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Efficient Fizeau drag from Dirac electrons in 
monolayer graphene

Wenyu Zhao1,9, Sihan Zhao1,9, Hongyuan Li1,2,3, Sheng Wang1,3, Shaoxin Wang1, 
M. Iqbal Bakti Utama1,3,4, Salman Kahn1,3, Yue Jiang1,5, Xiao Xiao1,5, SeokJae Yoo1, 
Kenji Watanabe6, Takashi Taniguchi7, Alex Zettl1,3,8 & Feng Wang1,3,8 ✉

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.

A surface plasmon polariton—a coupled electromagnetic and electron 
oscillation mode—has the unique capability to confine and manipulate 
light at the subwavelength scale2–5. The plasmonic enhancement of 
the light–matter interaction has a key role in nanophotonics6, ranging 
from nanoscale nonlinear optics7 to quantum optics8 to flat optics9. 
Electrical control of the plasmon polariton is highly desirable in such 
applications. An intriguing possibility for plasmon control is through 
Fizeau drag1, where the moving electron media modulate the propaga-
tion speed of the plasmon polariton. This can be viewed as a plasmonic 
Doppler effect, where counter-propagating plasmons can have differ-
ent speeds depending on the moving electron media.

The plasmonic Doppler effect is negligibly small in conventional 
noble metals because the plasmon velocity is more than a million times 
larger than the highest drift velocity achievable in those metals3. Recent 
theories have predicted that the two-dimensional (2D) Dirac electrons 
in graphene provide an ideal platform to realize a strong plasmonic Dop-
pler effect due to the combination of low carrier density, high electron 
mobility and strong plasmon polariton confinement10–17. Compared 

with conventional metals, the electron drift velocity (vd) in graphene is 
orders of magnitude higher and can reach a value of 3 × 105 m s−1 (ref. 18).  
At the same time, the graphene plasmon features an ultrahigh field 
confinement14,19–22 (λp/λ0 ≈ 1/150, where λp is the plasmon wavelength and 
λ0 is the excitation light wavelength in free space), resulting in a plas-
mon group velocity (vp) of around 2 × 106 m s−1, two orders smaller than 
the speed of light. A notable plasmonic Doppler effect can emerge in 
electrically biased graphene when the electron drift velocity vd reaches 
a substantial fraction of the plasmon velocity18,23. Such a Doppler effect 
has been predicted to break the time-reversal symmetry in the graphene 
optical response in the non-local limit and create non-reciprocal surface 
plasmon propagations24–31.

Here we report experimental observation of the plasmonic Doppler 
effect in monolayer graphene. Taking advantage of cryogenic scanning 
near-field infrared nanoscopy, we can measure the Doppler-induced 
wavelength shift in real space even under a large bias current in gra-
phene. Our two-terminal graphene device is composed of ultraclean 
monolayer graphene fully encapsulated in hexagonal boron nitride 

https://doi.org/10.1038/s41586-021-03574-4

Received: 6 October 2020

Accepted: 21 April 2021

Published online: 23 June 2021

 Check for updates

1Department of Physics, University of California, Berkeley, Berkeley, CA, USA. 2Graduate Group in Applied Science and Technology, University of California, Berkeley, Berkeley, CA, USA. 
3Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 4Department of Materials Science and Engineering, University of California, Berkeley, Berkeley, CA, USA. 
5Department of Physics, Chinese University of Hong Kong, Hong Kong, China. 6Research Center for Functional Materials, National Institute for Materials Science, Tsukuba, Japan. 7International 
Center for Materials Nanoarchitectonics, National Institute for Materials Science, Tsukuba, Japan. 8Kavli Energy NanoSciences Institute at University of California Berkeley and Lawrence 
Berkeley National Laboratory, Berkeley, CA, USA. 9These authors contributed equally: Wenyu Zhao, Sihan Zhao. ✉e-mail: fengwang76@berkeley.edu

https://doi.org/10.1038/s41586-021-03574-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-021-03574-4&domain=pdf
mailto:fengwang76@berkeley.edu


