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 8 

Optical microscopy at the shortest possible length- and timescales has been a long-sought Rosetta 9 

stone, connecting nanoscopic elementary dynamics with the macroscopic functionalities of 10 

condensed matter. Super-resolution microscopy has circumvented the far-field diffraction limit 11 

by harnessing optical nonlinearities1. By exploiting linear interaction with tip-confined 12 

evanescent light fields2, near-field microscopy3,4 has reached even higher resolution, prompting a 13 

vibrant research field by exploring the nanocosm in motion5-19. Yet the finite radius of the 14 

nanometre-sized tip apex has prevented access to atomic resolution20. Here, we leverage extreme 15 

atomic nonlinearities within tip-confined evanescent fields to push all-optical microscopy to 16 

picometric spatial and femtosecond temporal resolution. On these scales, we discover an entirely 17 

unprecedented and efficient non-classical near-field response, in phase with the vector potential 18 

of light and strictly confined to atomic dimensions. This ultrafast signal is characterised by an 19 

optical phase delay of ~π/2 and facilitates direct monitoring of tunnelling dynamics. We showcase 20 

the power of our new optical concept by imaging nanometre-sized defects hidden to atomic force 21 

microscopy and by subcycle sampling of current transients on a semiconducting van der Waals 22 

material. Our results facilitate a radically new access to quantum light-matter interaction and 23 

electronic dynamics at ultimately short spatio-temporal scales in both conductive and insulating 24 

quantum materials.  25 
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Field-resolving metrology of electromagnetic waves has heralded a revolution in the science of light-26 

matter interaction. By exploiting calibrated nonlinearities to directly map the time evolution of optical 27 

carrier waves, electro-optic and streaking detection have accessed the maximal classical information21,22 28 

as well as quantum field fluctuations23,24 of light, laying the foundations for strong-field and attosecond 29 

science25. Precise clocking of light emission has revealed microscopic dynamics of electrons with a 30 

resolution faster than a cycle of light, including the build-up of screening26, lightwave-driven accelera-31 

tion27-30, electron tunnelling31,32 and many-body correlations33. Yet, extracting subcycle optical infor-32 

mation from single atoms in molecular or crystalline media has remained out of reach. 33 

Near-field microscopy exploits evanescent fields confined by miniscule metallic objects to access 34 

light-matter interaction on nanometre lengthscales, orders of magnitude below the diffraction limit3,4. 35 

It has enabled foundational insights into phase transitions5, light-matter interaction in quantum 36 

materials10, in operando photochemistry19 and elusive quasiparticles – from Dirac plasmons6-8,14,15 to 37 

hyperbolic16 and topological phonon13 polaritons. It has also proven a natural companion to ultrafast 38 

spectroscopy, sampling the femtosecond evolution of the dielectric function while retaining nanometre 39 

resolution9,11,17,18,34. Yet, the spatial resolution of near-field microscopy remains fundamentally limited 40 

by the mesoscopic size of the probe apex (~10 nm).  41 

This resolution threshold has recently been surpassed in optical imaging of individual molec-42 

ules35-37, exploiting inelastic scattering and luminescence to achieve sub-nanometre lateral resolution. 43 

While sampling such responses on femtosecond scales has been out of reach, tantalising glimpses into 44 

this domain have become possible with the advent of lightwave-driven scanning tunnelling microscopy 45 

(LW-STM)38-44, which maps time-integrated electric currents rectified by the carrier wave of light. 46 

However, measuring the rapid motion of electrons within a single cycle of light remains elusive. Instead, 47 

LW-STM relies on pivotal assumptions about the light-matter interaction within the sample itself to 48 

reconstruct transient currents (Methods).  49 

Here, we demonstrate a fundamentally new optical microscopy paradigm which capitalises on 50 

atomic nonlinearities of mesoscopic near fields. This provides subcycle access to the optical response 51 

of matter on femtosecond timescales with picometric spatial resolution. The key to our approach is to 52 

combine, for the first time, all-optical detection from near-field microscopy with ultra-high vacuum, 53 

cryogenic temperatures, and sub-nanometre tip tapping amplitudes. We observe a remarkable emergent, 54 
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unpredicted non-classical response, localised to single atomic orbitals. This unconventional near-field 55 

response manifests in scattered electromagnetic fields as a phase delay of ~/2, driven by the ultrafast 56 

motion of tunnelling electrons. We harness this near-field optical tunnelling emission (NOTE) to 57 

achieve atomic-scale spatial resolution and to directly sample subcycle tunnelling current transients 58 

flowing even within the bandgap of a transition metal dichalcogenide semiconductor. 59 

Atomic-scale optical microscopy 60 

The prevailing approach to near-field microscopy relies on evanescent fields enhanced at the apex of a 61 

sharp tip illuminated by light. With the apex positioned in proximity to a material surface, the electric 62 

dipole determined by the apex radius (~10 nm) polarises the sample. The emergent dipole radiation 63 

encoding the nanoscale dielectric function is scattered to the far field and detected all-optically. To 64 

isolate this weak dipole radiation from far fields, the tip is tapped at an amplitude 𝐴 ≈ 100 nm and 65 

harmonic demodulation is used20.  66 

While atomic protrusions dominate short-range interactions in atomic force microscopy (AFM)45, 67 

their role in near-field experiments remains poorly understood – particularly the role of tunnelling 68 

electrons. To explore this, we control the tip-sample separation at the scale of atomic wavefunctions by 69 

mounting an atomically sharp tungsten tip to a stiff qPlus AFM sensor45. This enables picometric 70 

tapping amplitudes, three orders of magnitude smaller than typical for near-field microscopy. To drive 71 

atomic nonlinearities, we focus strong terahertz (THz) pulses to the tip apex, and detect the scattered 72 

fields with subcycle resolution using electro-optic sampling (EOS) (Fig. 1a, Methods)18. 73 

