 4 MV cm™; high frequency
pulse,3.7 MV cm™).

The parabolic mirror can be positioned with stick-slip piezo
motors to optimize the focal spot on the tip-sample junction.
Tominimize dispersion, nowindows are placed in the thermal shields.
Instead, a custom-designed series of apertures is used to minimize
heating owing to black-body radiation entering through the diamond
window. The NIR laser light reflected off the sampleis re-collimated by
the wide-angle parabolic mirror and directed out of the scan head to
reduce thermalload. Coarse positioning and scanning were achieved by
movingthe samplerelative to the tip, thereby maintaining the position
of the laser focus at the tip apex during STM operation. The Ag(100)
sample is cleaned by sputter and annealing cycles. Cu adatoms were
depositedinsitu ontothe sampleinside the scan head atatemperature
of -5K.

Sensitivity of STM to laser power modulations

We quantify the effect of laser power modulations on the junction
stability by focusing the train of femtosecond laser pulses (repetition
rate, 80 MHz; centre wavelength, 1,560 nm) onto the junctionasin the
primary experiments. Slight variations of the pulse energy (meanvalue,
106 pJ) with an acousto-optic modulator (frequency, 874 Hz; see
Extended Data Fig. 1) introduce prominent modifications of the tun-
nelling current, which can beidentified as thermally induced modula-
tions Iy, of the total direct current /pc. Iy, scales linearly with the power
modulationdepth (STMfeedbackloop with /, =100 pAat V; =200 mV),
indicating that the thermal current modulation /y,//pc even exceeds
the relative power modulation AP/P,. Most critically, for finite Vg, Ipc
ismuch larger than the coveted lightwave-driven current. Because /,
is synchronized with power modulations, it is easily confused with
lightwave-driven currents. This highlights the need of extraordinary
stability of the relative power better than 107,

Measurement of CEP-modulated tunnelling currents as a
function of delay time

@ce was modulated at f.;o = 917 Hz, which is within the bandwidth of
the current pre-amplifier. This frequency was optimized to minimize
detection noise. Alock-inamplifier demodulates the total tunnelling
current at fcgo extracting the resulting CEP-dependent fraction /cgo.
For the datashownin Fig. 2a, /.o (1) Wasrecorded for 1,001 delay steps
overarange of 160 fs with an integration time of 100 ms (¢, =55 pJ and
36 pJ, 501 steps over 80 fs, integration time 300 ms). To keep the
tip—sample separation constant during the delay scan, the measure-
ments were performed in constant current mode withaDC tunnelling
current setpoint of 100 pA and at a bias voltage of 200 mV. Thelock-in
signal was divided by the gain factor G (10° V A™) to convert it to
acurrent.

Distance dependence measurement

To measure Ipc(A2) and I(A2) as a function of relative tip-sample
distance Az, we set f¢o = 917 Hz and set a lock-in integration time of
10 ms. Azwas swept from 0 Ato30 A over 35 sat V; =200 mV. Therefer-
ence position Az=0 was set at /,c =1nA at V; =200 mV before each
measurement. For every pulse energy, 30 consecutive distance sweeps
were averaged to improve the signal-to-noise ratio. The delay r was set
to the respective maximum of /o (7) observed in Fig. 2a.

Attosecond-STM image of asingle Cuadatom

We scanned the sample in constant-height mode, after switching off
the feedback loop above the centre of the Cu adatom at a setpoint of
Inc =100 pA at V; =200 mV. For each pixel, we recorded /¢ (x,y) and
Iceo(x,y) simultaneously. We used a lock-in integration time of
100 ms and a scanning speed of 311 ms per pixel (image size 32 x 32
pixels). The pulse energy was set to £, =93 pJ, and we modulated the
CEPat fo =917 Hz.
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Simulation of quantum mechanical wave packet ¢(x, ¢)
ForFig.1a,b, we simulated the scattering process of aquantum mechan-
ical Gaussian wave packet ¢ (x, ) with a rectangular potential barrier
V(x) thatis modulated with a spatially homogeneous, time-dependent
electricfield E, (¢). The influence of the tilt of the potential landscape
induced by E, (¢) is fully described by a purely horizontal time-
dependent shift of the still rectangular barrier by the so-called
Kramers-Henneberger transformation?® Using this unitary gauge
transformation, we obtain the following time-dependent,
one-dimensional Schrodinger equation:

