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Ultrafast atomic-scale scanning tunnelling 
spectroscopy of a single vacancy in a 
monolayer crystal

C. Roelcke    1,2,4, L. Z. Kastner    1,2,4, M. Graml    2,3, A. Biereder1,2, 
J. Wilhelm    2,3 , J. Repp    1,2 , R. Huber    1,2  & Y. A. Gerasimenko    1,2

Defects in atomically thin semiconductors and their moiré heterostructures 
have emerged as a unique testbed for quantum science. Strong light–
matter coupling, large spin–orbit interaction and enhanced Coulomb 
correlations facilitate a spin–photon interface for future qubit operations 
and efficient single-photon quantum emitters. Yet, directly observing the 
relevant interplay of the electronic structure of a single defect with other 
microscopic elementary excitations on their intrinsic length, time and 
energy scales remained a long-held dream. Here we directly resolve in space, 
time and energy how a spin–orbit-split energy level of an isolated selenium 
vacancy in a moiré-distorted WSe2 monolayer evolves under the controlled 
excitation of lattice vibrations, using lightwave scanning tunnelling 
microscopy and spectroscopy. By locally launching a phonon oscillation 
and taking ultrafast energy-resolved snapshots of the vacancy’s states faster 
than the vibration period, we directly measure the impact of electron–
phonon coupling in an isolated single-atom defect. The combination of 
atomic spatial, sub-picosecond temporal and millielectronvolt energy 
resolution marks a disruptive development towards a comprehensive 
understanding of complex quantum materials, where the key microscopic 
elementary interactions can now be disentangled, one by one.

Atomically thin crystals of transition metal dichalcogenides 
(TMDCs) and their twisted heterostructures have revolutionized 
condensed-matter physics. Unusual excitonic properties1–3, valley 
pseudospin4 in combination with strong spin–orbit interaction5 and 
moiré engineering2,6,7 have defined a unique toolbox to tailor exotic 
correlated8,9 and topologically non-trivial states10. TMDC moiré hetero-
structures have also been proposed as versatile quantum simulators11. 
Unleashing the full potential of these quantum materials requires a pre-
cise in situ understanding of the microscopic dynamics of electrons that 
underlie such novel functionalities. Recently, time- and angle-resolved 

photoelectron spectroscopy has started to provide this insight by 
directly mapping the energy of electrons as a function of their crystal 
momentum with simultaneous femtosecond resolution6,7,12,13—argu-
ably the most comprehensive information accessible for delocalized 
electrons in perfectly periodic crystals.

Yet, a detailed understanding of many exciting phenomena 
requires local real-space information: the ubiquitous atomic vacan-
cies in TMDC monolayers14 and moiré heterostructures15 have sparked 
enormous interest as versatile single-photon emitters16–19 and catalysts 
for hydrogen extraction20. Additional functionalities are envisioned 
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renders LW-STS a unique tool to decipher the role of local electron–
phonon coupling in emerging phases of quantum materials, revealing 
routes to engineer novel defect-based functionalities using phonons21.

Lightwave STS of atomic defect energy levels
The experiments are performed on a monolayer of WSe2, which was 
mechanically exfoliated onto an atomically flat Au(111) surface. Rota-
tion and lattice mismatch between WSe2 and Au cause a hexagonal 
moiré pattern with a period of ~6 Å (Fig. 1a and Extended Data Fig. 1).  
A conventional tunnelling spectrum (Fig. 1b) measured at a moiré peak 
(Fig. 1a, red cross) confirms the semiconducting nature of the mon-
olayer featuring a bandgap with a conduction band edge at 1,100 meV 
(Fig. 1b, red curve), whereas the small but finite density of states in the 
gap is related to coupling between the semiconducting monolayer and 
the metallic substrate41. The tunnelling spectrum of a single defect  
(Fig. 1b, blue curve; Fig. 1a, blue cross) exhibits two additional in-gap 
states with a characteristic three-fold (C3-symmetric) orbital structure 
(Fig. 1a) located at +270 and +500 meV, well separated from the con-
duction band edge (the band diagram is shown in Fig. 1b, right inset). 
As reported in other work23, these features can be identified as spin–
orbit-split defect states D1 and D2 of an isolated Se vacancy in the top-
most Se layer, formed by the dangling bonds of the surrounding atoms.

To directly follow how ultrafast atomic motion transiently influ-
ences the energy spectrum of the defect states, we proceed from static 
to ultrafast tunnelling spectroscopy. The experimental idea expands 
on the concept of LW-STM30–40, where an ultrashort terahertz (THz) 
pulse is coupled into the tunnelling junction of the scanning tunnelling 
microscopy (STM) setup, such that the resulting near-field waveform 

through ultrafast light engineering21 and site-selective defect genera-
tion22. Although steady-state experiments have shed light on distinct 
energy14, orbital23 and spin24 structures of individual defects, an in situ 
understanding of their dynamical interaction with the environment 
requires a counterpart of time- and angle-resolved photoelectron 
spectroscopy, providing ultrafast electronic spectroscopy, yet with 
direct atomic spatial instead of momentum resolution. Ultrafast 
near-field microscopy25,26 and nanoscale coherent phonon spectros-
copy27 have enabled the direct observation of femtosecond charge and 
lattice dynamics on the nanoscale. In time-integrated studies, strong 
confinement of light to atomically sharp metallic tips has allowed 
photoluminescence28 or Raman scattering29 to map molecular levels 
and vibrational states with ångström (Å) resolution. Lightwave-driven 
scanning tunnelling microscopy30–40 (LW-STM) has combined both 
atomic spatial and femtosecond temporal resolution31,35, but merging 
these capabilities with spectroscopic millielectronvolt energy resolu-
tion has remained an ambitious vision.

Here we introduce time-resolved lightwave-driven scanning tun-
nelling spectroscopy (LW-STS) to demonstrate with direct real-space 
access how atomic motion transiently modulates spin–orbit-split 
energy levels of a single selenium (Se) vacancy in a moiré-distorted 
WSe2 monolayer on gold (Au). Ultrafast snapshots of electronic tun-
nelling spectra reaching atomic spatial and 300 fs temporal resolution 
reveal transient energy shifts of the lowest bound defect state by up to 
40 meV, depending on the amplitude and phase of the locally excited 
coherent lattice vibration. In particular, the observed shift is larger than 
thermal smearing at room temperature. The ability to directly corre-
late ultrafast electronic energy shifts with local atomic displacement 
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Fig. 1 | Lightwave-driven scanning tunnelling spectroscopy of a single-atom 
defect in a monolayer of WSe2. a, Constant-current STM image of the Se vacancy 
in a moiré-distorted (period, ~6 Å) WSe2 monolayer on Au(111) (V = 380 mV, 
I = 49 pA). b, Steady-state scanning tunnelling spectrum on the Se vacancy (blue 
curve) and a moiré peak (red curve) (measurement positions are shown as the 
crosses in a) exhibits two spin–orbit-split23 defect states at 270 and 500 mV (D1 
and D2, respectively; dashed lines) within the bandgap. The left inset (schematic 
of LW-STS) shows a sub-cycle THz transient focused onto the STM tip and 
propagating into the near field, where it acts as an ultrafast voltage pulse. By 
sweeping the field amplitude E