We first explore whether the frontier atoms of our tip can modify the scattering of near fields when 74 

positioned within a few angstroms above a gold surface. To this end, we sample the scattered THz fields 75 

(Fig. 1b) at a large tapping amplitude (𝐴 = 25 nm), while approaching the tip to the surface (Fig. 1c). 76 

For distances ≳ 1 nm, the peak signal demodulated at the second harmonic of the tapping 77 

frequency (�̂�2
scat) decays over tens of nanometers, as expected for conventional near fields20. 78 

Intriguingly, when the tip approaches the sample extremely closely (≲ 1 nm), the transient transforms, 79 

accruing a phase delay Δ𝜑 (Fig. 1b) and a rapid amplitude increase for all demodulation orders, 𝐸𝑖
scat 80 

(Fig. 1c, Extended Data Fig. 1). This approach curve can be fitted with two independent exponential 81 

functions: the conventional near-field interaction (Fig. 1c, blue dashed line), and a much faster decay 82 
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in atomic-scale proximity to the sample (Fig. 1c, red dashed line), indicating a fundamentally different 83 

contribution to the scattered fields. 84 

The large tapping amplitude (𝐴 = 25 nm) invariably mixes mesoscopic and atomic-scale 85 

contributions by spanning orders of magnitude in tip-sample separation over a single tapping cycle. Yet 86 

the optical phase is clearly influenced when the tip apex is in atomic proximity to the sample surface. 87 

Hence, we reduce 𝐴 to 200 pm, approximately a single atomic period (Fig. 2a). Under these conditions, 88 

a current emerges for the shortest tip-sample separation, even without any static bias voltage applied 89 

(Fig. 2b, left). The picometric decay indicates its origin: electrons driven by the ultrafast bipolar 90 

transient bias of the THz pulse traversing back and forth through the tunnelling barrier between tip and 91 

sample. Those rectified owing to nonlinearities in the local density of states (DOS) contribute to a time-92 

averaged net current 〈𝐽lw〉, which when measured electronically forms the basis for both LW-STM38-44 93 

and lightwave electronic control of nanodevices30,46. 94 

To investigate if our phase-shifted optical signal can be correlated with LW-STM currents, we 95 

simultaneously sample their decays at 𝑡 = 0 fs. Intriguingly, even at picometric tapping amplitudes, we 96 

observe a strong signal in the scattered fields which decays by an order of magnitude in ~200 pm – 97 

almost identical to 〈𝐽lw〉 (Fig. 2b, right, Extended Data Fig. 2c). To confirm the origin of this signal is 98 

the same as in Fig. 1, we also capture the scattered THz transients (Fig. 2c, Extended Data Fig. 3). For 99 

tip-sample separation Δ𝑧 = 0 pm (Fig. 2b), strong waveforms peaking at 𝑡 = 0 fs occur in all 100 

harmonics of the scattered field (red spheres), again delayed by a characteristic phase shift Δ𝜑 ≈ π/2 101 

versus transients measured away from the tunnelling barrier (blue spheres).  102 

The picometric decay of the scattered signal, alongside the characteristic Δ𝜑 ≈ /2 phase delay 103 

acquired for transients measured in this regime exposes the microscopic origin of the atomically 104 

confined near fields: an alternating optical polarisation emanating from a.c. tunnelling currents flowing 105 

in response to the instantaneous THz electric field. This result is unintuitive, since light emission from 106 

this electronic tunnelling process alone would be practically unmeasurable, significantly weaker than 107 

the hypothetical emission of an electron on a classical trajectory around the nucleus of a hydrogen atom. 108 

Yet, by exploiting the efficient coupling of evanescent fields from the tip apex to the far field, tunnelling 109 

emission dominates even the conventional near-field response for atomic-scale tapping amplitudes. 110 
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Key NOTE features can be qualitatively understood with a semiclassical dipole model (Methods), 111 

where the near-field response is treated as a point dipole 𝒑nf (Fig. 3a, top) above an infinite half-space3, 112 

driven transiently by the external light field. The resultant ultrafast tunnelling current 𝐽lw charges a local 113 

dipole 𝒑lw which oscillates with a phase delay of /2 with respect to 𝒑nf (Fig. 3b, top). By incorporating 114 

the spectral response function of tip and detector, this model (Methods, Extended Data Figs. 4-6) 115 

already yields good qualitative agreement with the measured transients (Fig. 2c). Yet, the model 116 

ultimately assumes that tunnelled electrons form the nanoscale dipole 𝒑lw, and that the ultrafast flow 117 

of electrons in NOTE follows the same I-V curve as DC tunnelling, which is known to be a fairly coarse 118 

approximation40. 119 

To understand how 𝒑lw forms without any assumptions on tunneling, we performed ab initio 120 

quantum simulations of the charge density inside a mesoscopic tip-sample structure of 1010 Na atoms, 121 

excited with a lightwave pulse (Methods). Electron tunnelling is naturally included through the overlap 122 

of atomic orbitals. The quantum simulations reproduce the hallmark Δ𝜑 ≈ /2 phase delay (Fig. 3c, 123 

red and blue curves). At a tip-sample separation of 9 Å, where lightwave-driven currents flow, the 124 

simulation provides direct access to the distribution of both tunnelling currents (Fig. 3a, bottom) and 125 

the NOTE dipole (Fig. 3b, bottom) in space. The tunnelling current distribution is extremely 126 

inhomogeneous owing to the polarisation of individual atomic orbitals, resulting in the decay of both 127 

𝐽lw and 𝒑lw by 14 Å (Fig. 3a,b bottom, Extended Data Fig. 7), and illustrating how atomic-scale 128 

resolution could be achieved with NOTE. The simulations also reveal the origin of the time-integrated 129 

current 〈𝐽lw〉 measured in LW-STM38-44, being simply proportional to the residual strength of 𝒑lw at 130 

large electro-optic delay times (Fig. 3c). This demonstrates precisely how much richer the available 131 

information from NOTE microscopy is over LW-STM.  132 

Hints into more exotic quantum dynamics can also be seen in the narrowing of experimental curves 133 