2
P N i A5 e0)) +V(x

ot 2m, 6x2

E,
— ex_(0>¢(X,[),

mew?

with the electron mass m,, the elementary charge e and the central
angular frequency w. In this gauge, the position of the potential
barrier shiftsintime proportional to the electric field by Ax(¢) = % .
The above Schrodinger equation is solved numerically using the Crank-
Nicolson scheme®. For the presentation of the results in Fig. 1a,b, the
coordinate system is transformed back to Cartesian coordinates. For
the experimental parameters of w = 21t x 200 THz, £M™* =1V nm™, the
maximal excursion Ax of the barrieramounts to 1.1A.

Time-dependent DFT simulations
Atip-samplejunctionis modelled using a 55-Na-atom tetragonal pyra-
mid for the tip and a (100) surface consisting of 256 Na atoms (4 atomic
layers), asshownin Extended Data Fig. 5. The use of Nareduces the com-
putational cost, and similar simulations have previously been shown to
successfully reproduce key aspects of the response of transition-metal
systems such as copper and tungsten at comparable energy scales™.
The distance between the atomic clusters is defined as the distance
between the apex atom of the tip and the topmost layer of the slab.
Theelectronicstructure of the systemis described using DFT with
the LDA functional and the Troullier-Martins pseudopotential, in a
grid basis set withagrid spacing of 0.2 A, using the Octopus code™. For
the real-time propagation of the Kohn-Sham wavefunction, we have
used an enforced time-reversal propagator, with a time step
At =0.075 atomic units (1 atomic unit = 24.2 as). The system is driven
by two laser pulses polarized along the z-axis. We refer to them as the
dispersive wave (dw) and soliton (st) and express them in terms of a
superposition of Gaussian waveforms:

At
—to—bigw+ 5

3 *( ) At
Eqw (O =) @igue Sdn cos <di,dw (f— o + 7) + Piaw + AQDCE)
i=1

ar
t=to—bjst— 5

3
- - A
Ex ()= aige ( ) cos (di,st (t— to— —T) + Pise + A(PCE>v
i=1

2

The parameters a;, b, ¢, d;and ¢; were optimized to fit the shape
of the retrieved experimental pulses obtained by the inverse Fourier
transform of the complex spectra (Fig. 1d).

The simulation time window ¢starts at ¢ =0 fsand lasts for 100 fs.
7 and Ag¢; are the delay time between the pulses and the CEP, respec-
tively. For 7 = 0, both pulses are centred at ¢,. In the simulation, 7 is
implemented by shifting both pulses in opposite directions by +7/2,
while in the experiment, only the dispersive wave is delayed by 7. We
furtherincluded an extra envelope function to the total electric field:

2

E, (€)= (Egy () + Ey () x e\ 5%,

where ¢ = 20fs. This function ensures asmooth onset of the laser pulse,
leading to stable dynamics while preserving the main features of
the pulse.

The transferred charge Q(¢) is defined as

Q(t>=/f p(x,0)—p(r,0)dr,
Vs

slab

where p(r, t) corresponds to the diagonal terms of the density matrix
projected on the grid basis, as afunction of time. The slab volume V,;,,,
is defined as the region between the bottom plane of the simulation
box and a plane halfway between the two structures.

Simulating CEP-dependent currents

For agiven r and tip-sample distance, we calculate Q(¢, ¢¢) for three
different CEP values (¢ =0, /2, 1t; see Extended Data Fig. 5). At late
times, Q(t - «) becomes stationary and resembles the amount of
transferred charge per pulse. We determine Q (¢ - «) by averaging
over the last 200 data points of Q(¢). Finally, we extract the CEP-
dependent charge transfer AQcgp (r) and the phase ¢go(7) by fitting

S(@ce) = AQcgp €OS (@ck + Pcro) + Qo

to Q(t — 0, @cp) With a constant offset Q,. AQcg multiplied with the
repetition rate corresponds to the current /(7). We repeat this pro-
cedureforaseriesof11delay times 7 from-2.5 fsto 2.5 fs with aspacing
of 0.5 fs. Owing to the Nyquist criterion, itis sufficient to simulate three
values of ¢c;. The result is plotted in Fig. 2c-e. Extended Data Fig. 6
shows the full measurement data of Fig. 2c-e. The theoretical datawas
shifted for clarity along the delay axis by 1.9 fs.