518  |  Nature  |  Vol 594  |  24 June 2021

Article

(hBN) and a nanofabricated gold nanobar as the integrated plasmon 
launcher. The plasmon launched by the gold nanobar is imaged by 
near-field infrared nanoscopy, and it shows substantial modulation by 
the electrical bias current (and therefore the electron drift velocity). 
We quantify the plasmonic Doppler effect by monitoring the plasmon 
wavelength change for positive and negative electrical current and 
observe a Doppler-induced wavelength modulation as large as 3.6% for 
a bias current density of ±0.8 mA μm−1. Our experimental results agree 
well with the existing theoretical model30. This strong plasmonic Dop-
pler effect provides new opportunities for exploring non-equilibrium 
plasmons32–35 and non-reciprocal plasmonic36–38 phenomena in gra-
phene and other high-mobility 2D materials.

Doppler-induced wavelength shift
Figure 1a shows a schematic of our device fabricated on a silicon diox-
ide/silicon (SiO2/Si) substrate. Ultraclean monolayer graphene was 
fully encapsulated by two hBN flakes using the dry-transfer technique 
(see Methods for details of the sample fabrication). Source–drain elec-
trodes with low contact resistance are fabricated using the 1D edge 
contact method39. The narrow gold nanobar (about 500 nm in width 
and 9.5 μm in length) in the middle of the device is used to excite the 
plasmon in the graphene sheet (5 μm in width and 15 μm in length). To 
access the graphene plasmon efficiently, we use a very thin top hBN 
layer with a thickness of about 2 nm. Figure 1b shows the Doppler effect 
of the graphene plasmon launched by the gold nanobar under positive 

and negative carrier flow directions. The sharp edge of the gold nano-
bar serves as an efficient launcher of the plasmon in graphene12,20, which 
propagates away from the nanobar. The presence of a carrier flow 
breaks the time-reversal symmetry ω ω( ≠ )k k− xx

, where ω kx
 ω( )k− x

 is the 
plasmon dispersion along (against) the electron drift direction and kx 
(−kx) is the wavenumber along (against) the electron drift direction) 
and results in different plasmonic group velocities depending on the 
direction of the external driving current26. This leads to a stretched 
(compressed) plasmon wavelength for plasmons propagating along 
(against) the carrier flow direction. In Fig. 1b, the wavelength change 
is exaggerated to better illustrate the idea.

We probe the graphene plasmon with a home-built near-field infrared 
nanoscopy setup at cryogenic temperature (details in Methods). The 
base temperature of the sample is fixed at 25 K, which helps to dissipate 
the unintended Joule heating caused by the large current through the 
graphene channel. In addition, the phonon scattering of the graphene 
plasmon is strongly suppressed at low temperature, resulting in a higher 
plasmon quality factor3,12 and thus a better accuracy in determining 
the plasmon wavelength. To probe the graphene plasmon, a 10.6-μm 
carbon dioxide laser was focused on the sample by an aspheric zinc 
selenide lens with a spot size of around 10 μm. This guarantees a uni-
form light illumination on the nanobar and atomic force microscope 
(AFM) tip when scanning around the bar area (within a range of 1 μm), 
with negligibly small intensity and phase inhomogeneity. Basically, 
the graphene plasmon excited by the gold nanobar propagates away 
from the bar edge. The propagating plasmon is later scattered by 
the tip apex, interferes with the background scattered light and gets 
detected by a mercury cadmium telluride detector in the far field. By 
scanning along the plasmon propagation direction and recording the 
near-field interference fringes, we can determine the plasmon wave-
length accurately12,19–21,40. Figure 1c shows the gate-dependent resist-
ance of a representative Doppler device at 25 K. This specific device has 
2-μm-thick SiO2 dielectrics to minimize the doping change induced by 
the bias voltage (Vb) required in the Doppler measurements. Only the 
hole doping data are measured because such a device with thick SiO2 
dielectrics breaks down easily under a high positive backgate voltage 
Vg (Methods). The device resistance decreases quickly with increased 
doping away from the charge neutral point at Vg = −380 V. The small 
resistance peak at Vg = −780 V is presumably due the graphene/boron 
nitride moiré superlattice. There is little hysteresis between the for-
ward (blue trace) and backward (red trace) gate voltage scan. Figure 1d 
shows the channel current of the same device as a function of Vb at 
Vg = −1,050 V, corresponding to a carrier density of |n| = 7.2 × 1012 cm−2 
based on the capacitance model (Methods). Doppler measurements are 
carried out at this doping, where high-quality plasmons at mid-infrared 
wavelengths are present. The two-terminal resistance at high doping 
is dominated by the electrical contact. Using the 1D edge contact, we 
achieve a low contact resistance of around 870 Ω (slope of the linear 
fit of Fig. 1d), which allows us to drive large electrical current through 
the graphene device.