peak
LW  of the far-field transient and hence the peak of 

the voltage pulse37, that is, VpeakLW ∝ EpeakLW  (green; Methods discusses the 
photoassisted sampling34,36), we can sequentially reach the vacancy levels and 
monolayer conduction band. The right inset shows the schematic of the energy 
diagram in the (unfolded) WSe2 Brillouin zone. VB, valence band; CB, conduction 
band. c, Lightwave-driven tunnelling current ILW (EpeakLW ) recorded on sweeping 

the peak electric field on two measurement positions (crosses in a), smoothed 
with a nine-point Savitzky–Golay filter before numerical differentiation to avoid 
artefacts owing to residual noise between the nearest points (data processing 
and unattenuated far-field amplitude E0; Methods). d, Lightwave-driven scanning 
tunnelling spectrum dILW/dEpeakLW  showing position-dependent spectral features. 
e, Assessment of an ultrashort tunnelling window by temporal autocorrelation 
measurement (black) and simulation (blue; the rate equation model is explained 
in Methods): two pulses with the transient peak field of 0.05E0 are overlapped in 
time, inducing a lightwave-driven tunnelling current dominated by contributions 
from an ultrashort time window. The data in d and e are shown as mean 
values ± standard deviations of bootstrapped datasets (Methods). In d, there are 
five (two) measurements on Se vacancy (moiré peak) per data point: each 
measurement containing 219.6 million laser pulses. In e, there are 19 
measurements per data point (each measurement comprises 15.25 million  
laser pulses).
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acts as an ultrafast voltage pulse 𝒱𝒱LW(t) (refs. 34,36,37), replacing the 
static voltage used in conventional STM (Fig. 1b, left inset). In LW-STM, 
the peak amplitude VpeakLW  of 𝒱𝒱LW(t) is typically kept constant as the tip 
position is scanned. Conversely, LW-STS can be achieved by systemati-
cally scanning the THz peak field EpeakLW  and therefore VpeakLW   
(refs. 30–32,37) (Fig. 1b, green traces), while the lightwave-driven 
current ILW is monitored as a function of VpeakLW . At the same time, atomic 
spatial resolution31 is maintained (Extended Data Fig. 1d). In general, 
the instantaneous tunnelling current ℐLW(t) is generated by a broad 
range of voltages (Extended Data Fig. 2) up to VpeakLW . The time-integrated 
net current, namely, ILW = 〈ℐLW(t)〉, measured in the experiment can, 
thus, contain tunnelling contributions from multiple states. Even with 
a known near-field waveform, extracting the lightwave-driven spec-
trum from such currents usually requires further assumptions34,42 
(Methods). However, the picture drastically changes for energetically 
isolated levels or bands, for which state-specific tunnelling can be 
driven31,38. At the tunnelling onset into a specific state, the instantane-
ous current can then be strongly confined in time to the field crest of 
the THz transient31 and ILW is dominated by the contribution of ℐLW at 
the highest peak VpeakLW  of the voltage transient, such that it approxi-
mates the instantaneous tunnelling current. Thus, at least for the rising 
edge of an effective single-level system, we expect dILW/dVpeakLW  to 
approximate the local density of states (LDOS) measured by 
dI/dV(V = VpeakLW ), as in conventional tunnelling spectroscopy, but on 
ultrafast timescales (Methods).

We test this idea by positioning the STM tip on the vacancy and 
the moiré peak and measuring the respective local current ILW (Fig. 1c) 
as a function of EpeakLW  (quantified in units of the unattenuated THz-field 
strength E0; Methods). Large currents at the vacancy position along 
with a vanishing current on the moiré peak signify selective tunnelling 
into the defect states. Remarkably, the lightwave-driven spectrum 
dILW/dVpeakLW ∝ dILW/dEpeakLW  obtained at the defect location (Fig. 1d, 
blue) exhibits two peaks like those observed in static STS (Fig. 1b), 
which can be attributed to the two defect states (Extended Data  
Fig. 2). In contrast, barely any signal is recorded on the moiré peak of 
the surrounding WSe2 (Fig. 1d, red) up to the conduction band 
(Extended Data Fig. 3). Even though the lightwave-driven spectra 
compare nicely with the steady-state ones, they are not expected to 
exhibit the same lineshapes, since (1) the tunnelling time window 
changes with increasing peak electric field and (2) the lightwave may 
induce dynamics that is probed within the same transient. Owing to 
the shape of 𝒱𝒱LW(t) and the position of the Fermi level in the bandgap 
(Fig. 1b), the negative half-cycles of the THz pulse generate no sub-
stantial contribution to the net current even at a peak voltage reaching 
the conduction band minimum. The current induced by the sole posi-
tive half-cycle of the transient is almost zero until its peak probes into 
the lower-energy localized state of the Se vacancy or the conduction 
band edge in pristine semiconductor regions.

This scenario warrants the lightwave-driven dILW/dVpeakLW  spectra 
to be recorded with ultrafast temporal definition. The achievable 
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Fig. 2 | Defect-state assignment in ultrafast STM. a–c, Bias-dependent 
images of the Se vacancy as observed with conventional STM in the constant-
height mode (height setpoint, I = 49 pA; V = 700 mV (a), V = 1,200 mV (b,c)). 
d–f, Corresponding images recorded with lightwave-driven STM (V = 0) at the 
equivalent peak fields (height setpoint: V = 30 mV, I = 49 pA, 1.7 Å approach).  

The bias and peak-field values correspond to energies below (a and d) and above 
(b and e) the defect states, as well as within the conduction band (c and f). In all 
the panels, the colour bar extends from the third to ninety-seventh percentile of 
the raw-image current distribution. The LW-STM images are averaged over two (e 
and f) and ten (d) individual images at the same parameters.
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temporal resolution is experimentally quantified by autocorrelation 
measurements (Fig. 1e), where we split the THz pulse into two copies 
and measure ILW for varying delay times between them. The peak field 
(0.05E0) is chosen such that only once combined, they open a tunnel-
ling channel into the first defect level (Fig. 1d). Noteworthily, the 
autocorrelation peak width (Fig. 1e) exhibits a delay-time-dependent 
change in the tunnelling current ∆ILW on timescales shorter than one 
picosecond. The measured autocorrelation is reproduced by a rate 
equation model, which treats the transient occupation of the first 
defect level, by assuming a 5 fs lifetime of D1 and utilizing the instan-
taneous tunnelling rate deduced from the steady-state dI/dV (Meth-
ods). This allows us to extract an upper limit for the tunnelling window 
of about 350 fs in the ±100 meV vicinity of the first defect level 
(Extended Data Fig. 2a–c).

Femtosecond STM images taken at different EpeakLW  values can 
unambiguously connect the fingerprints in the LW-STS spectra with 
the orbital structure of the corresponding defect states. To this end, 
we compare the STM images obtained with static (Fig. 2a–c) and THz 
(Fig. 2d–f) biasing. A nearly circular contrast occurs in both ultrafast 
(Fig. 2d; EpeakLW = 0.07E0 ) and steady-state STM images (Fig. 2a; 
V = 210 mV) below the first tunnelling onset (Fig. 1b,d). For 
EpeakLW > 0.1E0, the THz-induced image (Fig. 2e) clearly reproduces the 
C3 symmetry of the defect levels (Fig. 2b). Above the conduction band 
edge (Fig. 2c,f), the defect appears as a depression. Based on the 
perfect agreement between the steady-state and ultrafast STM 
images, we assign the first tunnelling onset in dILW/dEpeakLW  to the rising 
edge of the D1 level of the Se vacancy. The ratio between EpeakLW  and bias 
V allows us to calibrate the maximum peak THz voltage corresponding 
to the unattenuated incident field E0 as VpeakLW  = (3.0 ± 0.3) V (Extended 
Data Fig. 2e–g).

