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Electrons in low-dimensional materials driven out of equilibrium by a strong
electric field exhibit intriguing effects that have direct analogues in high-
energy physics. In this work we demonstrate that two of these effects can be
observed in graphene, leading to relevant implications for light-matter inter-
actions at the nanoscale. For doped graphene, the Cherenkov emission of
phonons caused by the fast flow of out-of-equilibrium electrons was found to
induce direction-dependent asymmetric plasmon damping and an unex-
pected generation of photocurrent. For graphene close to charge neutrality,
incident infrared photons were found to disrupt the creation-recombination
balance of electron-hole pairs enabled by the condensed matter version of the
Schwinger effect, resulting in an excess photocurrent that we term Schwinger
photocurrent. Both Schwinger and Cherenkov photocurrents are different
from other known light-to-current down conversions scenarios and thus
expand the family of photoelectric effects in solid state devices. Through
nano-infrared imaging methodology, we provide a more comprehensive view
of current-driven nonequilibrium electrodynamics in graphene.

A strong electromagnetic field can drive quantum materials out of
equilibrium, such as by pulsed light fields and by high electric biases.
The former has been intensively studied for graphene with many
interesting phenomena such as the Floquet effect!, light-induced
anomalous Hall effect?, and plasmon switching®. These effects typically
appear in (sub-)picosecond timescales and are challenging to capture
by static observables. High-current-driven nonequilibrium*™, on the
other hand, leads to quasi-steady-state observables spanning across a
broad range of energy scales (Fig. 1). In DC transport, two prominent
causes of nonlinear electrical responses are phonon drag® and
Schwinger pair generation®™. The former leads to reduced

conductivity and increased thermal power by electron-phonon inter-
action. The latter Schwinger effect, originally proposed in quantum
electrodynamics’ as particle-antiparticle pair creation in vacuum by
strong electric fields, has later been emulated in graphene® "™,
Moving beyond DC responses, nonequilibrium acoustic waves
emission*>* covers frequencies from gigahertz (GHz)* to terahertz
(THz)"? when the speed of phonons is surpassed by the drifting car-
riers. The phenomenon is called Cherenkov phonon emission because
the speed criteria for electrons and phonons resembles a Cherenkov
cone™", Beyond lattice vibrations, the behaviors of collective elec-
tronic oscillations—known as plasmons, which span nearly the entire
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Fig. 1| Energy spectrum of responses in high current driven graphene. For DC
conductivity, the Schwinger mechanism®™ and phonon drag" would introduce
nonlinear transport behaviors. From GHz to THz range, acoustic wave emission can
be induced by Cherenkov-like electron-phonon instability*'** when carrier drift
velocities exceed the speed of sound. Observed in mid-infrared (MIR) and
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extendable to other range, the plasmon Fizeau drag'®” refers to the effect that
plasmon dispersion diverges in different directions when subjected to electric
current. These plasmons are also predicted to assist visible'® to X-ray radiation'”
through interactions with hot carriers. To date, only the hot carrier emission has
already been observed®*” in visible and near-infrared (NIR) range.

spectrum from DC to UV—are also significantly altered by high cur-
rents. Fizeau drag®” has been experimentally identified in mid-
infrared range which breaks optical nonreciprocity by current flow.
Moreover, considering plasmons to interact with hot electrons of very
high kinetic energies, it has been predicted that quantum Cherenkov
effect for plasmonic emission could occur for near-infrared (NIR) to
visible range'® with even ultraviolet (UV) to X-ray range imitating free-
electron lasers"” possible. While these two predictions are yet to be
experimentally realized, it has been observed that hot carriers in gra-
phene generate electroluminescence® and thermal emission® visible
to human eyes. The diverse AC responses of current-driven graphene
depicted in Fig. 1 herald the necessity of studying current-driven
nonequilibrium in the framework of light-matter interaction.

In this study, we employ cryogenic nano-infrared imaging tech-
niques to uncover the local behaviors of current-driven none-
quilibrium in graphene. The plasmon polariton scattering rate acts as a
sensitive probe to local acoustic phonons in highly doped graphene.
Moreover, the observed nano-photocurrents under different condi-
tions reveal insights into Cherenkov phonon emission and Schwinger
carrier generation.