Simulating the distance dependence of I,

To calculate the distance dependence of /c;o shown in Fig. 4a, we per-
formed the above-described steps for a given field strength for three
different centre-to-centre distances z between the foremost atoms
forming the tunnelling junction (14 A, 16 A and 18 A). The largest field
strength 0of1.04 V nm™ corresponds to the estimated field strength at
apulseenergy of 171 p) for a4-um-wide focal spot. The relative scaling
of the field strength used in the simulation 1.04/0.76 =1.37 and
1.04/0.59 =1.76 corresponds to the relative scaling of the pulse energies

VI7ip] _ VITp) _ . . .
5 = 1.36 and T = 1.76. Simulated data points are all shifted by a

constant z-offset 0of10.3 A and multiplied by the same factor of 220 for
visual clarity.

Calculation of occupation of the excited states
To simulate the population of excited states in Fig. 3¢, the sodium
cluster was excited with an exemplary Gaussian pulse

2
E,(¢) = Egexp [— G tog
2(At)

} cos(2mvyt)

with a field strength E, = 2.16 Vnm™, a centre frequency v, =
241.8 THz (1eV), a pulse duration of At = 4.4 fs and an offset of ¢, =
12.5fs. The resulting wavefunction was projected onto the ground state
orbitalstoretrieve the energy-resolved electronic distribution.

Data availability

The datasets generated and/or analysed during the current study are
attached. Any additional data are available from the corresponding
authors. Source data are provided with this paper.

Code availability
All the TD-DFT calculations have been done using the open-source
code octopus (https://www.octopus-code.org/documentation/16/).
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maximum Eg::,x(r) of the single-cycle waveforms. a, Intensity map of the
electric-field envelope £, as a function of time ¢t and delay time 7. The map
represents the envelope of the superposition of the two ultrashort laser pulses
reconstructed from their optical spectrum. As 7 is varied, the field envelope
alternates between single- and few-cycle waveforms. b, Comparison of /¢gq (7)
and the maximum field envelope F3%* as a function of the delay time 7. Both
quantities exhibit pronounced oscillatory behaviour, with /cgq (7) directly
following the oscillations of £gja¢ (7). ¢, Carrier phase at the field maximum,
$max- and corresponding measured phase as afunction of 7. Inboth cases, a

predominantly linear dependence on the delay time is observed, demonstrating
quantitative agreement between the extracted phase and the experimentally
measured signal. d, Laser power as a function of the pump-probe delay time ©
(black). The average power Premains constant at 7.55 mW and exhibits only
small, 7 -independent fluctuations. The demodulated power at f, is likewise
independent of 7. e, Histograms of the data shown ind. The standard deviation of
the average laser power is 6 uW (0.18% of the mean power, grey). The histogram
of the demodulated signal at f.;, (light blue) shows an average modulation of 160
nW with astandard deviation of10.2 nW.
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Extended Data Fig. 3| Comparison of far-field and near-field transients
obtained from Finite-Difference Frequency-Domain (FDFD) simulations
and implications for the time resolution of single-cycle versus multi-cycle
pulses. a, Experimental far-field transient (red) and retrieved near-field transient
(blue). The near-field closely follows the far-field waveform and exhibits a
dominant half-cycle that drives attosecond, atomic-scale tunnelling currents.