Control of single-defect energy by ultrafast 
atomic motion
Our novel ultrafast spectroscopy of the vacancy’s LDOS puts us in a 
unique position to track the impact of lattice vibrations on single-defect 
levels in the time domain. To this end, we first establish that a THz pump 
pulse can excite oscillations in the current driven by a subsequent THz 
probe pulse, IprLW (Fig. 3a). The oscillation period is ~3 ps, with a maxi-
mum and a minimum located at a pump–probe delay time of τ = 8.8 ps 
(red circle) and τ = 10.2 ps (yellow circle), respectively. These oscilla-
tions do not occur on a bare Au(111) surface (Extended Data Fig. 4). We 
repeat the experiment for different tip positions relative to the vacancy 
(Fig. 3b) and extract the amplitude A of the current oscillations. Since 
the spatial dependence of the tunnelling current itself (Fig. 2) can affect 
the current oscillations, we normalize A by the respective 
delay-time-averaged current, that is, A/⟨IprLW⟩τ. This relative oscillation 
amplitude peaks on the vacancy and abruptly drops by ~25% for the 
pristine surface of the monolayer (Fig. 3b). From these data alone, it is 
unclear to which extent a potential mechanical motion changing the 
tip–sample distance or modulations in the energy spectrum contribute 
to the current oscillations.

Ultrafast tunnelling spectroscopy can disentangle such contribu-
tions. To this end, we excite the vacancy at its orbital lobe (Fig. 3b, white 
dot) with a fixed-strength THz pump pulse and sweep the amplitude 
of the time-delayed probe pulse (Fig. 3c, inset) to retrieve the transient 
spectra (Fig. 3c). The numerical derivative, dIprLW/dV

peak
LW (VpeakLW )|τ , 

extracted from these experimental data, thus, reflects the energy- and 
delay-time-resolved LDOS. An overall vertical rescaling of the entire 
spectra indicates a change in the tunnel overlap of the tip and sample 
wavefunctions. We assign the change in overlap to a mechanical 
out-of-plane motion of the whole layer because the oscillations of IprLW 
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Fig. 3 | Ultrafast modulation of the LDOS of a single defect. a, Tunnelling 
current driven by the THz probe pulse, IprLW, as a function of delay time after a local 
THz pump pulse excitation (inset) exhibits oscillations on the defect orbital lobe 
(position highlighted as a white dot in b (right)). Pump and probe peak fields are 
0.33E0 and 0.60E0 (that is, 990 mV and 1.80 V), respectively. b, Dependence of the 
amplitude A of oscillations in IprLW normalized by its mean value ⟨IprLW⟩τ on the STM 
tip position relative to the vacancy (cross) (right panel) (constant-current STM 
image: V = 380 mV, I = 49 pA; colour bar, minimum to maximum apparent height). 
The peak pump (0.175E0, 525 mV) and probe field (0.300E0, 900 mV) were kept 
fixed. The data are shown as amplitude of the sinusoidal fit to oscillations in IprLW 
divided by ⟨IprLW⟩τ ± 95% confidence margin of the amplitude fit. c, Ultrafast 
tunnelling spectra measured at the maximum (8.8 ps; red circle in a) and the 

minimum (10.2 ps; yellow circle in a) of the pump-induced oscillations (pump 
field: 0.32E0, 960 mV) recorded on the orbital lobe (white dot in b). On the top/
bottom horizontal axis, the unattenuated far-field amplitude E0 is gauged to a 
peak voltage VpeakLW  of 3 V. The inset shows the fixed pump–variable probe scheme 
for the measurement of time-resolved ultrafast tunnelling spectra. Data in a and c 
and IprLW used in b represent mean values ± standard deviations of bootstrapped 
datasets (Methods). Data in a include 12 measurements per point, each 
measurement containing 18.3 million laser pulses. Data in b comprise nine 
measurements of IprLW per delay and position each, and involve 109.8 million laser 
pulses. Data in c include 11 (13 and 10) measurements for 8.8 ps (10.2 ps and 
unpumped) per delay and peak voltage each, and involve 219.6 million laser 
pulses per measurement.
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are not limited to the vacancy position (Fig. 3b). Importantly, beyond 
this overall rescaling, the transient LDOS of the vacancy exhibits vari-
ations with τ in its lineshape. Specifically, the rising edge of D1, at 
EpeakLW  ≈ 0.05E0, shifts horizontally with τ; the onset aligns with the 
unpumped spectrum (Fig. 3c, grey curve) for τ = 8.8 ps (red curve), but 
moves towards a larger voltage, for τ = 10.2 ps (yellow curve). The 
dynamics of the rising edge of D1 may be affected by changes in the 
width and position of D1. However, the comparable shape of the 
pumped spectra around D1 suggests that the shift in the tunnelling 
onset is dominated by a transient shift in the defect level in energy. The 
observed shift by ~0.014E0 (Methods) corresponds to an energy modu-
lation of ~40 meV following from our previous calibration.

To scrutinize the origin of shifts in the ultrafast tunnelling spectra, 
we compare the results for different pump pulse strengths (Fig. 4). At 
τ = 10.2 ps (Fig. 4a), the D1 rising edge shifts to higher energies with 
increasing pump amplitudes in a monotonic and roughly linear fashion 
(Extended Data Fig. 5). Meanwhile, at τ = 8.8 ps (Fig. 4b), moderate 
pump fields (0.050E0 and 0.175E0) promote this rising edge to higher 
energies, whereas at the highest pump field of 0.320E0, the onset shifts 
back resembling the unpumped one. Such non-monotonic behaviour 
strongly suggests the presence of competing mechanisms responsible 
for the shift in the tunnelling onset into D1.

We estimate the magnitude of the mechanical out-of-plane motion 
from current oscillations at large probe fields (Fig. 3a), where the 
contribution from shifts in the tunnelling onset in the defect level to 
the current IprLW becomes negligible and cannot account for the ~10% 
pump-induced variation in IprLW. Therefore, we attribute the oscillations 
of the current at large VpeakLW  to predominantly originate from a modula-
tion of the tip–sample distance, as also supported by the qualitative 
similarities of oscillations on and off defects (Extended Data Fig. 4c,d). 

When VpeakLW  reaches the conduction band edge (0.320E0), the amplitude 
of the probe-current oscillation, IprLW − ⟨IprLW⟩τ, as a function of delay time 
(Fig. 4c) linearly depends on the pump-field strength, whereas the 
frequency remains constant within the error bars. The measured cur-
rent oscillation corresponds to an out-of-plane motion with an ~10 pm 
peak-to-peak displacement at the maximum pump field (Fig. 4c, inset, 
and Extended Data Fig. 6). This is slightly larger than the few-picometre 
relative height of the moiré pattern (Extended Data Fig. 1c).