(Fig. 2c), something entirely missed by the semiclassical model: for 50 fs < 𝑡 < 200 fs, the NOTE 134 

dipole deviates from the exact /2 phase shift. Likely, screening induced by transferred electrons 135 

polarises the surrounding media, affecting the tunnelling barrier for the subsequent electrons. The small 136 

size of 𝒑lw predicted by the quantum simulations explains why NOTE was entirely unforeseen. Only 137 

through picometre-stable experimental modulation of scattered fields can the atomic-scale NOTE signal 138 
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be separated from much larger mesoscopic screening currents. Yet, even our cutting-edge quantum 139 

simulations do not paint the entire picture. The orders of magnitude in scale required to quantitatively 140 

model NOTE – an inherently non-equilibrium and non-perturbative process – poses major challenges 141 

for even cutting-edge quantum theory. While our quantum simulations grasp the key NOTE mechanism, 142 

a quantitative description of time-dependent many-body interactions, including screening, scattering 143 

and emission of phonons and plasmons, would require further theoretical developments.  144 

Angstrom-scale lateral resolution  145 

To test if atomic-scale lateral confinement of the NOTE signal is accessible experimentally, we focus 146 

on topographically flat surface features where contrast should emerge solely from spatial variations in 147 

tunnelling probability, if currents are localised to the atomic scale. Figures 4a,b show conventional 148 

multi-mode images (Methods) of the smallest structures available to us without topographical artefacts 149 

– nanometre-sized packing defects in the herringbone reconstruction of an Au(111) surface. 150 

Intriguingly, in quasi-constant height mode (Methods), we measure a local suppression of 〈𝐽lw〉 with 151 

atomic-scale precision in the vicinity of the defect (Fig. 4c). 152 

 To explore whether such defects can be resolved in the NOTE signal, we trace a line cut across a 153 

comparable defect (Fig. 4d,e, location in Fig. 4a), while simultaneously acquiring 〈𝐽lw〉 and the 154 

instantaneous NOTE signal, measured at the peak of the scattered transient (𝑡 = 0 fs). Both signals 155 

trace out the entire feature, indicating how the resolution of both NOTE and LW-STM emerge from the 156 

orbital overlap between the frontier atom of the tip and the sample. While the lateral extent of tunnelling 157 

into the defect limits the confinement of both NOTE and STM signals, this does not imply a resolution 158 

limit; rather, it suggests that the resolution rulebook follows that of state-of-the-art STM, where sub-159 

Angstrom features can be resolved. Unlike STM-related techniques, NOTE requires no electrical 160 

current measurements and like AFM47 and SNOM is, therefore, not inherently limited to electrically 161 

conductive samples. NOTE now facilitates atomic and subcycle resolution without any need for DC 162 

conductivity. 163 

Subcycle quantum flow of electrons 164 

Figure 5 provides a glimpse into how tunnelling-induced THz emission carries time-domain 165 

information about non-equilibrium electronic transport in semiconducting quantum materials. We study 166 
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a monolayer of WSe2 exfoliated on Au(111) (Methods). DC-STM imaging (Fig. 5a) resolves the moiré 167 

superlattice formed between gold and WSe2 alongside the expected semiconductor-like differential 168 

conductance (Extended Data Fig. 8, Methods). We sweep the THz field strength and sample the NOTE 169 

signal at the peak of the transient (𝑡 = 0 fs, Fig. 5c). Here, another optical nonlinearity emerges, lining 170 

up well with the DC conductance of the monolayer (Fig. 5c, dashed lines). This excellent agreement is 171 

characteristic of the subcycle sampling intrinsic to NOTE – the signal at 𝑡 = 0 fs essentially measures 172 

the instantaneous tunnelling current at the peak of the incident field 𝐽lw(𝑡 ≈ −250 fs) owing to the /2 173 

phase shift. Whereas NOTE offers model-free access to subcycle tunnelling spectroscopy, this is not 174 

the case for the time-averaged current 〈𝐽lw〉 (Fig. 5b). While an onset is also traced out by 〈𝐽lw〉, this 175 

current emanates only from electrons rectified by our specific combination of waveform and 176 

conductance; in the process, subcycle dynamics are lost.  177 

While the simplicity of the monolayer tunnelling junction results in comparable DC and ultrafast 178 

I-V curves, in most materials the ultrafast flow of tunnelling electrons is unlikely to line up with DC 179 

measurements. To demonstrate this, we switch to a more insulating sample: a native trilayer of WSe2 180 

exfoliated on Au(111). The extra layers of WSe2 introduce ultrafast tunnelling pathways hidden from 181 

time-integrated measurements. Figure 5d shows the NOTE signal (red) and near fields (blue) on the 182 

trilayer. By inverting the tip transfer function (Methods), we trace the near-field and NOTE dipoles as 183 

a function of time (Fig. 5e). Taking the time derivative of the NOTE dipole, we directly clock the 184 

evolution of ultrafast tunnelling (Fig. 5e, purple). Fascinatingly, electrons appear to enter the trilayer 185 

even for voltages inside the DC WSe2 bandgap. Here, field-induced band bending and subcycle 186 

distortion of atomic orbitals in the top WSe2 layer – owing to charges trapped within the trilayer over 187 

the entire THz pulse – may contribute to the signal. These material-specific insights into the atomic-188 

scale a.c. flow of electrons without a priori assumptions about ultrafast tunnelling is NOTE’s greatest 189 

strength, remaining inaccessible to any other technique. 190 

Discussion and conclusions 191 

In conclusion, we have discovered an entirely unforeseen quantum-mechanical contrast mechanism for 192 

optical near fields on atomic lengthscales: a.c. tunnelling currents driven by optical near fields emitting 193 

tip-enhanced electromagnetic waves. This emission enables direct clocking of subcycle currents in a 194 