Figure 2 shows the near-field signal under different driving currents. 
The data are collected from scanning the same line along the plasmon 
propagating direction, which is perpendicular to the nanobar. At differ-
ent currents, the graphene plasmons behave quite differently, not only 
because of the Doppler-induced wavelength shift but also because of a 
temperature change due to the strong Joule heating. The temperature 
change has two effects. First, plasmon damping increases with tem-
perature, which leads to a decreased near-field signal in amplitude; sec-
ond, thermal expansion and other effects can modify the background 
light scattering and thus modulate the near-field interference signal. 
To eliminate these complexities induced by the thermal effects, we 
directly compare the plasmon wavelengths for positive and negative 
currents of the same magnitude, which have the same thermal load in 
the device but generate the opposite Doppler shift. Figure 2a shows 
the 2D near-field signal images obtained from stacking 30 consecutive 
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Fig. 1 | Schematic view of the Doppler effect in a graphene device.  
a, Schematic of the plasmonic Doppler device, which includes hBN 
encapsulated graphene, a top gold nanobar as a plasmon launcher and  
source–drain electrodes with 1D edge contacts for electrically driving the 
current. b, Illustration of the plasmonic Doppler effect in graphene. The sharp 
edge of the gold nanobar efficiently excites plasmons propagating away from 
the gold nanobar. The wavelength of propagating plasmons will be shifted due 
to the drifting electron medium. Plasmons propagating along with the drifting 
electrons will have an enhanced speed and longer wavelength, whereas 
plasmons propagating against the drifting electrons will have a shorter 
wavelength. c, Gate-dependent two-terminal resistance R of the graphene 
device. The resistance decreases quickly with increased carrier doping in the 
device. The second resistance peak corresponds to the second Dirac point due 
to unintentional alignment of the graphene and hBN lattice. d, I–V curve of the 
Doppler device at Vg = −1,050 V. The two-terminal resistance is about 870 Ω, 
indicating the high quality of the electrical contact. The inset shows an optical 
image of the graphene device. Owing to the thick SiO2 layer, the contrasts of the 
very thin top hBN and graphene are very weak. The graphene channel is 
indicated by the red shaded region. Scale bar, 10 μm.
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scans of a single line at +2 mA and −2 mA. Figure 2d shows the line profile 
obtained by averaging 30 scans to improve the signal-to-noise ratio. 
The wavelength at +2 mA is stretched by 1.2% compared with at −2 mA, 
which is determined by averaging the wavelength shifts at the interfer-
ence peaks and dips in the line profile in Fig. 2d. Figure 2b, e shows the 
measured near-field signals when the current increases to about ±3 mA. 
The difference between the shift induced by the positive current and 
the shift induced by the negative current becomes more prominent. 
We observe a total Doppler-induced wavelength shift of about 2.2% 
between +3 mA and −3 mA. The largest wavelength shift we can observe 
reaches about 3.6% between +4 mA and −4 mA (Fig. 2c, f). At currents 
higher than ±4 mA, the plasmons become very weak and are beyond 
the detection limit of our setup, presumably due to the substantial 
thermal heating. A similar Doppler shift has been observed in other 
graphene devices (Methods). In principle, the Doppler-induced wave-
length shift can be larger at low carrier density, because a larger carrier 
drift velocity can be realized at low doping with the same thermal load. 
Experimentally, however, the graphene plasmon becomes quite weak 
at low carrier doping and accurate measurements of the plasmons are 
very challenging with 10.6-μm laser excitation.