Understanding the origin of the time-dependent D1-level shift 
requires us to first explore the nature of the pump-induced atomic 
displacements. The oscillations are unambiguously associated with 
the WSe2 monolayer as they vanish on pristine Au (Extended Data Fig. 
4a). The low frequency of vibrations suggests an acoustic character of 
the corresponding phonon. Moreover, the out-of-plane oscillations are 
observable over a 100 ps range (Extended Data Fig. 7), evidencing a spe-
cific standing-wave mode rather than a travelling wave packet. To elu-
cidate the emergent phonon modes in the WSe2/Au heterostructures, 
we performed first-principles calculations (Methods), which reveal 
(Fig. 5a) that one of the degenerate out-of-plane transverse acoustic 
modes becomes gapped at the Γ point, whereas the other mode (ZA) 
starts from zero energy and momentum. The gapped mode (Fig. 5a, DM; 
red curve) corresponds to a drum-like vertical motion of WSe2 relative 
to the Au layers. At the Γ point, the monolayer predominantly moves 
as a whole, accompanied by smaller intralayer distortions (Fig. 5b). It 
is plausible that the atomically strong, predominantly out-of-plane 
THz electric near field efficiently couples to this drum mode (DM) by 
Coulomb interaction with charges in the heterostructure (for exam-
ple, charge transfer between Au and WSe2) and by its field-induced 
polarization40. The linear dependence of the oscillation amplitude 
on the applied electric field (Fig. 4c, inset) suggests that the former 
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different THz pump-field strengths (the legend shown in b applies to the data in 
all panels). The data for 10.2 ps reveal a distinct monotonic field-dependent shift 
in the tunnelling onset into the first defect level, whereas for τ = 8.8 ps, the energy 
shift occurs for low pump fields only (0.050E0 and 0.175E0). c, Oscillations in 
probe current IprLW − ⟨IprLW⟩τ for the three pump fields as a function of delay time 
(probe field, 0.32E0, 960 mV). The inset shows the structural peak-to-peak 

displacement as a function of the pump field, extracted from the oscillations in 
probe current using the exponential dependence of IprLW on the tip–sample 
distance (Extended Data Fig. 6). Data in a–c represent mean values ± standard 
deviations of the bootstrapped datasets (Methods). Three (five) (data in a) and 
five (five) (data in b) measurements per data point for pump fields of 0.175E0 
(0.050E0); for 0.320E0, see Fig. 3c. Each measurement involves 219.6 million laser 
pulses. In c, IprLW comprises 18 (54) measurements for 0.175E0 and 0.320E0 
(0.050E0) per delay each: 36.6 million laser pulses are used per measurement.
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mechanism dominates. Less prevalent in- and out-of-plane vibrational 
components may also occur but will quickly decohere because of their 
dispersing frequencies.

Finally, we discuss how the atomic displacements may shift the 
D1 energy. Most directly, the centre-of-mass motion of the WSe2 mon-
olayer modulates the Coulomb interaction of the D1 level with its image 
charge distribution43 in the Au substrate and/or the tip. In addition, the 
intracell motion of W and Se atoms within the DM (Fig. 5b) can slightly 
change the orbital hybridizations. Image charge contributions can be 
analytically included to the leading order (Methods). To estimate the 
effect of intracell motion, we introduce atomic displacements induced 
by the DM in a uniform monolayer (Fig. 5b), remove one Se atom and 
calculate the ab initio electronic spectrum of such a monolayer in the 
absence of Au (Methods). Figure 5c shows that both effects scale lin-
early in good approximation with the displacement and compete with 
each other, the image charge effect being the larger one. Remarkably, 
this simplified approach provides an estimate in the right order of 
magnitude for the level shifts.

Linear effects dominate for larger displacements (Fig. 5d). 
Simultaneously, there appear to be smaller higher-order corrections 
on top. These enhance the linear shift for negative displacements 
(monolayer closer to Au) and partially counteract the shift for posi-
tive excursions, resulting in an overall non-monotonic asymmetric 

shift. However, the nonlinear effect seen in the experiment is not fully 
reproduced by theory, which has to rely on model assumptions since a 
full time-dependent atomistic treatment covering the different length 
scales of the experiment is currently out of reach computationally. We 
hope that our study triggers future theory developments improving the 
above approach, for example, by changing screening due to phonon 
motion beyond the image charge effect. Kinetic and chemical stabilities 
of the atomic structure in the vicinity of the vacancy further challenge 
the calculations.

Discussion and conclusions
The combination of atomic31, sub-picosecond and 10-meV-scale resolu-
tion in LW-STS allowed us to observe how the energy levels of a single 
Se vacancy evolve during dynamic atomic displacements. We revealed 
how the excitation of an acoustic DM adiabatically shifts the first defect 
level on timescales shorter than the oscillation period. The unexpected 
unipolar and non-monotonic behaviour of the shift with the oscillation 
amplitude stems from a complex interplay of lattice distortions. Our 
results, thus, establish ultrafast spectroscopy on atomic length scales, 
the sought-after single-entity and real-space access of which comple-
ments techniques operating in momentum space, such as time-resolved 
photoemission orbital tomography44. Simultaneous access to atomic 
vibrations on their intrinsic length scales and timescales provides all 
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Fig. 5 | Drum mode of monolayer WSe2 on Au(111) and its impact on the D1 
level. a, First-principles calculation of the low-energy part of the phonon 
spectrum, showing the longitudinal (LA*) and transverse (TA* and ZA) acoustic 
branches alongside the DM that splits off the ZA branch and is gapped (~0.5 THz) 
at the Γ point of the unfolded Brillouin zone of the WSe2 monolayer (Methods 
provides the calculation details). b, Real-space visualization of the atomic 
displacements (red and blue arrows) in the uniform monolayer caused by DM at 
the Γ point. The displacements are shown as the centre-of-mass motion of the 
WSe2 monolayer (dashed line) and intralayer atomic shifts. The Au atoms are kept 
fixed. c, First-order effects of DM-induced atomic displacements on the 
defect-level energy: image charge effect (green) and cell geometric distortion 
(grey) (Methods provides the simulation details). The DPBE1  energy level is shown 
relative to the conduction band minimum. Here ΔzSe denotes the vertical 
displacement of Se atoms and ΔzW-Se is the relative, intracell displacement 

between the W and Se atoms. A positive ΔzSe corresponds to the monolayer being 
closer to the tip. Schematic of the simulation geometry (right), visualized like 
that in Extended Data Fig. 9. The atomic displacements are exaggerated by a 
factor of 100 for illustration purposes. The red dot indicates the defect and the 
green dots are the image charges in the tip and substrate. Also, z1 (z2) denotes the 
equilibrium distance between the defect and tip (substrate) image plane.  
d, Experimental D1 onsets (Methods provides the means for quantifying onsets) 
projected onto the estimated displacements. The mean and error bars of the 
latter are extracted from the mean values ± standard deviation of the respective 
IprLW of the bootstrapped currents (Methods), using the dependence of IprLW(Δz) 
(Extended Data Fig. 6). The same datasets as those in Fig. 4a,b, evaluated at a 
probe field of 0.28E0. The vertical error bars correspond to the ones shown in 
Extended Data Fig. 5c.
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the necessary tools to decipher local electron–phonon coupling—
including nonlinearities and coherences, which have proved challeng-
ing before45,46. Combined with the pulse shaping of a pump pulse, our 
technique opens new pathways to excite specific atomically localized 
vibrations and consequently locally control many-body electronic 
states by transiently shifting their energetic position by a desired value. 
With the ability to directly access the ultrafast LDOS, we envision the 
direct real-space observation of moiré exciton trapping47 as well as the 
transient driving of phase transitions into high-temperature supercon-
ductivity and other exotic states of matter.