Results

Nano-infrared imaging methodology

We used a hybrid of nano-infrared imaging modalities including
scanning near-field optical microscopy (SNOM) and photocurrent
nanoscopy*** to reveal the nonequilibrium electrodynamics in gra-
phene. The former modality collects nearfield optical scattering sig-
nals while the latter method collects current signals, both of which
assisted by local demodulation from tapping-mode atomic force
microscopy (AFM), with more details in Methods. As illustrated in
Fig. 2a, mid-infrared (MIR) laser beam of ® =890 cm™ was focused on
the devices where gold electrodes served as both electrical ground and
plasmons launchers. We selected this laser energy at MIR because it
provided an optimal range for imaging plasmons, which served as key
indicators of the electrodynamics in graphene. However, these phe-
nomena are universal and also influence photoconductivity responses
across other energy ranges. The hBN-encapsulated graphene devi-
ceswereshapedintoribbonsof2 umwidthandassembled onsilicon
or graphite gates (Methods). The metallic tip both enhanced the
local electromagnetic field (red Gaussian profile in Fig. 2a) and
provided additional local gating (Supplementary Notes 2). The
photocurrent responses are collected non-locally by contacts which
can be understood by Shockley-Ramo mechanism®. In both nano-

infrared imaging modalities above, the spatial resolution was mainly
determined by the diameter of the AFM tip apex around 15 nm. The
multi-messenger nano-infrared imaging methodology bridges the
electronic and optical observables to probe light-matter interac-
tions at the nanoscale. As listed at the top left of Fig. 2a, infrared
plasmon polaritons possess a phase velocity (~ 10°m/s) which is
between velocities of acoustic phonons (~10*m/s) and Fermi
velocity of electrons (~ 10°m/s) in graphene. Therefore, there are
anticipated interplays among these quasi-particles under high cur-
rent biases to be probed by nano-infrared imaging.

The schematic device in Fig. 2a demonstrates the single ribbon
area where nano-infrared imaging experiments were conducted. It
corresponds to the black dashed rectangles in Fig. 2b, c. Figure 2b, ¢
present SNOM and nano-photocurrent scans of a typical graphene
device, collected at T=170 K in the absence of gate and current biases.
When the device is charge-neutral, there would be no plasmon fringes
in the nano-infrared images and the nano-photocurrent signals pri-
marily arise at the boundaries between the graphene and gold, or
charge puddles due to Seebeck effect™>**?® as shown in Fig. 2b, c.
When the device is doped by applying back-gate voltages, plasmons
would appear and photocurrent signals would also be altered by DC
current as demonstrated in later sections.

Before presenting the experimental results in detail, we provide a
summary of the observables and their connections to the claimed
current-driven nonequilibrium effects. In highly doped graphene, we
studied two distinct observables related to the Cherenkov phonon
emission effect: infrared plasmonic fringes and nano-photocurrent.
First, we observed asymmetric damping of plasmons with respect to
the current direction in both gate polarities. This asymmetry was
linked to the Cherenkov emission of acoustic phonons**™* (Section
Asymmetric plasmon damping with Cherenkov phonons). Second, we
observed nano-photocurrents with spatial, current, and gate depen-
dencies that surpassed the expectations of conventional photo-
thermoelectric (PTE)* % and bolometric®**° mechanisms. Nota-
bly, the nano-photocurrents exhibited a regime with reversed sign at
high current densities. The deviation was explained using a tip-gating-
influenced Cherenkov phonon emission model (Section Nano-
photocurrent with Cherenkov phonons). Finally, in graphene near
the charge neutrality point (CNP), we detected nano-photocurrent
signals featuring prominent peaks (dips) whose behaviors could not be
explained by equilibrium mechanisms. Mixed with Seebeck contribu-
tion, the Schwinger mechanism coupled with self-gating led to the
observed photocurrent peaks (dips) at the CNP, where excess
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Fig. 2 | Experimental setup for visualizing electron-phonon dynamics of gra-