Non-uniform doping effects
Next we rule out the possibility of a doping-induced wavelength shift 
in our experimental observation. To achieve large carrier drift veloc-
ity, the applied bias (Vb) is on the order of few volts. The switching of 
the current direction by switching the sign of Vb will result in some 
changes in the local graphene doping level, which in turn gives rise to 
a finite wavelength shift. Figure 3a illustrates the Vb-induced doping 
change in the graphene channel with positive and negative Vb. In some 
devices, we used an SiO2/Si substrate with a 2-μm-thick oxide layer to 
substantially reduce this side effect. We experimentally investigate the 
graphene near-field response with changing Vg (as schematically shown 
in Fig. 3b). The graphene channel is fixed at −3 mA whereas Vg is varied 
by adding an offset of ±2.66 V (the bias voltage to achieve a current of 
about ±3 mA) to −1,050 V. Figure 3c, d shows the near-field infrared 
nanoscopy data for the graphene plasmons with an offset backgate 

voltage of −2.66 V and +2.66 V, respectively. Figure 3e shows the line 
profiles of the near-field signal with a bias current of −3 mA and an 
offset voltage of 0 V (blue trace), −2.66 V (green trace) and 2.66 V (black 
trace), which are compared with the near-field signal with a bias current 
of +3 mA and an offset voltage of 0 V (red trace). The wavelength shift 
between ±2.66 V offset gate conditions at –3 mA (green and black traces) 
is 0.34%, and this gives a gate-induced wavelength shift of 0.06% per 
volt, which is consistent with the theoretical predicted value of 0.07% 
per volt for our device conditions20. In the middle of the graphene chan-
nel where we performed the measurements, the gate voltage change 
due to the reversal of the current directions between ±3 mA is around 
2.66 V, and this corresponds to a gate-induced wavelength shift of 0.17%. 
Therefore, the doping-induced wavelength change is over an order of 
magnitude smaller than the measured Doppler induced shift (around 
2.2% in Fig. 2b, e). We note that the doping effect for Si/SiO2 devices 
with 285-nm SiO2 will be stronger, but the Doppler wavelength shift 
will still be much larger than the doping-induced wavelength change.

Non-equilibrium plasmon response
The non-equilibrium plasmon response of the current-carrying 
monolayer graphene can be calculated using the linear response 
theory30. The density–density response function of current-carrying 
states can be analytically approximated by employing the random 
phase approximation30. The analytical form of graphene plasmon 
dispersion (ωpl(k)) under a biased condition can then be ex- 

pressed as ω k k γ( ) = 1 + +D W β
εβ
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2  is the Drude weight of non-interacting 2D 
massless Dirac fermions expressed in terms of the electron charge e, 
Fermi energy EF and the reduced Planck constant ħ. kTF = 4αeekF is the 
Thomas–Fermi screening wavevector at temperature T = 0 K (ref. 41), 
and ε and kF are the effective dielectric constant of hBN and the Fermi 
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Fig. 2 | Near-field signal of the propagating plasmons under different 
driving currents. a–c, Near-field data at +2 mA and −2 mA (a), +3 mA and −3 mA 
(b) and (c) +4 mA and −4 mA. Data from 30 consecutive scans along the same 
line on the sample are shown. The gold nanobar is located on the left and the 
graphene plasmons are launched and propagate to the right. The red and blue 
arrows indicate the carrier flow directions. d–f, The corresponding line 
profiles averaged over the 30 scans shown in a–c, respectively. During the 
measurement, the AFM is controlled to always scan the same line on the sample 

while recording the third-order harmonics of the near-field signal. The 
amplitude of the near-field signal degrades at large current, presumably due to 
Joule heating in the device. The Doppler effect induces a wavelength increase 
of 1.2%, 2.2% and 3.6% for 2 mA, 3 mA and 4 mA relative to their negative current 
counterpart, respectively. The wavelength shift is estimated by averaging the 
wavelength shifts for consecutive interference extrema positions in the 
near-field line profiles shown in d–f.
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wavevector. The drift electrons break the time-reversal symmetry and 
make the graphene plasmon propagation non-reciprocal (Fig. 4a). In 
the absence of the drift current (that is, vd = 0), the ω ≈ k dispersion 
curve is formed by two symmetric branches (blue curves in Fig. 4a) 
corresponding to two counter-propagating waves. The two branches 
are linked by ω ω=k k− xx