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-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41566-024-01390-6.
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Methods
STM setup
The home-built STM was operated in ultrahigh vacuum (pressure, 
~8 × 10−11 mbar) and cryogenic (6.5 K) conditions. The bias voltage 
was applied to the sample. A home-built high-gain (2.5 × 1010 V A–1) 
transimpedance preamplifier was mounted close to the STM head. The 
collimated THz beam entered the vacuum chamber through a sapphire 
window and was focused onto the tunnelling junction by a parabolic 
mirror mounted on the STM stage. The high stability of our setup 
allowed us to perform experiments under the same conditions, span-
ning a time window of about 45 h limited only by the cryogenic setup.

THz generation and characterization
In lithium niobate, phase-locked THz pulses (centre frequency, 
1 THz) were generated by tilted-pulse-front optical rectification of 
250 fs near-infrared pulses centred at 1,028 nm from a commercial 
10 W regenerative laser amplifier operating at a repetition rate of 
610 kHz (Light Conversion PHAROS). The THz pulses were split into 
pairs of mutually delayed THz transients, referred to as pump and 
probe, using a Michelson interferometer setup. The delay time was 
controlled with a motorized linear translation stage in one of the 
arms. The electric field of the THz transients was independently 
attenuated using a pair of wire-grid polarizers (wire spacing, 30 µm; 
wire diameter, 10 µm) in each arm, rescaling the THz waveform and 
leaving its shape intact. The whole optical setup was operated in a 
nitrogen atmosphere.

Far-field THz waveforms were measured outside the 
ultrahigh-vacuum chamber using electro-optic sampling in ZnTe. The 
unattenuated electric far field yields a peak amplitude of E0 = 0.4 kV cm–1.  
The near-field waveforms used for the simulations (Extended Data Fig. 2)  
were independently measured in situ using the photon-assisted emis-
sion scheme34,36. The emission was driven by ultrashort near-infrared 
pulses focused onto the tip apex. The near-infrared pulses for both 
electro-optic sampling and photoemission measurements were pro-
duced by supercontinuum generation in a 5 mm sapphire crystal and 
subsequently compressed in a prism compressor.

Sample preparation
A freshly cleaved WSe2 single crystal (hq graphene) was pressed onto a 
sputtered and flash-annealed (herringbone) atomically flat Au(111) sur-
face in a nitrogen environment. This resulted in large-area monolayer 
exfoliation owing to the strong adhesion of WSe2 to Au (ref. 48). Before 
transfer into the cryogenic STM chamber, the whole structure was then 
annealed at 360 °C in an ultrahigh vacuum for several hours to ensure 
the creation of unoxidized Se vacancies, until the pressure stayed on 
the order of 10–9 mbar. The TMDC monolayer is known to hybridize with 
Au (ref. 49) and its band structure is sensitive to local inhomogeneities 
in Au under the monolayer50. Therefore, we selected defects in areas of 
an otherwise uniform TMDC on Au(111).

Height setpoint for LW-STS/LW-STM
The STM used in this work allows for extended open-loop operation 
with negligible changes in the tip position. Unless noted otherwise, 
each measurement started with stabilizing the tip–sample separation 
on a defect-free spot on the monolayer, at V = 30 mV and I = 50 pA 
in the d.c. regime with THz radiation blocked. With the feedback 
loop open, V was set to zero and the tip was approached by another 
Δz = −1.7 Å. In the measurement shown in Fig. 3a, the same procedure 
with the parameter set of V = 100 mV, I = 5 pA and Δz = −3.2 Å was used 
instead, resulting in approximately the same tip height. At such tip–
sample separations, we reach a sufficient signal-to noise ratio and 
remain in the regime of tunnelling currents below one electron per 
pulse when probing the D1 onset. As the tip is brought closer compared 
with the steady-state mode, the spatial resolution is expected to be 
at least as good38.

Detection scheme
To obtain the ultrafast tunnelling spectra, dILW/dVpeakLW , in the presence 
of the pump pulse, we used the following detection scheme. We modu-
lated both pulses at a frequency of f1 = 713 Hz with an optical chopper 
to extract the total THz-driven signal by lock-in detection. We then 
additionally modulated the probe pulse at a frequency of f2 = 31 Hz with 
a second chopper, allowing us to use a lock-in amplifier to demodulate 
the fraction of the total THz-driven signal that originates from the 
probe pulse when the pump pulse is present. In effect, this results in a 
sideband detection at the difference frequency of f1 – f2.

Differentiation of spectra
To extract the ultrafast tunnelling spectra, ILW(EpeakLW ) was smoothed 
(Fig. 1c) and then differentiated (Fig. 1d). The robustness of this 
approach was checked on many Se vacancies. Extended Data Fig. 8a,b 
shows an example dataset and the corresponding derivative, respec-
tively. All time-resolved measurements were taken under exactly the 
same experimental conditions in one measurement cycle, ensuring 
their comparability. Some datasets were polluted by artefacts from 
reflections off beam blocks or wire-grid polarizers in the setup. For the 
data shown in Fig. 1c, non-smoothed data with subtracted artefactual 
current offset (minimum current value, measured at low fields) are 
shown in Extended Data Fig. 8c. The attenuating polarizer for the probe 
field caused a reflection that induced a measurable current at low peak 
fields, quickly vanishing for higher peak voltages. This resulted in an 
artefactual negative differential conductance in the lightwave-driven 
spectra for peak fields below 0.05E0. We emphasize that the reflected 
field does not depend on the pump–probe delay time and hence does 
not affect the conclusions made. In additional measurements, we 
ensured that no artefactual sources affect the tunnelling onset into the 
first defect level (Extended Data Fig. 8d).

Error estimation using bootstrap
The error bars for ILW and dILW/dEpeakLW  shown throughout the paper were 
estimated using the standard bootstrap method51. To this end, mean 
values of ILW obtained for given external parameters (delay time and 
pump and probe fields) in N different measurement cycles were ran-
domly resampled with replacement M × N times (that is, each element 
can be selected more than once), such that the result contained M 
sequences of N elements (M = 10,000; N defined in the corresponding 
figure captions). Next, the mean value <ILW>m, where m ∈ {M}, was cal-
culated for each sequence. The error bar of ILW was then obtained as the 
standard deviation of <ILW>m. The error bar of the derivative was simi-
larly retrieved as the standard deviation of d< ILW>m/dEpeakLW . The two 
transient spectra shown in Fig. 3c were obtained by averaging n = 11 
(13) measurements performed on the same defect for 8.8 ps (10.2 ps). 
The bootstrap error bar is the statistical measure of how much the 
specific choice—there are C̄n

n =
(2n−1)!
n!(n−1)!

 combinations with repetitions—of 
curves for averaging affects the mean value. The distribution of mean 
values in bootstrap is approximated by the normal distribution51.