8 

 

picometre-tuneable tunnel junction for the first time, and brings ultrafast optical microscopy to the 195 

atomic scale. Unlike STM, NOTE microscopy is inherently compatible with insulating materials by 196 

transiently driving electrons to and from the sample48 within a single THz pulse, leaving essentially 197 

zero rectified tunnelling current. In contrast to current-sampling techniques, NOTE’s quantitative field 198 

sampling of the emitted light relies on the well-defined 𝜒(2) optical nonlinearity of EOS, thus 199 

decoupling the detection scheme from the inherent sample dynamics. This provides experimental access 200 

to electronic dynamics in a wide array of quantum materials and future quantum information platforms, 201 

where long-lived spin and quasiparticle coherences require reduced coupling to itinerant electrons. With 202 

electro-optic sampling being available throughout the infrared and visible domain, we expect NOTE 203 

will be widely scalable in frequency, and even possible at room temperature. Hence the power of all-204 

optical subcycle spectroscopy can now be combined with atomic resolution. This opens the door to 205 

strong-field dynamics previously only accessible over macroscopic lengthscales, such as lightwave 206 

electronics and valleytronics30, quantum nanoplasmonics49,50, lightwave engineering of quantum 207 

phases, high-harmonic generation, and many other timely aspects of attosecond physics.  208 
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Figure 1 | Near-field response at atomic-scale tip-sample separation. a, A THz light pulse (𝐸light) 300 

is coupled to the apex of a sharp tungsten tip positioned close to the surface of Au(111). This results in 301 

a nanoscale dipole that polarizes the gold surface and scatters light into the far field (𝐸scat) where it is 302 

detected using electro-optic sampling (EOS). By modulating the height of the STM tip using a qPlus 303 

AFM sensor and measuring at harmonics of the tip tapping frequency, 𝐸scat can be isolated from the 304 

far-field background. We focus on the key open question of how atomic-scale protrusions at the tip 305 

apex (zoom-in) contribute to the scattered light fields detected by EOS. b, Electro-optically detected 306 

scattered THz transients demodulated at the second harmonic of the tip tapping frequency (𝐸2
scat) with 307 

a tapping amplitude 𝐴 = 25 nm. From blue to red, the average separation between tip and sample 308 

decreases. For the shortest tip-sample separation, the transient is markedly transformed, accruing a 309 

phase shift Δ𝜑, and dramatic increase in peak amplitude. On average, ~900 electrons are rectified per 310 

pulse. c, Peak of the THz transient (�̂�2
scat) at 𝑡 = 0 fs, for increasing tip-sample separation Δ𝑧. The 311 

dashed lines show independent exponential fits for the decay of the near field and the contribution to 312 

the measured signal emerging at atomic-scale proximity to the sample. The dramatic increase in �̂�2
scat 313 

near Δ𝑧 = 0 nm (grey dashed vertical line) hints towards contributions from atomic protrusions on the 314 

tip apex.  315 
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Figure 2 | Picometric decay of the lightwave-driven emission from tunnelling currents. a, 316 

Schematic illustrating the isolation of the atomic-scale near-field signal. The tip tapping amplitude is 317 

set far smaller than used in conventional near-field microscopy – to an amplitude on the order of a single 318 

atomic period (200 pm). This suppresses the conventional near-field response, as well as far-field 319 

contributions. When the distance of closest approach for frontier atoms of the tip extends into the 320 

tunnelling region, lightwave-driven tunnelling currents are modulated in time over the tapping cycle as 321 

indicated by 〈𝐽lw〉(t) and emit coherent radiation (𝐸lw
scat). b, Peak of the electro-optically detected 322 

scattered THz transients �̂�2
scat = 𝐸2

scat(𝑡 = 0 fs) measured at the second harmonic of the tip tapping 323 

frequency (𝐴 = 200 pm), alongside the time-integrated lightwave tunnelling current 〈𝐽lw〉 measured 324 

for increasing tip-sample separation. c, Electro-optically detected scattered THz transients measured at 325 

the first two harmonics of the tip tapping frequency (𝐴 = 200 pm). The red curve represents the case 326 

of an approached tip (Δ𝑧  0 pm) in b where on average ~180 electrons per pulse are rectified. The blue 327 

curve shows the scattered near fields, sampled at a larger tip tapping amplitude (𝐴 = 2 nm). The dashed 328 

lines correspond to the semiclassical dipole model described in Methods.   329 
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330 

Figure 3 | Microscopic picture of THz emission by lightwave-driven tunnelling currents. a, 331 

Formation of a mesoscopic near-field dipole 𝒑nf at the tip apex, driven by the external THz electric 332 

field 𝐸light at time t1 in c (top). In the bottom part of the figure, the frontier atoms of the tip are shown, 333 

where atomically confined tunnelling currents Jlw flow in response to the near-field dipole. Time-334 

dependent density functional theory is used here to calculate the ultrafast tunnelling currents at this 335 

instant, shown by the purple isosurface for tip-sample separations 9 Å (where lightwave currents flow) 336 

and 14 Å (where almost no lightwave currents flow). b, At time t2, there is no near-field dipole 𝒑nf, as 337 

𝐸light is near zero (top). However, the ab initio calculations (bottom) show that even without external 338 

fields, a dipole emerges – shown by an isosurface of the relative charge density Δ𝜌 – at a tip-sample 339 

separation of 9 Å. This is induced by lightwave-driven tunnelling currents, and entirely disappears when 340 

the tip is retracted away from the tunnelling contact to 14 Å. c, Time evolution of the near fields 341 

calculated in the vicinity of the tip apex (blue curve) and Δ𝜌 (red curve, proportional to 𝒑lw), calculated 342 

in the ab initio simulations, for a tip-sample separation of 9 Å. The corresponding lightwave-driven 343 

tunnelling currents are shown by the purple dashed curve. Nonlinearities in the formation of the 344 

tunnelling currents result in the accumulation of charges at large delay times. This charge build-up is 345 

proportional to the time-integrated lightwave tunnelling current 〈𝐽lw〉.  346 
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 347 