, in agreement with the reciprocity and parity 
symmetries of the system. In contrast, with the drift current flow 
(Fig. 4b), there is an evident symmetry breaking of the surface plasmon 
polariton dispersion such that the positive and negative directions 
become non-degenerate. The forward current (upstream) lifts the 
dispersion and the backward current (downstream) depresses the 
dispersion, resulting in a wavelength shift in the plasmon. The asym-
metry of the dispersion curve becomes more prominent when the drift 
velocity increases. Figure 4c shows our experimental data for the plas-
mon wavevector shift between positive and negative electrical current 
(symbols) at different ratios of drift velocity over plasmon velocity 
(vd/vp). The green line in Fig. 4c shows the theoretical prediction, which 
is obtained by calculating the difference between the upstream and 
downstream dispersion curves in Fig. 4b. The experimental values of 
vd are obtained using the equation vd = J/ne = I/new, where J is the cur-
rent density, I is the driving current, w = 5 μm is the width of the gra-
phene device and the carrier density |n| = 7.2 × 1012 cm−2. The plasmon 
velocity vp is directly obtained from the measured plasmon wavelength 
λp with the relation vp = λp × f, where f = 28.3 THz is the probing laser 
frequency. At a driving current of ±3 mA, switching of the current direc-
tion yields a total carrier drift velocity change of around 1.04 × 105 m s−1, 
corresponding to about 2.4% of the plasmon velocity. The observed 
Doppler-induced shift reaches about 2.2%. Our experimental observa-
tions are consistent with the theoretical predictions, as shown in Fig. 4c.

To achieve stronger Doppler shift and non-reciprocal propaga-
tion, we need to further increase the carrier drift velocities24,26–30 with 
higher bias current. This can potentially be achieved by implement-
ing a more effective heat sink and by using double-layer graphene42. 
Another approach is to use short electrical driving pulses, which have 
much lower duty cycle and can avoid undesirable Joule heating effects. 
These future improvements can substantially increase the achievable 
carrier drift velocity and enhance the Fizeau drag effects in graphene, 
which will provide new opportunities to study unidirectional plasmonic 
phenomena and highly non-equilibrium plasmons. 
Note added in proof: After the completion of this work, we became 
aware of the results of Y. Dong et al.45.
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Doppler-induced shift in the device.
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Methods

Encapsulated graphene device for near-field infrared 
nanoscopy measurements
We used a dry transfer method with a propylene carbonate (PPC) stamp 
to fabricate the hBN-encapsulated graphene sample. Thin hBN (2 nm), 
monolayer graphene and a thick layer of hBN were first exfoliated onto 
Si substrates with a 285-nm SiO2 layer. We then used a PPC stamp to pick 
up the thick layer of hBN, graphene and the thin hBN in sequence to 
fully encapsulate the graphene channel. To obtain an ultraclean sur-
face, the PPC stamp with the above heterostructure was then flipped 
over and stamped onto a clean SiO2/Si substrate with either 2-μm or 
285-nm SiO2 dielectrics thickness. Encapsulated graphene samples 
were made into devices with 1D edge contacts. In brief, standard 
e-beam lithography was used to open graphene contact windows on 
the Polymethyl methacrylate (PMMA)-coated (PMMA 950 A4) sam-
ple substrates. Reactive ion etching with CHF3 and O2 etching gases 
(40 s.c.c.m. and 6 s.c.c.m.) was used to etch hBN to expose graphene 
edges with saw-tooth edge shapes. A separate e-beam lithography 
process was then carried out to design the electrode patterns of a 
two-terminal device and a narrow nanobar structure in the middle of 
graphene. Immediately before the metal deposition, the samples were 
treated with mild oxygen plasma to expose a clean graphene edges. 
A chromium/gold (typically 5 nm/75 nm) electrode was made using 
an e-beam evaporator equipped with a water-cooling system at high 
vacuum (<1 × 10−6 torr). The surfaces of the devices were cleaned by 
a mild hydrogen plasma treatment (250 °C, 10 s.c.c.m. H2) for about 
30 min. The treated devices were kept in a conductive case for one 
or two days to avoid potential charging issues before any near-field 
infrared nanoscopy measurements.