Autocorrelation simulation
To fit the autocorrelation data in Fig. 1e, two contributions were con-
sidered. First, tunnelling through the first defect level was modelled 
using the rate equation

dN
dt

= − N
τLT

+ α (t, τ) × (1 − N ) ,

where N is the occupation of the first defect level, t is time and τ is the 
autocorrelation delay time between the two waveforms that were 
overlapped. The peak voltage of both transients was tuned to 150 mV 
in the simulation. Interpreted as lifetime broadening, the peak width 
of the Lorentzian-shaped peak in the steady-state dI/dV spectrum cor-
responds to a lifetime of a charge in the first defect level of τLT = 5 fs.  
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As this is short compared with the relevant timescales of THz probing, 
the precise value of τLT does not affect the simulation. α(𝒱𝒱LW(t, τ)) 
denotes the instantaneous tunnelling rate from the tip into the first 
defect level. It was derived under the assumption that the instantaneous 
tunnelling rate is equal to the steady-state tunnelling rate under the 
same bias conditions. The scaling of α as a function of the total instan-
taneous voltage 𝒱𝒱LW(t, τ) was extracted from the steady-state dI/dV 
spectrum by integration over V. In the autocorrelation experiment, 
the current was kept slightly below one electron per pulse pair. In this 
regime, at the given lifetimes, artefacts from Coulomb blockade effects 
can be excluded. The rate equation was numerically solved for each 
autocorrelation delay time τ to extract the instantaneous tunnelling 
current ℐdefectLW (t, τ).

Second, subtracting the defect-level Lorentzians from the 
steady-state dI/dV curve, a background spectrum was extracted and 
fitted by a polynomial. Its contribution ℐbgLW(t, τ) to the overall tunnelling 
current was calculated as the integral over the polynomial fit from 0 V 
to the instantaneous voltage 𝒱𝒱LW(t, τ). For this contribution to the tun-
nelling current, a vanishing lifetime was assumed. For each delay time 
τ between the two THz pulses, we integrated the sum of ℐdefectLW (t, τ) and 
ℐbgLW(t, τ) over t to extract the total autocorrelation tunnelling current, 
which was then compared with the experimental autocorrelation curve.

Interpretation of lightwave-driven tunnelling spectra
Lightwave-driven tunnelling spectra dILW/dVpeakLW  can approximate the 
steady-state LDOS (∝dI/dV) in the single-electron regime, for example, 
for a rectangular-shaped transient. In this case, the spectrum yields

dILW
dVpeakLW

∝ d
dVpeakLW

∫
+∞

−∞
ℐLW (𝒱𝒱LW (t))dt ≈ d

dVpeakLW
∫

+∞

−∞
ℐLW (VpeakLW

×ϴ (t − tpeak + t0) × ϴ (−t + tpeak + t0) )dt ∝
dℐLW(VpeakLW )

d(VpeakLW )
,

where Θ(t) is the Heaviside function and 2t0 is the tunnelling window  
For a realistic lightwave transient, as the peak electric field is ramped 
up, the tunnelling time window for low-lying states becomes wider, 
such that t0 in the above equation would become a function of VpeakLW . 
This is one of the reasons why the approximation works best where 
the LDOS is sharply defined, such that the density of states effectively 
gates the voltage pulse. For broad levels, this is true for the tunnelling 
onset only.

Hence, the low-lying states contribute to the lightwave-driven 
current at VpeakLW  far above their respective energies. In our measure-
ments, the lightwave-driven current at VpeakLW  > D1, D2 increases owing to 
the contribution of the defect states. A pump-induced shift in D1 can 
also affect the measured lightwave-driven current. For a 40 meV shift, 
a simplistic instantaneous tunnelling simulation yields a change of 1.5% 
in the rectified current at a peak bias of 1.4 V.

Similar to the tunnelling onset into D1, at peak fields reaching 
D2, an increasing tunnelling current is associated with the onset of 
tunnelling into the D2 level (Extended Data Fig. 2d), which results in 
a peak-like feature in dILW/dEpeak (Extended Data Fig. 2g,h). However, 
owing to the close proximity of D1 and D2, D1 can still impact the aver-
aged tunnelling current at a peak field tuned to D2. To refrain from 
interpreting the mixture of multiple energy states, we concentrated 
on studying state-selective tunnelling onsets only—into D1 or the 
conduction band minimum—where a fully data-driven approach 
can be used.

To avoid Coulomb blockade effects in ultrafast tunnelling spec-
troscopy of the D1 state, we kept the lightwave-driven current below 
one electron tunnelling per probe pulse at low probe-field strengths 
(~0.07E0) (Extended Data Fig. 8d). In a regime of several electrons tun-
nelling per pulse, correlations and intrapulse effects may change the 
observed spectra. The sub-picosecond charge lifetime in the D1 level, 
which is short compared with the pump–probe delay time (τ ≥ 8.8 ps), 

ensures that a Coulomb blockade cannot cause the observed dynamical 
changes in the tunnelling spectra. Instead, horizontal shifts and verti-
cal rescaling were attributed to shifts in energy levels and variations 
in the tip–sample distance, respectively. Coulomb blockade as well as 
other effects, such as energy levels that shift on occupation, challenge 
theory to realistically model LW-STS. Simplistic models like the instan-
taneous tunnelling model (Extended Data Fig. 2h and the subsequent 
paragraph) that do not take these effects into account are, therefore, 
not expected to reproduce the lightwave-driven spectra throughout 
the measured range.

Working in the regime of low peak fields also ensured that trailing 
the replica of the main THz pulse caused by reflections off a silicon 
beamsplitter did not pollute the data. A replica of the main pulse at 
around 21 ps after the main pulse reaches a peak amplitude of 37% of 
the main pulse and can alter the shape of the spectrum once the peak 
field of the main pulse reaches voltages higher than D1. In a simplistic 
model, the impact of the replica on the spectrum can be visualized by 
simulating the lightwave-driven current as an integral of the instan-
taneous tunnelling current based on the near-field waveform and 
steady-state dI/dV (Extended Data Fig. 2h). Additionally, fluctuations in 
the THz peak field might affect the exact shape of the peaks in LW-STS.

Extracting the energy onset of tunnelling into defect level D1

To quantify the shift in tunnelling into the first defect level, we inde-
pendently approximated the shape of the first tunnelling onset of 
dIprLW/dE

peak
LW  (Fig. 4a,b) in all the curves by an error function (Extended 

Data Fig. 5a,b), fitting positive-value data up to a probe field of 0.1E0. 
We used the inflection point P of the error function as a measure of the 
tunnelling onset into the D1 defect level. Hence, instead of assigning 
one specific point in the measured spectrum to D1, which is subject to 
noise, we consider several data points by fitting the tunnelling onset. 
All the data including error bars are fitted with three free parameters: 
position, amplitude and width. We extracted P as a function of the 
pump-field strength (Extended Data Fig. 5c) for τ = 10.2 ps and τ = 8.8 ps. 
Since vertical scaling is included in the fitting procedure, gap-size 
modulations do not contribute to the extracted level shift. Extended 
Data Fig. 5d shows the difference in energy-level shift between the two 
delay times as P10.2ps – P8.8ps. For the highest pump field (0.320E0), the 
shift between τ = 10.2 ps and τ = 8.8 ps amounts to a field equivalent of 
0.014E0 corresponding to a level displacement by approximately 
40 mV. Considering the error bars, this shift is clearly visible in the 
lightwave-driven spectra.