Optical cycles

b, CEP-dependence of integrated tunnelling current for model transients with a
gaussian spectral shape as a function of their pulse duration (FWHM), revealing a
pronounced decrease in /.o When transitioning from single-cycle to multi-cycle
waveforms. The calculations assume a simplified nonlinear current-field
dependence of Icgo ~ E + E3(redcurve) and Icgg ~ E + E (pink).
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Extended Data Fig. 4| STM imaging, measured phase of the lightwave-driven
current, and distance dependence of the DC tunnel current. a, Constant-
current STMimage of Ag(100). The tip position during the lightwave-current
measurements (Fig. 2a) is indicated with ared dot. After each measurement, the
sample was re-inspected to exclude topographic changes, confirming
nondestructive measurement conditions. b, Measured ¢, ( ) of Iz, for pulse
energies of 171 pJ, 93 pJ, 55 p) and 36 pJ (colour coded from dark to light blue).
Phases for all pulse energies evolve in parallel. A vertical offset is applied for
visual clarity. The slope (dashed grey line) follows ¢, () for171 pJinashort
interval between the two central minimain /. ¢, DC component of the current
measured simultaneously to /cgq in Fig. 4a. Measurement taken at T = 0, witha
bias voltage of V; =200 mV and a current setpoint /pc =1nA, for the pulse
energies171pJ, 93 pJ, 55 pJ and 36 pJ (colour coded from dark to light blue). For all
measurements, /pc (Az) features ashort-range decay with a decay constant of one
order of magnitude over 1.07 A. This is characteristic of steady-state STMand
thus also observed in the absence of lightwaves (grey curve, largely hidden by

Relative tip height, Az (A)

overlap). For large pulse energies £, > 55 p), Ipc shows an additional long-range
decay component with decay constants x = 0.15A™"and 0.2 A for 171 pj and 93 p),
respectively. This supports the theoretical finding of tunnelling of excited
electrons through areduced barrier. The blue dots represent the simulated
rectified current /pc(7) for a delay time of 7=3.4 fs for absolute tip-sample
distances of d,,=14 A, 16 Aand 18 A and field strengths of 1.04 V/nm, 0.76 V/nm
and 0.59 V/nm (dark to light blue). The dots are shifted inzby 10.3 Aand
multiplied by a constant factor of 220 to display them on the same axis as the
experimental data. In the simulations, zis the distance between the centre of the
foremost tip atom and the topmost atomic plane of the surface cluster (defined
by the centre of atoms). Consequently, the actual tunnelling gap is smaller by
twice the atomicradius in the calculations. By contrast, in the experiment Az
refers to the change in tip height with respect to the set-point parameters (1 nA,
200 mV), such that Az=0 indicates a finite tunnelling gap of several A. Therefore,
the offset of 10.3 A between d,. and Az accounts for these two differences.
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The normalized instantaneous current dQ/dt is shown for three field strengths
(1.04,0.76, and 0.59 V/nm; dark to light purple). Curves are vertically offset for
clarity. ¢, Simulated carrier-envelope-phase (CEP)-dependent charge transfer
between tip and sample for a field strength of 1.04 V/nm (larger time window
compared tob). The current transient is confined to a sub-femtosecond duration

Extended Data Fig. 5| Model system and TD-DFT simulations of lightwave-
driven charge transfer. a, Tip—sample junction model composed of sodium
atoms. The tipis represented by a tetragonal pyramid consisting of 55 Naatoms,
while the sample is modelled by aNa(100) slab with 256 atoms arranged in four
atomic layers. b, Time-domain DFT simulations of subcycle currents for different
peak electric field strengths. The electric field transient (red) and its envelope (At=988as FWHM for ¢ = 0).d, The corresponding time-resolved charge

(grey) of an exemplary single-cycle pulse (1 =3.4fs, ¢cg = 0, peak field transfer Q(¢) is shown for ¢ = 0,1/2 and i, revealing a pronounced CEP
1.04 V/nm) are shown; the field maximum s indicated by the vertical grey line. dependence of the charge transfer step near =0 fs.
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Extended Data Fig. 6 | Comparison of /., and I,c measured phase ¢ ;o and of thelightwave-driven current. The red line shows the mean value over 10
phase difference A¢go. 2, CEP-modulated tunnelling current /g as a function consecutive datapoints. ¢, The measured phase ¢, correspondingto Icgpinais
of T measured above a Cu(111) surface for a pulse energy of £, =75 pJ (V; =0 mV, shown, withalinear fit between two steps (red dashed line).d, The phase
setpointat/,c =100 pAand V; =200 mV). b, Corresponding DC tunnelling difference Ad, is obtained by subtracting the linear fit from ¢ .. The resulting

current. The smallincreasein /¢ at T = O fs points towards a rectified component Adpo reveals distinct steps at the delay values of the minima of /.
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