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Abstract. We demonstrate that currents induced in graphene by 

ultrashort laser pulses are sensitive to the exact shape of the 

electric-field waveform. By increasing the field strength, we found 

a transition of the light–matter interaction from the weak-field to 

the strong-field regime at around 2 V/nm, where intraband 

dynamics influence interband transitions. In this strong-field 

regime, the light-matter interaction can be described by the 

wavenumber trajectories of electrons in the reciprocal space. For 

linearly polarized light the electron dynamics are governed by 
repeated sub-optical-cycle Landau-Zener transitions between 
the valence- and conduction band, resulting in Landau-Zener-
Stückelberg interference, whereas for circular polarized light 
this interference is supressed. 

Ultrafast electron dynamics controlled by strong electromagnetic fields of light have 
recently found particular attention. Effects such as high-harmonic generation [1-3] 
and sub-optical-cycle interband population transfer [4] and the non-perturbative 
change of the transient polarizability [5] have been explored in dielectrics and large 
bandgap semiconductors. However, much less is known about light-field driven 
phenomena in conducting and narrow bandgap semiconductors. We approach the 
extreme, namely light-field-driven control of electrons in graphene, a conducting 2-
dimensional material. We could show that it is possible to coherently drive currents in 
graphene by variation of the carrier-envelope phase (CEP) of near-infrared few-cycle 
laser pulses, reaching sub-optical-cycle (i.e., sub-femtosecond) electron dynamics [6]. 
 
Graphene is a promising platform 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 threshold. We could show that a current induced in 
monolayer graphene by two-cycle laser pulses is sensitive to the electric-field 
waveform, that is, the exact shape of the optical carrier field of the pulse, which is 
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controlled by the carrier-envelope phase, with a precision on the attosecond (10-18 
seconds) timescale (Fig. 1a). 
 

 
Fig. 1. a, A graphene stripe on SiC is illuminated by CEP-stabilized laser pulses. The laser-
induced current flowing through the graphene stripe, contacted with Au/Ti electrodes, is 
measured. b, Dirac cone of graphene, with the conduction- (red) and the valence- band (blue). c, 
Perturbative one-photon and two-photon interference responsible for the CEP-dependent 
current generation in the weak-field regime. d, In the field-driven regime interband transitions 
are well described as repeated Landau-Zener transitions. Starting from the valence band, the 
electron may first diabatically tunnel to the conduction band and then adiabatically pass the 
splitting event (path 1), or vice versa (path 2). 

 
Such a current, depending on the carrier-envelope phase, shows a striking reversal of 
the direction of the current at a driving field amplitude of about two volts per 
nanometre (Fig. 2). This reversal indicates a transition of light-matter interaction from 
the weak-field (photon-driven) regime (Fig. 1 b, c) to the strong-field (light-field-
driven) regime (Fig. 1 d), where the intraband dynamics (adiabatic) influence 
interband transitions (diabatic). We show that in this strong-field regime the electron 
dynamics are governed by sub-optical-cycle Landau-Zener-Stückelberg interference 
[7], composed of coherent repeated Landau-Zener transitions on the femtosecond 
timescale. Supported by numerical simulations we can reproduce the measured 
reversal of the current direction and obtain insight in the electron-matter-wave 
interference inside of graphene, controlled by the field of light (Fig. 2).   
Furthermore, the influence of this sub-optical-cycle interference can be controlled 
with the laser polarization state. Using circular polarized light intra-cycle Landau-
Zener-Stückelberg interference can be suppressed and no change in sign is found in 
the current measurement, supported by simulation results. 
These coherent electron dynamics in graphene take place on sub-femtosecond 
timescales, faster than electron-electron scattering (tens of femtoseconds) and 
electron-phonon scattering (hundreds of femtoseconds).  
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Fig. 2. Experimentally obtained CEP-dependent currents are plotted with red squares (linear 
polarization) and blue circles (circular polarization) as a function of the optical peak field 
strength. Inset indicates a reversal of the current direction at around 2 V/nm. c, Simulation 
showing, the conduction band population for each k-point as a function of the electric field 
strength after the pulse is gone.  

 
The ability to control the electron dynamics on sub-femtosecond timescales in 
graphene will enable the exploration of the build-up of correlated electron dynamics 
occurring on longer timescales. Transferring this technique to atomically sharp 
interfaces, 2-dimensional heterostructures or graphene composed nanostructures it 
could be possible to characterize the ultrafast charge transfer time between them. 
The results are another important step in uniting electronics and optics. In the future, 
this method could open a door for realizing ultrafast electronics operating at optical 
frequencies 
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