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            Abstract
The ability to steer electrons using the strong electromagnetic field of light has opened up the possibility of controlling electron dynamics on the sub-femtosecond (less than 10âˆ’15 seconds) timescale. In dielectrics and semiconductors, various light-field-driven effects have been explored, including high-harmonic generation1,2,3,4, sub-optical-cycle interband population transfer5 and the non-perturbative change of the transient polarizability6,7. In contrast, much less is known about light-field-driven electron dynamics in narrow-bandgap systems or in conductors, in which screening due to free carriers or light absorption hinders the application of strong optical fields6,8. Graphene is a promising platform with which to achieve light-field-driven control of electrons in a conducting material, because of its broadband and ultrafast optical response, weak screening and high damage threshold9,10. Here we show that a current induced in monolayer graphene by two-cycle laser pulses is sensitive to the electric-field waveform, that is, to the exact shape of the optical carrier field of the pulse, which is controlled by the carrier-envelope phase, with a precision on the attosecond (10âˆ’18 seconds) timescale. Such a current, dependent on the carrier-envelope phase, shows a striking reversal of the direction of the current as a function of the driving field amplitude at about two volts per nanometre. This reversal indicates a transition of lightâ€“matter interaction from the weak-field (photon-driven) regime to the strong-field (light-field-driven) regime, where the intraband dynamics influence interband transitions. We show that in this strong-field regime the electron dynamics are governed by sub-optical-cycle Landauâ€“Zenerâ€“StÃ¼ckelberg interference11, composed of coherent repeated Landauâ€“Zener transitions on the femtosecond timescale. Furthermore, the influence of this sub-optical-cycle interference can be controlled with the laser polarization state. These coherent electron dynamics in graphene take place on a hitherto unexplored timescale, faster than electronâ€“electron scattering (tens of femtoseconds) and electronâ€“phonon scattering (hundreds of femtoseconds)12,13,14. We expect these results to have direct ramifications for band-structure tomography2 and light-field-driven petahertz electronics8.
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                    Figure 1: Experimental configuration, CEP-dependent dynamics and LZS interferometry.[image: ]


Figure 2: CEP-dependent current.[image: ]


Figure 3: Simulation results of the conduction band population and quantum-path interference with linearly polarized excitation.[image: ]


Figure 4: Two-dimensional electron trajectories in k-space.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sample geometry and laser spectrum.
a, Scanning-electron-microscope image of the sample (false-coloured). The graphene strip is aligned parallel to the terrace steps. Scale bar is 2 Î¼m. The triangles found in the electrodes are alignment markers. b, Map of the (CEP-independent) photocurrent as a function of the laser spot position. When the laser spot hits the grapheneâ€“metal junction, photo carriers are generated in the graphene that result in a photocurrent owing to the built-in potential at the junction originating from the mismatch of the work functions. c, Laser spectrum, recorded with an optical spectrum analyser. The instrumental noise floor is visible at the spectral extrema. d, Second-harmonics interferometric autocorrelation trace of the compressed laser pulse. The blue circles are measured data points, and the red curve shows a trace calculated from the spectrum assuming a flat spectral phase. The signal is normalized so that the intensity for sufficiently large delay (>40 fs) becomes the unity.


Extended Data Figure 2 CEP-dependent current.
a, CEP-dependent current measured as two-phase lock-in signals Jcos (red markers, in phase) and Jsin (blue markers, quadrature) with the modulation reference frequency fCEO, plotted as a function of relative thickness d of fused silica in the beam path. The maximum optical field strength (at dâ€‰=â€‰0) is E0â€‰=â€‰2.3â€‰V nmâˆ’1. The purple solid envelope curve is a Gaussian fit of the signal amplitude [image: ] as a function of d. Red and blue solid curves are fitting curves assuming this Gaussian fit of J0 and the linear shift of the CEP at the sample position as a function of d due to the spectral dispersion in fused silica. The optimal d that maximizes J0 is set to zero. b, Amplitude J0 and phase Ï•J of the CEP-dependent current as a function of fused silica insertion thickness d. Ï•J is defined by Jcosâ€‰=â€‰J0cos(Ï•J) and Jsinâ€‰=â€‰J0sin(Ï•J). The maximum optical field strength is E0â€‰=â€‰2.3â€‰V nmâˆ’1. c, d, Amplitude J0 (c) and phase Ï•J (d) of the CEP-dependent current as a function of the optical field strength E0. e, f, Simulation results of J0 (e) and Ï•J (f) are also shown. g, Logâ€“log plot of the numerically obtained J0 as a function of E0, suggesting a power-law scaling of J0 âˆ� [image: ] (dotted line) in the weak-field regime.


Extended Data Figure 3 Theoretical model for the simulation.
a, Lattice structure of graphene. Two carbon sites A and B reside in a unit cell (green-shaded area). b, Energy difference between the conduction and the valence band obtained from the tight-binding9 model. Panels c and d show the x and y components of the dipole matrix element d(k), respectively.


Extended Data Figure 4 Simulation results with circularly polarized excitation.
a, Difference Î”Ï�CB between the conduction-band populations after excitation by circularly polarized driving pulses with Ï•CEPâ€‰=â€‰Ï€/2 and âˆ’Ï€/2, shown as a function of the initial wave vector. E0â€‰=â€‰2.3â€‰V nmâˆ’1, and the peak field amplitudes of the x and y components of the field are thus E0/[image: ]. Solid curves indicate wave vector values corresponding to resonant (multi-) photon absorption. The resonant photon orders are indicated by the numbers. b, Electron trajectories resulting from a circularly polarized pulse with Ï•CEPâ€‰=â€‰Ï€/2, starting from two reciprocal points R and S. Green markers indicate the main transition events, which correspond to the peaks in Î²(t) (see d and Supplementary Methods for definition). The size of the green markers is proportional to [image: ]. c, Electric-field waveforms used in the simulations. d, Relative band coupling strength Î²(t) as function of time for the trajectories starting from R and S. Clearly, for circular polarization the asymmetry in band coupling can explain the CEP-dependence of the current. Intra-optical-cycle quantum-path interference does not show up, which is why the direction of the CEP-dependent current does not change as a function of E0.


Extended Data Figure 5 Relative band coupling strengths for linearly polarized excitation.
a, Î²(t) for the trajectory starting from point P in Fig. 3c under linearly polarized excitation. The electron trajectory is shown in b. Panel c shows Î²(t) for the trajectory starting from point Q. The peaks of [image: ] correspond to the Landauâ€“Zener transitions. Unlike in the circularly polarized case, both a positive and a negative Î²(t) peak are found per optical cycle, resulting in intra-optical-cycle LSZ interference.
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A light on current advances in graphene
A new field of ultrafast electronics has emerged in recent years that uses strong electromagnetic (light) fields to steer electrons. It is difficult to explore such effects in metals because of screening by the charge carriers, so mainly insulators and semiconductors have been studied in this area. However, different physics applies to graphene, a two-dimensional material in which only weak screening is present. Takuya Higuchi et al. have now generated electric currents in graphene with ultrafast light fields. The current is sensitive to the exact shape of the optical carrier field of the pulse, which is controlled by the carrier-envelope phase, with a precision on the attosecond timescale. The results open up new opportunities for creating light-field-driven petahertz electronics.
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