Phonon band structure calculations of monolayer WSe2 on 
Au(111)
We modelled a pristine WSe2 monolayer on a Au(111) substrate by a 
(√3 ×√3)R30° superstructure52. Both substrate and tip were included 
as double layers of Au atoms (Au(111) slabs). We used a 4 × 4 supercell 
of the (√3 ×√3)R30° superstructure (in total 544 atoms). For calculat-
ing the total energies and forces on atoms, we employed density func-
tional theor y (DF T) with the Perdew–Burke–Ernzerhof 
exchange–correlation functional53 and van der Waals interactions via 
DFT-D3 (ref. 54). Throughout the calculations, we used 
norm-conserving, dual-space pseudopotentials and a TZVP-MOLOPT 
Gaussian-type basis set to expand the Bloch states at the Γ point55. All 
the DFT calculations were performed using the programme package 
CP2K (ref. 55). For geometry optimization, we kept all the Au atoms 
fixed, which stretches bonds in WSe2 below 1% compared with the 
DFT-relaxed WSe2 monolayer.

The phonon band structure (Fig. 5a) for fixed Au atom positions 
was calculated with the finite-displacement method implemented in 
the Phonopy package56. We included a second WSe2 layer (Extended 
Data Fig. 9) to compute the dispersion of the DM (Fig. 5a) under con-
sideration of the internally enforced translational symmetry in the 
vertical direction. The convergence of the phonon band structure was 
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tested using four and six Au layers in the substrate slab instead of two 
layers. The shape of the DM band remains unchanged and its frequency 
at the Γ point increases by 28% and 30%. Other dispersion corrections 
(for example, the neglect of three-body terms in D3) yield a phonon 
frequency of DM at the Γ point within 10% discrepancy compared with 
the results from DFT-D3 (Fig. 5a).

The eigenvectors of DM at the Γ point extracted from the Pho-
nopy calculation56 exhibit a centre-of-mass motion of the TMDC layer, 
accompanied by an intralayer oscillation in the vertical direction  
(Fig. 5b; W atoms oscillate with an amplitude that is ~150% of the ampli-
tude of Se atoms).

Energy change in the D1 defect level under DM oscillations
Assuming the same motion pattern for the defected WSe2 monolayer 
as for the pristine WSe2 monolayer, we discuss two mechanisms that 
cause a shift in the D1-defect-level energy on excitation of DM: the image 
charge effect43 as a response to the shift in the whole layer and intracell 
distortion induced by DM (Fig. 5b).

In the experiment, two metal surfaces were close to the defect 
level—the metallic substrate and the metallic tip—motivating us to 
incorporate two image charges in our model (Fig. 5c (right), green 
dots). Assuming an infinitely localized unoccupied defect state, the 
image charge renormalization of the changes in the D1-defect energy 
level in response to an out-of-plane motion of Se atoms by ΔzSe as

ΔEIC (ΔzSe) = − e2
16πϵ0

((z1 − ΔzSe)
−1 − z−11 + (z2 + ΔzSe)

−1 − z−12 ) ,

where z1 = 2.1 Å and z2 = 5.5 Å describe the equilibrium distance of the 
defect to the image plane of the metal tip and metal substrate, respec-
tively. Generally, the image charge effect is sensitive to the atomic 
geometry of the tip at such small distances. The image plane for an 
Au surface was assumed to be located 1.4 Å outside of the outermost 
Au layer57. Extrapolating the junction resistance to that of the point 
contact with its exponential distance dependence in the d.c. tunnelling 
regime, we extract a lower boundary of 3 Å for the absolute distance 
between the tip and the upper Se layer. On this basis, we estimate the 
distance between the upper Se layer of WSe2 and the tip in the contact 
mode to be 3.5 Å, leading to z1 = 2.1 Å. The value of z2 = 5.5 Å follows from 
the equilibrium distance of the WSe2 monolayer to the Au substrate.

Intralayer displacements of W and Se atoms (Fig. 5b) slightly 
change the orbital hybridizations, and we quantified the effect on the 
D1-level energy using DFT calculations (Perdew–Burke–Ernzerhof 
functional) for a 12 × 12 supercell of monolayer WSe2 with a single Se 
vacancy (in total 431 atoms; no Au atoms). We displaced Se (up to 
±10 pm) and W (~150% compared with Se) atoms according to the DM 
(Fig. 5c, right) for different DM amplitudes. The D1-level energy DPBE1
(ΔzSe) was then extracted from the DFT calculations relative to the 
conduction band minimum EPBECBM(ΔzSe) (Fig. 5c). To compare these 
results with the experiment, we assume that the measured oscillation 
amplitude (Fig. 4c, inset) corresponds to the oscillation amplitude of 
the top Se layer.

Data availability
The data that support the plots within this paper and other findings 
of this study are available from the publication server of the Univer-
sity of Regensburg at https://doi.org/10.5283/epub.55247. The input 
and output files for the calculation of the phonon band structure and 
defect-level energy shifts under DM displacement are available from 
the Novel Materials Discovery (NOMAD) repository at https://doi.
org/10.17172/NOMAD/2023.05.19-4.

Code availability
All the DFT calculations have been done using the open-source package 
CP2K (development versions 10.0 and 2023.1). For the phonon band 

structure calculations, we employed the Python package Phonopy 
(version 2.16.3).
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Extended Data Fig. 1 | Moiré pattern and atomic resolution of WSe2 
monolayer on Au(111). a, Constant-current STM image (V = 1.12 V, I = 47.5 pA).  
b, The Fourier transform of the STM image (a) yields a moiré period of ~6 Å.  

c, The apparent height profile along the line marked in a exhibits a moiré-induced 
modulation of 2 picometres. d, Constant-height image of an atomic vacancy with 
atomic precision (V = 600 mV, height setpoint: I = 49 pA, V = 359 mV).
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Extended Data Fig. 2 | Simulation of instantaneous current and lightwave-
driven spectra. a, The near-field waveform measured with photon-assisted 
emission currents34,36 acts as transient bias voltage 𝒱𝒱LW (t) in the junction (grey 
curve). Time values correspond to the mutual delay between THz and optical 
pulse driving photon-assisted current. The blue curve shows the steady-state I(V) 
curve measured on the orbital lobe. b, The instantaneous current 
ℐLW (t) = I(𝒱𝒱LW (t)) determined by solving the rate equation with 5 fs lifetime in 
the limit of single-electron tunnelling per THz pulse is shown (green curve) for 
the near-field transient in a with its peak field tuned to the first defect level 
(280 mV, green dashed line in a). ℐLW (t) has a full width at half maximum (FWHM, 
grey area) of 296 fs, conventionally understood as the temporal resolution of 
LW-STM at a given peak field30,31. c, The temporal resolution simulated with the 
rate equation model exhibits tunnelling windows of ~300 fs around D1. d, The 

