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            Abstract
Fizeau demonstrated in 1850 that the speed of light can be modified when it is propagating in moving media1. However, such control of the light speed has not been achieved efficiently with a fast-moving electron media by passing an electrical current. Because the strong electromagnetic coupling between the electron and light leads to the collective excitation of plasmon polaritons, it is hypothesized that Fizeau drag in electron flow systems manifests as a plasmonic Doppler effect. Experimental observation of the plasmonic Doppler effect in electronic systems has been challenge because the plasmon propagation speed is much faster than the electron drift velocity in conventional noble metals. Here we report direct observation of Fizeau drag of plasmon polaritons in strongly biased monolayer graphene by exploiting the high electron mobility and the slow plasmon propagation of massless Dirac electrons. The large bias current in graphene creates a fast-drifting Dirac electron medium hosting the plasmon polariton. This results in non-reciprocal plasmon propagation, where plasmons moving with the drifting electron media propagate at an enhanced speed. We measure the Doppler-shifted plasmon wavelength using cryogenic near-field infrared nanoscopy, which directly images the plasmon polariton mode in the biased graphene at low temperature. We observe a plasmon wavelength difference of up to 3.6 per cent between a plasmon moving with and a plasmon moving against the drifting electron media. Our findings on the plasmonic Doppler effect provide opportunities for electrical control of non-reciprocal surface plasmon polaritons in non-equilibrium systems.
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                    Fig. 1: Schematic view of the Doppler effect in a graphene device.[image: ]


Fig. 2: Near-field signal of the propagating plasmons under different driving currents.[image: ]


Fig. 3: Gating dependence of graphene plasmon wavelength.[image: ]


Fig. 4: Graphene plasmon dispersion and Doppler-induced wavelength shift.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Graphene channel current at discrete bias voltages in the two-terminal device.
Measurements taken at 25Â K at a carrier density of 7.0Â Ã—Â 1012Â cmâˆ’2.


Extended Data Fig. 2 Near-field signal of the propagating plasmon on the left side of the gold nanobar.
a, b, Illustration of plasmon propagation under negative (a) and positive (b) current flows. c, e, g, Near-field data at âˆ’0.4Â mA and + 0.4Â mA (c), âˆ’1.2Â mA and + 1.2Â mA (e) and âˆ’1.9Â mA and +1.7Â mA (g). d, f, h, The corresponding line profiles for c, e, g, respectively, averaged over the 30 scans. The gold nanobar is located on the right and the graphene plasmons propagate from the right to the left.


Extended Data Fig. 3 Near-field signal of the propagating plasmon on the right side of the gold nanobar.
a, b, Illustration of plasmon propagation under negative (a) and positive (b) current flows. c, e, Near-field data at âˆ’0.4Â mA and +0.4Â mA (c) and âˆ’1.2Â mA and +1.2Â mA (e). d, f, The corresponding line profiles c, e, respectively, averaged over the 30 scans. The gold nanobar is located on the left and the graphene plasmons propagate from the left to the right.


Extended Data Fig. 4 Comparison of the Doppler effect between theory and experiment at different carrier drift velocities in the second device.
The width of the graphene channel is wÂ =Â 2.5Â Î¼m and the carrier density is estimated to be |n|Â =Â 7.0Â Ã—Â 1012Â cmâˆ’2.


Extended Data Fig. 5 Breakdown of device under high positive backgate voltages.
The ultrahigh backgate voltage at the positive side triggers a series of gas ionization in high vacuum and damages the sample.


Extended Data Fig. 6 Filtered optical image to enhance the contrast between hBN and graphene.
The alignment angle between the hBN and graphene is around 0.93Â° and corresponds to a moirÃ© period of around 10.3Â nm, which is calculated from the carrier density (nsÂ â‰ˆÂ 3.98Â Ã—Â 1012Â cmâˆ’2) at the small resistance peak in our device.The white line indicates the straight graphene edge and the yellow line shows the top hBN edge.
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