Figure 4 | Spatial resolution of NOTE microscopy. a, Constant-current STM image of the Au(111) 348 

surface (V = –450 mV, Iset = 100 pA), showing a herringbone reconstruction and nanometre sized lattice 349 

defects. Scale bar: 5 nm. b, AFM topography (𝐴 = 250 pm, Δ𝜈 = −6 Hz) of the region shown by the 350 

dashed square in a. Note that in AFM the depression is barely visible, indicating that the origin of the 351 

STM signal is related to a modulation in the local DOS. c, Quasi-constant height lightwave STM image 352 

measured simultaneously with b clearly featuring the lattice defect. Scale bars: 1 nm. d, Lightwave 353 

STM line scan over a similar defect (𝐴 = 250 pm, Δ𝜈 = −5.8 Hz) showing the time-averaged 354 

lightwave current 〈𝐽lw〉. e, The same defect imaged via its NOTE signal, simultaneously with d. Shown 355 

here is the first harmonic of the detected electric field, measured at the peak of the THz transient. For 356 

clarity, the data is smoothed using a Savitzky-Golay filter with a 5-point window. The linecut in d, e is 357 

taken along the dashed line shown in a.  358 
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359 

Figure 5 | Subcycle NOTE spectroscopy of WSe2. a, Constant-current STM image (V = 1 V, Iset = 360 

100 pA) of the surface of monolayer WSe2 exfoliated directly onto an Au(111) surface. Unit cells of 361 

the atomic WSe2 sublattice and moiré superlattice are highlighted in blue and pink, respectively. Scale 362 

bar: 1 nm. b, Onset of the time-integrated THz-driven tunnelling currents 〈𝐽lw〉 on monolayer WSe2 as 363 

a function of the peak THz field strength (�̂�light), showing the onset of tunnelling from the WSe2 valence 364 

band edge. c, Subcycle detection of tunnelling currents for increasing �̂�light, measured at the peak of 365 

the EOS transient for the first (�̂�1
scat

, blue) and second (�̂�2
scat, red) harmonic of the tip tapping frequency 366 

(𝐴 = 250 pm). For the highest field strength shown, on average ~20 electrons were rectified per pulse. 367 

The steady-state conductance is overlayed as a dashed black line as guide to the eye, highlighting the 368 

band-edge like onset behaviour observed in the NOTE signal. d, Scattered near fields sampled on 369 

trilayer WSe2 when the tip is away from the tunnelling region (blue circles) and the NOTE signal when 370 

electrons are allowed to tunnel (red circles). Here, ~24 electrons per pulse are being rectified for the tip 371 

in the tunnelling region on average. e, The near-field response at the tip apex (blue curve), the NOTE 372 

dipole (red) and the retrieved ultrafast tunnelling currents, sampled in real time (purple). All error bars 373 

in this figure represent one standard deviation.374 
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Methods 375 

Ultra-stable low-temperature near-field microscope. The setup is based on a UNISOKU USM-1400 376 

ultra-high vacuum low-temperature scanning probe microscope, with custom high numerical aperture 377 

parabolic mirrors (NA ~0.4) for focusing and collecting light to and from the tip. For qPlus AFM/STM, 378 

a tungsten wire is mounted to the prong of the qPlus sensor45, followed by electrochemical etching. 379 

Before loading the sensor assembly into the microscope, tungsten oxides are removed using 380 

concentrated hydrofluoric acid.  381 

Optical picoscopy and lightwave STM measurements. We use a high-repetition rate ytterbium fibre 382 

amplifier (Satsuma HP³ by Amplitude; centre wavelength, 1030 nm; pulse duration, 260 fs; pulse 383 

repetition rate, 13.7 MHz). The output is used to generate phase-locked THz pulses (Extended Data Fig. 384 

9) using optical rectification in a lithium niobate crystal configured for tilted-pulse-front generation. 385 

The strength of the THz field is tuned with a pair of wire-grid polarizers. The pulses are then focused 386 

onto the tip using the microscope’s first parabolic mirror. For NOTE measurements, near fields 387 

scattered from the tip are collected using the second parabolic mirror in the microscope, and 388 

subsequently detected using electro-optic sampling in a 2-mm thick gallium phosphide (110) crystal 389 

(GaP), where the femtosecond gate pulse is provided by the laser fundamental. A lock-in amplifier 390 

(Zurich Instruments HF2LI) is used to measure the scattered near fields 𝐸𝑖
scat at the 𝑖th harmonic of the 391 

tip tapping frequency (~20 kHz).  392 

Using qPlus sensors allows us to extract both DC and time-averaged lightwave-driven tunnelling 393 

currents, either with an oscillating tip during near-field measurements (Fig. 2b, Fig. 4c,d), or in a more 394 

conventional lightwave STM configuration with a static tip (Fig. 5b). For the lightwave STM mode of 395 

operation, we modulate the THz pulse train with an optical chopper at a few hundred Hertz. The time-396 

averaged lightwave tunnelling current 〈𝐽lw〉 is amplified using a transimpedance preamplifier (Femto 397 