simulated instantaneous current for VpeakLW  = 500 mV (pink curve, dashed line in 
a), based on the rate equation model, rises steeply at the crest of the bias pulse 
owing to the additional tunnelling channel through D2. e-g, The peak field in the 
junction is calibrated by comparing the appearance of D1 in the unpumped 
spectrum (data, black; data and error bars: see Fig. 1d, Se vacancy) with that  
in the steady-state spectrum (blue) (e), in the simulated spectrum based on the 
instantaneous tunnelling model (f) and the simulated spectrum based on  
the rate equation model (g). The calibration yields a peak field of 2.7 V, 3.2 V and 
3.2 V, respectively, or (3.0 ± 0.3) V on average, consistent with photon-assisted 
measurements of the near-field waveform. h, The instantaneous tunnelling 
model without (light blue) and with taking reflections of the transient (dark blue) 
in the setup into account, exhibits an almost unchanged position of D2 in  
the spectrum.
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Extended Data Fig. 3 | Tunnelling onset on moiré peak. Lightwave-driven 
current ILW measured on a moiré peak as a function of the peak field strength 
EpeakLW . The steep rise of the lightwave-driven current corresponds to tunnelling 

into the conduction band at ~0.32 E0. The regime of more than one tunnelling 
electron per pulse is highlighted in grey. Height setpoint: V = 100 mV,  
I = 5 pA, 2.9 Å approach.
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Extended Data Fig. 4 | Pump-induced oscillations of the tunnelling current 
for different tip positions. a, Black and grey curves show the lightwave-driven 
probe current (0.6 E0 peak field) as a function of delay time from the THz pump 
pulse (0.33E0 peak field) on monolayer WSe2/Au and bare Au(111), respectively. 
The curves are recorded on different areas of the sample with the same tip. The 
comparison clearly demonstrates that the excitation mechanism is selective to 
the presence of WSe2 (height setpoint for measurement on gold: V = 30 mV, I = 5 
pA on Au(111), 2.9 Å approach). Note the almost constant current IprLW on bare Au, 
indicating that there are no trailing oscillations of the electric field of the pump 
pulse in this time window. This is further confirmed by photon-assisted 
measurements34,36 of the pump electric field in the junction (b). Delay times, at 
which spectra in Figs. 3,4 were measured are marked by dashed lines. c, Constant 

current STM image showing the defect and four markers relative to the vacancy 
(cross) (V = 380 mV, I = 49 pA, colour bar: minimum to maximum apparent 
height). d, The lightwave-driven probe current (0.3E0 peak field) as a function of 
delay time from the THz pump pulse (0.175E0 peak field) shows the same phase 
and frequency for the four positions marked in c. The oscillations reveal only 
negligible deviations from harmonicity. Therefore, a potential drum-mode 
anharmonicity is unlikely to be responsible for the observed non-symmetric 
shifts of the D1 tunnelling onset. Data in a, d: mean values ± standard deviations  
of bootstrapped datasets (Methods). a: 32 (12) measurements per data  
point on Au (WSe2), each measurement containing 18.3 million laser pulses.  
d: 9 measurements per data point, each: 109.8 million laser pulses.
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Extended Data Fig. 5 | Extraction of pump-field dependent shift of defect 
level D1. a, Ultrafast tunnelling spectra (data, coloured) for three different pump 
peak voltages at a pump-probe delay τ = 10.2 ps are fitted with error functions 
(black curves). Statistics and error bars: see Fig. 3c and Fig. 4a,b. b, Equivalent 
data and fits for a pump-probe delay time of τ = 8.8 ps. c, Data points: inflection 
point P of the respective error function fit as a function of the pump peak field  

for delay times τ = 10.2 ps and τ = 8.8 ps used as a measure of the tunnelling 
onset into the first defect level. d, Difference of the inflection points at τ = 8.8 ps 
and 10.2 ps (c) as a measure of the ultrafast energy shift of the tunnelling onset. 
The error bars in c and d are one standard deviation on the parameter fit of the 
inflection point.
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Extended Data Fig. 6 | Lightwave-driven current as a function of tip-sample 
distance. Red and orange curves show the exponential scaling of the lightwave-
driven current IprLW ∝ exp(−2κΔz) with change in tip-sample distance Δz for both 
delay times, τ = 8.8 ps and τ = 10.2 ps, between pump (0.32 E0 peak field) and 
probe (0.3 E0 peak field) pulses. Linear fits to the logarithm of IprLW(Δz) (grey 

curves) yield the decay constants κ = 1.5/Å and 1.6/Å, respectively. The mean 
decay constant amounts to κ = 1.55/Å. Δz = 0 corresponds to the height setpoint 
of V = 30 mV, I = 49 pA, 1.8 Å approach. Each data point: mean value ± standard 
deviation of 8 bootstrapped measurements (Methods). Each measurement 
covers a span of 109.8 million laser pulses.
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Extended Data Fig. 7 | Long-lived dynamics of the atomic defect.  
a, Oscillations of the lightwave-driven tunnelling current induced by THz 
excitation can be seen up to 100 ps after excitation on an orbital lobe of the 
vacancy in monolayer WSe2/Au(111). Pump and probe peak fields, 0.32 E0.  
b, LW-STS for delay times τ = 88.5 ps (red) and 90 ps (yellow) exhibit the same 
phase dependence as for τ = 8.8 ps and 10.2 ps (Fig. 3c): at a minimum of the 
current oscillations (yellow circle in a), the tunnelling onset into D1 is shifted 
to higher energies. Pump peak field, 0.46 E0. c, Fourier transforms of pump-
probe traces of the lightwave-driven current for 7 ps < τ < 95 ps (grey) and 
corresponding delay-time interval of the near-field waveform of the pump 

pulse containing its time-delayed replicas (Methods) (pink). The latter result in 
a multi-peak spectrum present in both traces featuring an envelope similar to 
the pump pulse itself (dashed). A pump-probe current trace reveals the strongly 
enhanced peak at 0.34 THz (orange shaded area), which we can attribute to the 
drum mode frequency. The Fourier amplitudes are normalised to their values at 
0.25 THz. Data in a: mean values ± standard deviations of bootstrapped datasets 
(Methods); 12 measurements per data point, each measurement: 18.3 million 
laser pulses. b: mean value ± standard deviation of 2 datasets, each measurement: 
219.6 million laser pulses.
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Extended Data Fig. 8 | ILW and its derivative for different Se vacancies.  
a, Raw data of ILW on a different Se vacancy than the one investigated in Fig. 1 
demonstrates that the LW-STS procedure is robust (height setpoint: V = 100 mV, 
I = 4.9 pA, 2.9 Å approach). b, The derivative of smoothed ILW shown in a yields two 
defect levels. c, Non-smoothed data of tunnelling current shown in Fig. 1c. d, ILW 
without artefactual reflection sources (see Methods) and its derivative (inset) 

showing the tunnelling onset into D1. The current ILW approaches zero for low 
peak fields EpeakLW . The regime of more than one tunnelling electron per pulse is 
highlighted in grey. Data in a-c: mean values ± standard deviations of 
bootstrapped datasets (Methods), each measurement containing 219.6 million 
laser pulses. a,b: 5 measurements per data point. c: 5 (2) measurements per data 
point on Se vacancy (Moiré peak).
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Extended Data Fig. 9 | Ball-and-stick representation of the atomic geometry 
for calculating the phonon band structure of WSe2 on Au(111). We employ  
a 4 × 4 supercell of the (√3×√3)R30° structure, cell boundary is marked with 
red lines. a, Top view. The moiré lattice period of 5.9 Å results from the lattice 

constant of 4.17 Å of bulk Au. b, Side view with Au(111) surface slab representing 
the tip, Au(111) substrate slab and two WSe2 monolayers (in total 544 atoms). 
Visualisation of the atomic geometry was done using Vesta58.
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