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            Abstract
Delocalized Bloch electrons and the low-energy correlations between them determine key optical1, electronic2 and entanglement3 functionalitiesÂ of solids, all the way through to phase transitions4,5. To directly capture how many-body correlations affect the actual motion of Bloch electrons, subfemtosecond (1â€‰fsâ€‰=â€‰10âˆ’15â€‰s) temporal precision6,7,8,9,10,11,12,13,14,15 is desirable. Yet, probing with attosecond (1â€‰asâ€‰=â€‰10âˆ’18â€‰s) high-energy photons has not been energy-selective enough to resolve the relevant millielectronvolt-scale interactions of electrons1,2,3,4,5,16,17 near the Fermi energy. Here, we use multi-terahertz light fields to force electronâ€“hole pairs in crystalline semiconductors onto closed trajectories, and clock the delay between separation and recollision with 300â€‰as precision, corresponding to 0.7% of the driving fieldâ€™s oscillation period. We detect that strong Coulomb correlations emergent in atomically thin WSe2 shift the optimal timing of recollisions by up to 1.2â€‰Â±â€‰0.3â€‰fs compared to the bulk material. A quantitative analysis with quantum-dynamic many-body computations in a Wigner-function representation yields a direct and intuitive view on how the Coulomb interaction, non-classical aspects, the strength of the driving field and the valley polarization influence the dynamics. The resulting attosecond chronoscopy of delocalized electrons could revolutionize the understanding of unexpected phase transitions and emergent quantum-dynamic phenomena for future electronic, optoelectronic and quantum-information technologies.
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                    Fig. 1: Clocking quasiparticle collisions in bulk and monolayer WSe2.[image: ]


Fig. 2: Quantitative many-body aspects in HSB spectra of monolayer WSe2.[image: ]


Fig. 3: Exciton dynamics at different driving field strengths.[image: ]


Fig. 4: Attosecond timing of correlations in valley-polarized eâ€“h pairs.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Schematic of the experimental setup.
a, The 8.6-fs-NIR pulse train is split into two branches. The first one passes a quarter wave plate (Î»/4) and is overlapped with the THz field with an indium tin oxide-coated window (ITO) before both pulses are focused onto a GaSe crystal for EOS or the WSe2 sample to generate HSB. The remaining excitation light and the emerging HSB radiation are collimated and separated from the THz radiation with a germanium wafer (Ge). With a dichroic mirror (DM), the HSB radiation is sent into a spectrometer (CCD), while the polarization state of the transmitted NIR pulse can be analysed by a quarter wave plate, a Wollaston prism (W), and a balanced pair of photodiodes (BPD). The remaining THz field is overlapped with the second NIR branch to constantly monitor the electro-optic signal (EOM). b, Measured SHG-FROG spectrogram and c, reconstructed temporal shape of the NIR light with a pulse duration of 8.6 fs. d, Comparison between excitation spectrum (orange) and absorbance (blue) of monolayer WSe2. The high-energy edge of the excitation spectrum is chosen to be resonant with the monolayer 1s transition. e, Waterfall plot of successive EOS measurements with the reference beam line. The electric field of the reference THz waveform corresponds to the colour scale. Fitting the temporal position of the recorded transients reveals a standard deviation of only Ïƒâ€‰=â€‰84 as, attesting to the excellent stability of the setup during a measurement.
Source Data


Extended Data Fig. 2 Identifying monolayer and bulk WSe2.
a, Optical microscopy picture of the exfoliated sample on a diamond substrate. The monolayer part of the WSe2 crystal is indicated by the red dashed line. Circles (diameter corresponds to the NIR spot size in focus) show the spots used for the monolayer (blue) and bulk (orange) measurements presented in the main text. b, Photoluminescence (red colour map) and transmission (blue colour map) of the sample using a continuous-wave laser with a centre wavelength of 532â€‰nm. c, Schematic cross-section of the WSe2 sample consisting of a bulk and monolayer (ML) part next to each other on a diamond substrate. The incident light (NIR and THz) hits the sample from the WSe2 side. Remaining NIR and THz radiation as well as the emitted HSB radiation are transmitted through the diamond substrate.
Source Data