phene. a Schematic of a representative device. The hBN (hexagonal boron nitride)
encapsulated graphene device was assembled on tunable back gate with patterned
gold contacts. When the device was illuminated with infrared light, gold electrodes
launched graphene plasmons. Cartoons of drifting electrons, acoustic phonons and
plasmon polaritons are presented as shadowed moving blue balls, wiggled purple
arrows and red fringes, respectively; we also indicate the magnitude of their group
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velocities in inset. Under the DC current, the nonequilibrium acoustic phonons
would grow along the current flow (x-axis) in exponential manner with population
&pn illustrated by a purple curve. b, ¢ SNOM (scanning nearfield optical microscopy)
and nano-photocurrent images of a typical device at zero back gate and zero cur-
rent. The nearfield scattered optical signals (S) and photocurrent signals (PC) were
plotted in arbitrary units. The black-dashed framed regions are main area of study
as displayed in (a).

photocarriers were generated by the strong lateral fields (Section
Nano-photocurrent with Schwinger effect).

Asymmetric plasmon damping with Cherenkov phonons

Drifting electrons with supersonic velocities can stimulate phonon
emission with exponential growth of their population, known as pho-
non Cherenkov amplification, or electron-phonon instability**™. In
this section we endeavor to explore the behavior of plasmons in the
regime where the Cherenkov emission is expected and found sys-
tematic asymmetric plasmon damping as elaborated below. Fig-
ure 3a, b demonstrate the real-space images of propagating
plasmons launched at drain contact with different DC biases, sepa-
rately for electron and hole doping. Similar to other nearfield ima-
ging experiments'®’?, the propagating graphene plasmons
manifests themselves as oscillating fringes with periods of plasmon
wavelength as afunction of tip position. By scanning in the middle of
thegraphene device (Fig.2) and varying the DC current, we captured
the current dependence of plasmon propagation at 7=170 K. In Fig.
3a, b, the x- and y-axes denote the values of the DC current and the
scanner position, respectively. The gray dashed lines mark the zero
current data while the white dotted lines suggest plasmon propa-
gation ranges. Directions of carrier flow and plasmon propagation
are indicated as straight and wavy arrows, separately. The propa-
gation ranges of plasmons were found to be altered at extremely
high current densities (>10° A/m) and quite different when they were
counter-propagating versus co-propagating with the carrier flow. In
the hole-doped regime (Fig. 3a), when carriers and plasmons were
co-propagating (negative current), a milder reduction of plasmon
propagation range was observed than counter-propagating (posi-
tive current). On the other hand, in the electron-doped regime
(Fig.3b), there was astronger reduction of the plasmon propagation
range with negative current which was also the counter-
propagation. The entirety of observations at different gate
and current polarities reveals more prominent plasmon damping

for plasmons propagating against the carrier flow and phonon
emission.

To better understand the plasmonic behavior of graphene under
current-driven nonequilibrium, we extract the plasmon quality (Q)
factors™ defined via complex momentum g =g, +iq, as Q= Z—;. By fit-
ting 15 evenly spaced lines acquired at different current biases in
Fig. 3a, we obtained the current dependence of Q factors (Fig. 3c). At
current biases exceeding around 1 mA, we observed a sudden drop in
Q factor that was stronger for plasmons counter-propagating with the
electronic flow. Electronic heating was inevitable in high-current
experiments but could not lead to the Q factor asymmetry. Searching
for direction-dependent mechanisms of Q factor reduction, we con-
sidered thermoelectric effects such as Peltier and Thomson effect.
However, these effects could only change the electron temperature by
a few Kelvins®*>*, which could not alter plasmon quality factor visibly*°
under the conditions of this experiment. Therefore, we attribute the
asymmetric plasmon damping to nonequilibrium phonons as
detailed below.