DLPCA-200) and subsequently demodulated at the chopper frequency using a lock-in amplifier. For 398 

the case where the tip is oscillating with an amplitude A > 0 (for simultaneous measurement of 𝐸scat) 399 

the measurement configuration of 〈𝐽lw〉 remains identical. Yet, the tapping motion of the tip modifies 400 

the absolute strength of 〈𝐽lw〉 since current flows only during a fraction of the mechanical tapping cycle. 401 
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As the tip tapping frequency (~20 kHz) is far larger than the bandwidth of the transimpedance 402 

preamplifier (–3 dB @ 1.1 kHz), we measure the currents integrated over the tapping cycle. For a tip 403 

tapping amplitude of 250 pm, this results in an approximately six-fold reduction in the measured value 404 

of 〈𝐽lw〉 compared to the current at the shortest distance in the tapping cycle45. We do not apply this 405 

factor in Fig. 2b and Fig. 4c,d to minimise the number of data processing steps. For recording 〈𝐽lw〉 as 406 

a function of the position on the sample (Fig. 4c,d), we scan in quasi constant height mode with the 407 

AFM feedback set to maintain a constant frequency offset, exploiting the fact that the AFM is not 408 

sensitive to certain gold defects (Fig. 4b). We note that in Fig. 4d, 〈𝐽lw〉 is measured without a chopper 409 

to improve our experimental sensitivity to the NOTE signal. This configuration remains a valid measure 410 

of 〈𝐽lw〉 in this case as we separately confirmed that no meaningful DC tunnelling current is flowing 411 

during the line scans. 412 

The polarity of the lightwave bias induced by the peak of the THz pulse was verified using the 413 

WSe2/Au sample in Fig. 5b. For small THz fields, 〈𝐽lw〉 is near-zero and sets in only when the peak bias 414 

reaches either the conduction or valence band of WSe2. As the Fermi level is close to the centre of the 415 

gap, leading and trailing peaks of the opposite polarity cannot yield substantial signal, and so the 416 

negative sign of the rectified current (Fig. 5b) proves that the peak voltage is also negative with respect 417 

to the grounded tip.  418 

Sample preparation. The experiments were performed with the following samples: single crystal 419 

Au(111) (Figs. 1 and 2), Au/mica (Fig. 4) and WSe2/Au/mica (Fig. 5). The atomically flat Au(111) 420 

surface with herringbone reconstruction was prepared by several sputter-anneal cycles on a precision-421 

cut Au single crystal followed by quenching at 550°C. Au/mica samples were prepared by thermal 422 

evaporation of Au on freshly cleaved mica in a high-vacuum chamber. Atomic flatness of the Au surface 423 

was achieved in the same way as for the single crystal sample. WSe2/Au/mica samples were fabricated 424 

by stamping the freshly cleaved bulk WSe2 onto an atomically flat Au/mica sample in the load-lock 425 

chamber of the microscope, which was purged with nitrogen gas. This process yields predominantly 426 

monolayer WSe2 but in some areas, native bilayers and trilayers emerge, which can be distinguished in 427 

an optical microscope and by tunnelling spectra. The samples were subsequently annealed at 350°C to 428 
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ensure compatibility with UHV conditions. Extended Data Fig. 8 shows the DC conductance of the 429 

monolayer and trilayer, which show the expected onsets of conduction and valence bands. In the 430 

monolayer, a small but finite conductance within the bandgap originates from hybridized chalcogen-431 

gold states51. 432 

Dependence of the scattered near fields on the demodulation order. As discussed in the main text, 433 

the scattered near fields consist of both a classical near field as well as a non-classical contribution of 434 

light emission by ultrafast tunnelling currents. As the nonlinear dependence of the former is much 435 

weaker, their relative harmonic strengths evolve differently when the signal is demodulated at higher 436 

orders of the tip tapping frequency. For higher tip-sample separations, where the classical near-field 437 

contribution dominates the signal, the measured amplitude drops much more rapidly for increased 438 

demodulation orders than for smaller distances, where the current induced emission prevails (Fig. 1c 439 

and Extended Data Fig. 1). 440 

Modelling the current-induced emission of THz radiation. For a qualitative understanding of the 441 

salient features of NOTE microscopy, we exploit a popular model used in near-field microscopy – the 442 

point dipole model (PDM)3. We approximate the near fields at the tip apex and the emission of 443 

lightwave tunnelling currents as the superposition of two electric dipole moments: a near-field dipole 444 

𝒑nf representing the polarisation of the tip apex in the presence of the external THz field 𝐸light, and a 445 

second dipole 𝒑lw, driven by the ultrafast tunnelling current 𝐽lw between tip and sample (Fig. 3a,b). 446 

The near-field dipole moment 𝒑nf is calculated using the PDM, assuming a tip radius of curvature 447 

of 50 nm, and a realistic negative relative permittivity for both the tip and sample (𝜖𝑟 ≈ −106). As the 448 

PDM does not incorporate field enhancement, we assume a peak external field strength 449 

of ~10 MV cm−1 to obtain a realistic peak near-field amplitude.  450 

To model 𝒑lw, we first calculate the tunnelling currents induced by the electric field at the tip apex. 451 

We assume these currents to instantaneously follow the bias voltage induced by 𝐸light, and use a 452 

nonlinear conductance of the tip-sample junction (Extended Data Fig. 4a). Following charge 453 

conservation, 𝒑lw is formed by instantaneous charging of the tip apex – the time integral of 𝐽lw – across 454 

a distance given by the excursion of electrons in the tip and sample during the THz pulse (here, 40 nm, 455 
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see next section below). We then propagate the time-dependent dipoles 𝒑nf and 𝒑lw to the far field 456 

using a numerically simulated tip transfer function (Extended Data Fig. 6) and the response function of 457 

our electro-optic detection (Extended Data Fig. 4b). Figure 2c shows the temporal evolution of the 458 

propagated signals, where 𝒑lw (red dashed line) exhibits the characteristic phase delay of /2 with 459 

respect to 𝒑nf (blue dashed line). 460 

Estimating the current-induced dipole 𝒑lw. To estimate a realistic strength of the current-induced 461 

dipole, we use an analytical model to obtain a spatial distribution of charges within the tip apex 462 

(Extended Data Fig. 5). We approximate the tip apex with a sphere of radius r. Since the tunnelling 463 

probability decays exponentially, it is enough to consider the case of the sphere in close proximity  464 

