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Introduction

Arising from the linear spectrum of low energy electrons, graphene exhibits the quantum Hall (QH) effect with unusual filling factor ±2, ±6, ±10 etc. This behavior, differing from the case of conventional semiconductor quantum wells, has been well studied by electrical transport in recent years. However, a direct probe into the carrier dynamics of graphene in QH regime is still limited. Photocurrent measurements provide a powerful means of studying electronic properties of the material while leveraging optical spectroscopy techniques. Photo-excited hot carriers in homogeneous graphene can give rise to photocurrent under perpendicular magnetic field. In turn, this so-called photo-Nernst effect can be used to probe hot-carrier dynamics as modified by the formation of Landau levels.
Experimental


We carried out an ultrafast optical pump-probe photocurrent study of a hexagonal boron nitride encapsulated graphene device in the quantum Hall regime. The pulsed laser excitation (800 nm) is focused on the sample with about 2 µm beam spot size. The source contact is grounded, while the photocurrent is collected from the drain contact. All other electrodes are floating and no bias voltage is applied. We used 17.5 T (SCM 3) superconducting magnet in the DC field facility with the help from Staff scientists Zhiqiang Li and Dmitry Smirnov.
Results and Discussion
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Fig. 1 plots the two-terminal conductance (G), the one pulse photocurrent signal (PC) and the photocurrent relaxation time (τ) as a function of the gate voltage, which is used to tune the carrier density (Fermi level) of graphene. Here, the photocurrent relaxation time is derived from a Gaussian fit to the dip in the ultrafast pump-probe photocurrent response. The laser beam is parked at the graphene edge and the results at various applied magnetic fields are displayed in different columns. 
The conductance with quantized plateaus is clearly shown in the top frame of each column. The well-defined Landau level filling factor 2, 6 and 10 indicates the high-quality graphene devices. The PC signal shows oscillating behavior as a function of gate voltage, with similar period to the conductance quantization. This is consistent with the photo-Nernst effect. Note that the photocurrent exhibits a peak when the Fermi energy is tuned across the top edge of the Landau level, which is independent of the magnetic field. Correspondingly, a drastically increase of the photocurrent relaxation time (i.e. hot carrier cooling time) is also observed, shown in the bottom frame of each column. The observed photocurrent response suggests that the Landau level formation significantly modulate the hot carrier behavior in graphene devices.
Conclusions

We probed the hot-carrier dynamics of graphene at high magnetic field. Our observation points to a new means of probing and control of non-equilibrium carrier dynamics in the quantum regime.
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Fig.1 Gate dependence of the conductance (top), photocurrent (middle), and hot carrier cooling time (bottom) at B = 7.5T (a) 12T (b) and 17.5T (c).