Extended Data Fig. 3 Dependence of the subcycle delay on the sample thickness.
Measured subcycle delay Î´sc and its standard error for different spots on the WSe2 sample with Epeakâ€‰=â€‰6.2â€‰MV cmâˆ’1 and Î¦NIRâ€‰=â€‰12 Î¼J cmâˆ’2. 60â€‰nm (orange) and 25â€‰nm (purple) thick areas of the crystal yield the same averaged value âŸ¨Î´scâŸ© (dashed line) within the averaged margin of error (shaded area).
Source Data


Extended Data Fig. 4 Data analysis and calculation of error bars.
a, Recorded transient before (orange solid line) and after (blue solid line) a single scan of the HSB spectrogram. The inset shows a close-up of a field zero-crossing, revealing a shift of 130 as of the driving field during a measurement. b, Spectrally integrated trace of a single HSB scan as recorded (orange) and after compensation of the temporal drift (blue). Its time axis is stretched or squeezed (blue) in accordance with the temporal shift correction in a. Insets: Zoom-in on IHSB illustrating the drift compensation for early (left panel) and late (right panel) injection times. c, e, Peaks of the corrected HSB emission (orange spheres) are fitted using Gaussian (c) or quadratic (e) functions (orange solid lines) in a small temporal window (orange shaded area) to determine their exact temporal position. The subcycle delay, Î´sc, is calculated as the timing difference between IHSB and ETHz (grey) peaks. Inset in e: histogram of the deviation of the interpolated curve (line) from the raw data (dots), yielding a noise-limited time resolution of 100 as. d, f, Extracted subcycle delay from c and e for four consecutive scans (coloured spheres). By averaging, their mean value (blue spheres) as well as their standard error (indicated by the blue shaded area) are determined.
Source Data


Extended Data Fig. 5 Synchronized timing of eâ€“h recollisions and HSB emission.
a, Time-resolved computed HSB emission intensity for monolayer (blue line) and bulk (orange line) WSe2. Coherent excitons are created by an 8.6 fs NIR pulse (intensity envelope, red line) at time tex after the peak of the THz field (|ETHz|, grey shaded area). The HSB emission peaks (vertical dashed lines) at \({T}_{{\rm{coll}}}^{{\rm{ML}}}\)â€‰=â€‰12.6 fs after the excitation for monolayer and at \({T}_{{\rm{coll}}}^{{\rm{bulk}}}\)â€‰=â€‰18.6 fs for bulk WSe2, respectively. bâ€“e, HSB Wigner functions WHSB(x,k) (contours) at times tâ€‰=â€‰12.6 fs and tâ€‰=â€‰18.6 fs for monolayer and bulk WSe2. Orange lines show the dynamics of the centroid of the Wigner function.
Source Data


Extended Data Fig. 6 Predicted HSB intensity as a function of the NIR pulse duration.
Computed HSB intensity IHSB as a function of the NIR excitation time for pulse durations of Ï„NIRâ€‰=â€‰7.2 fs (dark red line), 8.6 fs (dark blue line), 10 fs (light red line), and 11.5 fs (light blue line). The shaded area denotes the driving field |ETHz| whose three largest peaks are labelled.
Source Data


Extended Data Fig. 7 HSB spectra for constant dephasing times.
a, Computed HSB spectra of the full QDCE approach (grey shaded area) compared to computations with different constant dephasing times Ï„ (lines). The data are multiplied by a factor of 106 at energies hÎ½â€‰>â€‰1.9â€‰eV, for visibility. b, Ratio of the spectrum from the full QDCE computation with each of the constant-dephasing computations. c, Density of coherent excitons as function of time for the full QDCE computation (grey area) and two constant-dephasing calculations with Ï„â€‰=â€‰21.9 fs (red line) and Ï„â€‰=â€‰8.2 fs (blue line) after excitation (orange shaded area, NIR pulse envelope). The vertical dashed lines indicate peak densities.
Source Data


Extended Data Fig. 8 Role of Coulomb correlations on the subcycle delay.
Computed subcycle delay for bulk (orange) and monolayer (blue) WSe2 as a function of the exciton binding energy resulting from a Coulomb interaction suppressed artificially, while keeping all other parameters fixed. Orange and blue dashed vertical line: exciton binding energy E1s of bulk (E1sâ€‰=â€‰60â€‰meV) and monolayer (E1sâ€‰=â€‰295â€‰meV) WSe2, respectively. The arrow marks the subcycle-delay shift of 2.1 fs due to increased excitonic binding.
Source Data


Extended Data Table 1 Predicted precision of subcycle delay as a function of the NIR pulse durationFull size table
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