The plasmonic wavevector in high-mobility graphene can be used
to extract the electronic conductivity of graphene at the frequency of
infrared imaging experiments as: o=0, +io, = ;"T‘; where k is the
effective dielectric function of environment of graphene layer, w is
frequency and q is the plasmon wave vector. Accordingly, the reci-

procal of the quality factor @} = Z—f ~ g—; + ’,% can be partitioned into
two terms representing dissipation (damping) in the graphene channel
(g—;) and effective dielectric losses (ﬁ—f). Driving the system out of equi-

librium, both optical® and acoustic phonon*"”* scattering can be
drastically enhanced. The quantities presented in Fig. 3d were calcu-
lated by making comparisons with ref. 31 and assuming that the
additional dissipation observed in the counter-propagating regime
stems from the emission of acoustic phonons. This assumption is
justified by the following momentum and energy conservation criteria
in addition to the speed criterion (v4>s, s is the speed of phonons) for
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Fig. 3 | Asymmetric damping of graphene plasmon polaritons (GPP). Real-space
propagation (y-axis) of plasmons imaged by scanning near-field optical microscope
under different current flow (x-axis) with carrier densities p = +3.3 x 102 cm™ for (a)
and n=-2.3x10%cm™ for (b). a, b share the same color bar, and the third order
pseudo-heterodyne signals (S3) were plotted for nearfield imaging of plasmons. The
imaging data at varied DC current were taken at the same position in the middle of
graphene device. The dashed gray line marks the zero-bias data of propagating
plasmons and the white dotted curves sketch propagating length of plasmons. The
cartoons of moving carriers with arrows indicate the different velocity directions of
electrons and holes. The propagating plasmons are labeled as wiggled arrows
launched from the bright gold launcher at the bottom. The Dirac cone animations
at bottom right of (a, b) indicate the momentum and energy criteria for phonon

co-propagate  no DC counter-propagate

emission. The purple direct arrows represent that the allowed phonon momentum
gained from drifting electrons is smaller than 2k; (kg, Fermi momentum). The red
arrows demonstrate that phonons of energy larger than 2hkuv4 are prohibited to
emit (v, carrier drift velocity). ¢ Quality factors and scattering rates of propagating
plasmons under different direct current biases. Scattering rates are derived from
quality factors by dividing by the excitation frequency. Quality factors are extracted
by fitting plasmon waves'®”! with standard errors presented as bars. d Histograms
illustrating the contributions from various scattering channels are shown for
regimes where plasmons counter-propagate or co-propagate with the carrier flow
at the maximum currents in (c), and in the absence of DC flow. These values are
determined by comparison with ref. 31, with further details provided in Supple-
mental Notes 1.

Cherenkov phonons*?™, Considering the Dirac band structure of
graphene, momentum and energy conservation laws limit the phonon
branches that can emit by gaining momentum and energy from drift-
ing electrons. As shown in the insets of Fig. 3a, b, the maximum
momentum transferred from electrons to phonons is smaller than
twice of Fermi momentum (purple arrows); and the maximum energy
smaller than the energy difference between the highest and lowest
levels of the tilted Fermi surface (red arrows are prohibited). There-
fore, the Cherenkov phonon emission only applies to the acoustic
phonons in graphene, which accumulate along the flow and thus
scattered with plasmons more heavily at the downstream. The asym-
metric plasmonic damping by Cherenkov phonons occurs across a
wide temperature range. The influence of Cherenkov phonons on
scattering rate would become more pronounced at lower
temperatures?, where the intrinsic plasmon quality factor is also
higher®’. The graphene optical phonons®, on the other hand, were
symmetrically enhanced with different directions due to electron
heating. They were prohibited from Cherenkov emission because of
the energy mismatch (> 2hkrv4) (red arrows in inset of Fig. 3a, b). It is
worth mentioning that hyperbolic optical phonon polaritons in the
adjacent hBN layers could also be driven to emit***. This emission
could potentially scatter with plasmons® leading to additional sym-
metric damping. In a nutshell, the current-driven nonequilibrium
acoustic phonons that distribute unevenly across sample scattered
with plasmons and resulted in an asymmetric damping effect.