Cryogenic near-field infrared nanoscopy measurements
Our cryogenic near-field infrared nanoscope was based on a home-made 
AFM that has the capability to work at high vacuum and low tempera-
ture. The whole AFM setup was built inside a closed-cycle cryostat, 
and the AFM head was connected to the cold plate by a soft copper 
braid to dampen the vibration from the pulse tube. The lowest sample 
temperature achieved in our AFM system was 25 K. A carbon dioxide 
laser was coupled into the vacuum chamber through an aspheric zinc 
selenide lens with 0.45 numerical aperture. The position of the lens 
was controlled by a vacuum compatible stage. The backscattered light 
from the tip was collected by a mercury cadmium telluride detector in 
a self-homodyne configuration and the near-field signal was demodu-
lated at the third harmonic of the tapping frequency to suppress the 
background. To increase the signal-to-noise ratio, the time constant 
was set to 10 mS. During the scanning, the turbo pump was turned off 
to minimize the mechanical vibration. The background vacuum level 
remained below 1 × 10−6 mbar through all the measurements.

Estimation of carrier density in graphene
The dielectrics in the plate capacitator formed between the graphene 
and the Si backgate were composed of the SiO2 dielectrics (medium 1) 
and the bottom hBN layer (medium 2). The total geometric capacitance 
per unit area was calculated from the expression = +C C C

1 1 1

total 1 2
, where 

C ϵ ε d= /1 0 r1 1 and C ϵ ε d= /2 0 r2 2 are the capacitance per unit area of SiO2 
and hBN, ϵ0 is the vacuum permittivity, εr1 = εr2 = 3.9. For the device 
measured in Figs. 2, 3, d1 = 2 μm and d2 = 40 nm. The carrier density was 
obtained by n = Ctotal × Vg, where Vg was measured relative to the charge 
neutrality point.

In situ electrical gating and transport measurement of the device
The very high backgate voltage used for the device on 2-μm-thick SiO2 
dielectrics could trigger gas ionization in the vacuum. To protect the 
sample from sudden discharging breakdown, we scanned the backgate 
voltage slowly (0.5 V s−1) at the hole doping side for several rounds to 

make sure that the response of the device becomes stable (Keithley 
2410). During the scanning of the backgate voltage, the conductance 
of the device was monitored with a d.c. bias of 1 mV (Keithley 2614B). 
Electron drift velocity at a fixed backgate voltage was controlled by 
varying the amplitude and polarity of the d.c. bias (Keithley 2614B).

Doppler-induced wavelength shift in a second device
Extended Data Figs. 1–4 show the plasmonic Doppler effect in another 
device with 285-nm-thick SiO2 dielectrics. The width of the graphene 
channel is w = 2.5 μm, and the near-field measurements are performed 
at a carrier density of 7.0 × 1012 cm−2. In this device, we are able to meas-
ure high-quality plasmons propagating on both sides of the gold nano-
bar. The graphene channel current at discrete bias voltages measured 
at the same doping condition and temperature is shown in Extended 
Data Fig. 1. In the high bias condition, the resistance of the two-terminal 
device is about 1.5 kΩ, indicating a low contact resistance for this nar-
row channel device.

On the left side of the gold nanobar, the negative current flow 
enhances the plasmon speed and results in a stretched plasmon wave-
length, whereas the positive current flow reduces the plasmon speed 
with a compressed plasmon wavelength. Extended Data Fig. 2c shows 
the 2D images of near-field signals at ±0.4 mA where 30 consecutive 
scans along the same line are recorded. The gold nanobar is located on 
the right. The graphene plasmons are launched and propagate to the 
left, which is consistent with the schematics in Extended Data Fig. 2a, b.  
A current of ±0.4 mA generates a minor shift of plasmon wavelength 
(around 1.1%) as shown in the line profile in Extended Data Fig. 2d (aver-
age from 30 line scans in Extended Data Fig. 2c). As we increase the 
current to ±1.2 mA, the plasmon wavelength difference becomes more 
prominent (around 2.3% in Extended Data Fig. 2f). When the current 
reaches +1.7 mA and −1.9 mA, the wavelength shift becomes about 
3.1%. The wavelength shift is extracted by averaging the shift at the 
interference extrema.