(d ≪ r) to the metallic plane. Under this condition we solve a model of self-consistent mirror images52. 465 

To obtain an analytical solution, we represent the metallic plane by a sphere of extremely large radius 466 

R ≫ r. As the maximum strength of 𝒑lw occurs at the moment when the external driving field – and 467 

near-field dipole 𝒑nf – crosses zero (see delay time t2 in Fig. 3 of main text) we do not need to include 468 

an external driving field into our electrostatic model. The resultant charge distribution is concentrated 469 

very close to the apex (Extended Data Fig. 5) and can be written as 𝜎(𝜃) =  𝜎u + 𝜎n(𝜃), where 𝜃 is the 470 

angle shown in Extended Data Fig. 5a, 𝜎u and 𝜎n are uniform and non-uniform contributions 471 

respectively. The current-induced dipole 𝒑lw is formed by: (i) the dipole between 𝜎u, which is 472 

equivalent to a point charge 4𝑟2𝜎u at the sphere centre, and its mirror image, 𝑝lw

(1)
= 8𝑟2(𝑟 + 𝑑)𝜎u, 473 

as well as (ii) the dipole of the sphere formed by a non-uniform charge distribution, 𝑝lw

(2)
=474 

2𝑟3 ∫ 𝜎n(𝜃) sin 𝜃 cos 𝜃 𝑑𝜃


0
, and (iii) the mirror image of 𝑝lw

(2)
 in the plane.  475 

This inherently electrostatic solution is limited by the assumption that the charge forms the 476 

calculated distribution instantaneously. In the real tip however, the tunnelling of lightwave-driven 477 

charges is constrained by the tunnelling process to the frontier atoms of the tip apex, meaning 478 

redistribution of charges after tunnelling plays an important role. A rough estimate is to simply consider 479 

the region with highest field enhancement – the tip apex radius (~50 nm). Outside of this region, charge 480 

redistribution will be significantly slower. A more accurate estimate can be reached by considering the 481 
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drift velocity. We consider that charge transfer has occurred at t1 (Fig. 3) only, and the charge 482 

redistributes through the tip during the next quarter-cycle of the THz pulse. For a centre frequency of 483 

1 THz, using a mobility of 10 cm2 V−1 s−1 and a field strength of 0.1 MV cm−1 (1 V voltage drop over 484 

2𝑟 = 100 nm distance) acting on an electron in the tip, we obtain a propagation distance of ~2.5 nm, 485 

suggesting the electrostatic model is indeed applicable for small tip apex radii. This simple 486 

approximation though cannot be extended to atomic scales and stronger fields, where quantum effects 487 

start to play a role and self-consistent microscopic treatment of light-matter interactions is necessary53. 488 

Ab initio TDDFT simulations. For a consistent microscopic understanding of the subcycle tunnelling 489 

dynamics, we performed real-time TDDFT calculations with the CP2K code54. We model the metallic 490 

substrate and the metallic tip with Na atoms instead of W and Au atoms following previous work55. The 491 

use of Na significantly reduces the computational cost enabling simulations on long time scales. We 492 

model the tip by a finite regular square pyramid (height: 1.93 nm, base: 3.00 nm x 3.00 nm, 349 Na 493 

atoms, bcc structure, lattice constant: 0.428 nm) and we model the substrate by a finite square box 494 

(3.43 nm x 3.43 nm x 1.71 nm, 661 atoms, bcc structure, lattice constant: 0.428 nm). The distance 495 

between the lowest tip atom and the central, top substrate atom was varied between 9 Å and 14 Å. The 496 

simulation volume for representing the charge density and the electrostatic potential is a square box of 497 

size 4.2 nm x 4.2 nm x 8.0 nm. For the Na atoms, a dual-space, norm-conserving Goedecker-Teter-498 

Hutter pseudopotential56 treating only the 3s electron explicitly is used. Kohn-Sham orbitals are 499 

expanded in a Gaussian DZVP-MOLOPT basis set57. We employ the adiabatic Perdew-Burke-500 

Ernzerhof exchange correlation potential58 and propagate the time-dependent Kohn-Sham equations 501 

using an exponential midpoint propagator with a time step of 0.2 fs. The external electric field pulse 502 

was represented by a 6 THz wave (period: 166.7 fs) with a Gaussian envelope (FWHM 235.5 fs) with 503 

a peak electric field of 1 V nm−1. The total simulation time is 1000 fs. Our TDDFT calculations do not 504 

include scattering and some aspects of dynamical screening, such as many-body effects and 505 

quasiparticle (optical phonons, plasmons etc.) emission, which were suggested to affect tunnelling59 506 

and, hence, are also encoded in NOTE. 507 
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Numerical simulation of the tip-transfer function. To simulate the frequency dependent transfer 508 

function from the far field to the near field, we solved Maxwell’s equations in the frequency domain 509 

with COMSOL Multiphysics, in a similar way to the transfer function calculated in ref. 55. We 510 

positioned the tip 1 nm above a flat gold sample in a 2D simulation geometry (0.9 mm x 1.2 mm). By 511 

using a scattering boundary condition on one side, we coupled in the THz radiation (Extended Data Fig. 512 

6a). All other boundaries were equipped with perfectly matched layers. To retrieve the complex valued 513 

transfer function (Extended Data Fig. 6b), we evaluate the electric field amplitude and phase in the 514 

centre of the tunnelling junction and compare it with a second simulation where the tip was replaced 515 

with vacuum. We find a field enhancement showing an amplitude response following 𝑓−1, and a 516 

spectrally uniform phase shift of ~ –0.5π. 517 

Time resolution in NOTE versus LW-STM. The physical quantity measured in LW-STM is given by 518 

the rectified charge transferred by the time-integrated action of the entire light pulse. This charge 519 

transfer is measured by slow time integrating current detectors. Nonetheless, pump-probe experiments 520 

using two THz pulses38,39,55, or combining optical and THz pulses44 can generate transient responses, 521 

which on first inspection may appear similar to NOTE signals. However, these transient responses are 522 

more akin to nonlinear auto- or cross-correlations than subcycle temporal sampling. The dynamics in 523 

the junction of a LW-STM are extremely nonequilibrium, hosting a complex interplay of competing 524 

nonlinearities which depend on the exact conditions of tunnelling, as well as dynamics occurring within 525 

the sample itself. Hence, reconstruction of ultrafast tunnelling currents is only possible by making 526 

model assumptions about the subcycle field response of the junction, which in turn are known only 527 

under the most well-defined conditions55. 528 

Conversely, NOTE samples lightwave tunnelling currents directly in time using electro-optic sampling. 529 

This is only possible because EOS relies on an instantaneous and well-defined 𝜒(2) optical nonlinearity 530 

for frequency downconversion. Unlike LW-STM, this downconversion is also seperated from the 531 

dynamics occurring within the tip-sample junction. It is these conditions which illustrate the key 532 

advantage of NOTE and enable true subcycle sampling of ultrafast tunnelling for the first time.  533 
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577 

Extended Data Fig. 1 | Tip-sample distance dependence of the scattered transients for the first 578 

and third harmonic. First (a) and third (b) harmonic, 𝐸1
scat and 𝐸3

scat, of the scattered electric fields, 579 

measured simultaneously with the transients shown in Fig. 1b (peak far-field strength �̂�light =580 

1.3 kV cm−1). For the closest tip-sample distance ~900 electrons are rectified per pulse on average. The 581 

colours correspond to the distances shown in Fig. 1c. The strong underlying nonlinearity is highlighted 582 

by the increased difference in signal strength for different tip-sample separations when going to higher 583 

demodulation orders.  584 
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 585 

Extended Data Fig. 2 | Decay of the NOTE signal at large tip tapping amplitudes. a, Electro-586 

optically detected scattered THz transients demodulated at the second harmonic of the tip tapping 587 

frequency (𝐸2
scat) with A = 5 nm and �̂�light = 1.1 kV cm−1. For the transient acquired at the closest tip-588 

sample distance 〈𝐽lw〉 =  −180 pA, on average ~80 rectified electrons per pulse. b, Peak of the THz 589 

transient (�̂�2
scat) at 𝑡 = 0 fs, measured at a tip tapping amplitude A = 5 nm for increasing tip-sample 590 

separation Δ𝑧. c, Logarithmic-scale plot of the data shown in Fig. 2b: �̂�2
scat measured at the second 591 

harmonic of the tip tapping frequency (A = 200 pm, �̂�light = 0.8 kV cm−1), alongside the time-592 

integrated lightwave tunnelling current 〈𝐽lw〉 measured for increasing tip-sample separation (on average 593 

~200 electrons per pulse are rectified for the closest tip-sample distance).   594 
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 595 

Extended Data Fig. 3 | NOTE transients sampled on Au(111). Electro-optically detected scattered 596 

THz transients measured at the first three harmonics of the tip tapping frequency (A = 1 nm). In each 597 

panel, the red curve shows the case of an approached tip, where tunnelling currents can flow (〈𝐽lw〉 =598 

 −300 pA, on average ~140 rectified electrons per pulse, Δ𝜈 = −4.8 Hz, �̂�light = 1.3 kV cm−1). The 599 

blue curve shows the case where the tip is retracted away from the tunnelling barrier.  600 
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 601 

Extended Data Fig. 4 | Steady-state tunnelling spectrum of Au(111) and optical detection 602 

bandwidth. a, Experimental tunnelling spectrum, measured with steady-state STM on the surface of 603 

Au(111). b, Amplitude and phase of the response of the EOS detection, including the detector response 604 

of GaP and focusing conditions of the parabolic mirrors.  605 
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 606 

Extended Data Fig. 5 | Distribution of tunnelled charges at the tip apex. a, Distribution of charges 607 

on the surface of a sphere with radius r = 100 Å at distance d = 5 Å from a large sphere with radius R. 608 

The local strength of the surface charge is indicated by the diameter of the blue circles. b, Surface 609 

charge density around the surface of the sphere as a function of the polar angle 𝜃 shown in a.  610 
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 611 

Extended Data Fig. 6 | Numerical model of the tip transfer function. a, Spatial distribution of the 612 

electric field magnitude on a cross-section of the STM tip. The inset shows the near fields in the vicinity 613 

of the nanoscale apex. b, Magnitude and phase of the field enhancement at the tip apex as a function of 614 

frequency.  615 
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 616 

Extended Data Fig. 7 | Atomic-scale decay of the NOTE signal in the quantum simulation. a, 617 

Amplitude of the simulated NOTE dipoles (A = 1 Å) evaluated at 𝑡 =  0 fs, for increasing average tip-618 

sample separation 〈𝑧〉. b, Simulated peak of the ultrafast tunnelling current (𝐽lw) for a static tip as a 619 

function of the tip-sample separation z. The angstrom-scale decay of the NOTE dipole in panel a closely 620 

follows that of the ultrafast tunnelling current.  621 
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 622 

Extended Data Fig. 8 | Bias spectroscopy of mono- and trilayer WSe2 on Au(111). Normalized 623 

steady-state differential conductance of WSe2 mono- and trilayer on Au(111). In the monolayer, some 624 

electrons tunnel directly from tip to Au(111), resulting in a measurable current within the gap. The 625 

additional tunnelling barriers introduced by the trilayer remove this current pathway.  626 
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 627 

Extended Data Fig. 9 | Far-field THz transient and spectrum. a, Incident THz transient sampled in 628 

the far field. b, Corresponding spectrum of the incident THz field.  629 
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 630 

Extended Data Table 1 | Experimental peak field strengths in the far field. 631 