On the right side of the gold nanobar (Extended Data Fig. 3), the 
plasmon wavelength shift due to the Doppler effect is reversed. The 
negative current flow will generate a compressed wavelength and 
positive current flow will give rise to a stretched wavelength. This is 
clearly observed in the line profiles in Extended Data Fig. 3d, f, which 
are obtained from averaging the 30 consecutive line scans shown in 
Extended Data Fig. 3c, e. For the plasmons on the right side of the gold 
nanobar, the wavelength difference is determined to be about 1.5% 
for a current of ±0.4 mA and about 3.1% for a current of ±1.2 mA. The 
plasmon quality for a driving current of 1.9 mA (not shown) is too low 
for the right side to reliably determine the plasmon wavelength shift. 
Our experimental observations can be captured well by the theory, as 
shown in Extended Data Fig. 4.

Breakdown of device at very high positive backgate voltage in 
thick-oxide devices
For the 2-μm SiO2 dielectric devices, we found that the ultrahigh back-
gate voltage at the positive side (a few hundred volts to about 1 kV) 
can trigger a series of gas ionization in high vacuum where the mean 
free paths of the residue gas molecules become several metres. This 
process breaks the graphene device, as shown in Extended Data Fig. 5, 
and therefore we limit our measurements of the graphene plasmon at 
the hole doping side by applying negative backgate voltages. As the 
graphene holds particle–hole symmetry, the Doppler effect should 
be the same for the electron side24,30.

Formation of graphene/hBN moiré superlattice in the device
The small resistance peak in our device as shown in Fig. 1c is most likely 
due to the formation of a graphene/hBN moiré superlattice. It has been 
well established in transport studies of hBN-encapsulated graphene 
that a second small resistance peak can be observed when the graphene 
and hBN align within a small angle (<2°)46. This alignment can often be 



inferred from the alignment of straight edges between the graphene 
and hBN layers. To enhance the graphene and hBN contrast on the thick 
SiO2 dielectric layer, Extended Data Fig. 6 shows an optical microscope 
picture of our device, in which we have adjusted the contrast to observe 
the graphene and hBN layers. As shown in the photo, the graphene 
straight edge (white dashed line) nearly aligns with an edge of top hBN 
(yellow dashed line), which can potentially form a graphene/hBN moiré 
superlattice with a long period. The carrier density at the small resist-
ance peak in our device is ns ≈ 3.98 × 1012 cm−2, which corresponds to 
a moiré period of around 10.3 nm and an alignment angle of around 
0.93° (refs. 46,47).

Non-equilibrium response of the plasmons in a current-carrying 
graphene
The optical properties of a current-carrying graphene sheet can be 
calculated by using linear response theory. We follow the model in 
ref. 30 to calculate the non-equilibrium plasmon response. The plas-
mon dispersion of monolayer graphene at various carrier drift 
velocities can be obtained as the roots of the real part of 

ε k ω χ k ω( , ; 0) = 1 − ( , ; 0)e
qϵ
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where β = vd/vF is the normalized electron drift velocity vd relative to 
Fermi velocity vF. μ is the chemical potential of the graphene. γ = +1(−1) 
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2D massless Dirac fermion density of states. In the long wavelength 
limit k≪ 1, the plasmon dispersion can be further reduced to
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2  is the Drude weight of noninteracting 2D massless Dirac fer-
mion expressed in terms of Fermi energy EF and the reduced Planck 
constant ħ. kTF = 4αeekF is the Thomas–Fermi screening wavevector at 
T = 0 K. kF is the Fermi wavevector.
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Extended Data Fig. 1 | Graphene channel current at discrete bias voltages in 
the two-terminal device. Measurements taken at 25 K at a carrier density of 
7.0 × 1012 cm−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 −0.4 mA 
and + 0.4 mA (c), −1.2 mA and + 1.2 mA (e) and −1.9 mA and +1.7 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.
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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 −0.4 mA and 

+0.4 mA (c) and −1.2 mA and +1.2 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 w = 2.5 μm and the carrier density is 
estimated to be |n| = 7.0 × 1012 cm−2.



Article

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 0.93° and corresponds to a moiré period of around 10.3 nm, 
which is calculated from the carrier density (ns ≈ 3.98 × 1012 cm−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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