Nano-photocurrent with Cherenkov phonons

Photocurrent?* nanoscopy is sensitive to both optical and electronic
properties of graphene and ideal to reveal light-matter interaction. In
this section, we examined the consequences from Cherenkov phonon
instability in nano-photocurrent signals. Conventionally, unbiased
graphene photocurrent is dominated by PTE mechanism?>2>?”?% while
unbiased graphene photocurrent is dominated by bolometric
effect’”° (Supplemental Table 1, Supplemental Notes 3-4), which we
have observed for equilibrium regime. Similar to the presentation of
nano-optical signals in Fig. 3a, b, the nano-photocurrent data in
Fig. 4a, b were taken by repeatedly scanning in the middle of the
graphene device while varying the DC current flow. The intensity of the
color maps represented the magnitudes of the second-order tip-
demodulated nano-photocurrent signals. The sign was appointed as
positive (red) from source to drain. The device was gated into
p=3.3%x10%cm™ (Fig. 4a) and n=-4.4 x102cm™ (Fig. 4b) for com-
parison of different carrier types. Line profiles taken at different
locations in Fig. 4b were then displayed in Fig. 4c for detailed exam-
ination. At zero current, there were only photocurrent signals at the
interface of graphene and gold (marked by black arrows in Fig. 4c)
attributable to Seebeck effect’” %%, As DC bias was applied, the
photocurrent signals were markedly enhanced by bolometric
effect®”*® enabling imaging of plasmon fringes. Since the bolometric
photocurrent in biased graphene has only been revealed in far field
experiment®® to date, here we briefly clarify the bolometric mechanism
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Fig. 4 | Nano-photocurrent with Cherenkov phonons. Second-order demodu-
lated nano-photocurrents (PC,) were taken under different DC current scanned
along the same middle line of the graphene device with carrier densities
p=3.3x10cm™ for (a) and n =-4.4 x10”cm™ for (b). Similar to the presentation
of Fig. 3a, b the y-axes indicate the scanning positions and cartoons of carriers
indicated the flow directions. The vertical dashed gray line marks the zero-bias
data. The cartoons of moving carriers with arrows indicate the different velocity
directions of electrons and holes. a, b share the same color bar. The four colored
dots in the middle of (b) marked the positions where data in (c) were taken. ¢ DC

current dependent nano-photocurrent line profiles taken from different positions
in (b). The dashed orange curve represents anticipated bolometric photocurrent
extracted from the simultaneously taken transport experiment. The black dashed
arrow marks the amount of PTE (photo-thermoelectric) current without current
bias. The insets demonstrated the corresponding scenarios of effective tip-gating
effect, where V, V; and V,/ represents backgate voltage, bias voltage and local
potential of graphene. Light blue, purple and dark blue represent hBN, graphene,
and additional gate dielectric layers of the sample stacks. Purple arrows animate the
Cherenkov phonon emission.

in nano-photocurrent. Bolometric effect” refers to the fact that heat-
ing would increase the resistivity of the material. As the tapping AFM
tip scans along the sample, it enhances and demodulates the local
electromagnetic field (5E,¢), as well as its second order effect (6E75)
which is proportional to the heating and bolometric photocurrent.
Therefore, when sample is biased by Epc, it is a third-order
conductivity® term, 6®E, 6E3., that is responsible for generating
the bolometric nano-photocurrent. With the nano-photocurrent for-
mulism that we established in the Supplemental Notes 3-4, the local
bolometric photocurrent across a current-carrying device can be
expressed by 6/, = — 1 R(/?I—%,Rf f)dxé‘T(x), where R, T, | represents
the resistance, temperature and current, respectively; O and 1 stands
for the left and right ends of the device. This equation produced the
orange dashed curve in Fig. 4, based on the simultaneously measured
nonlinear I-V relation. Combined with the additional Seebeck con-
tribution at zero bias (indicated by the arrow in Fig. 4c), the nano-
photocurrent under small DC current densities can be well
understood.

Surprisingly, as current densities increased to milliampere level,
the photocurrents diverged from the equilibrium photocurrent
behaviors. The photocurrent curves in Fig. 4c were first suppressed
compared with bolometric trends and then reversed the direction,
especially with negative biases. For both carrier types (Fig. 4a, b), the
configuration where nano-photocurrent switched sign coincided with
the conditions where plasmon damped faster by the electron-phonon
instability in previous section. We attribute this new regime of

photocurrents to Cherenkov phonon emission, which exhibits distinct
current and gate polarity dependences (Supplemental Table 1) com-
pared to the Seebeck and bolometric regimes. Additional data mapped
in a full device shape can be found in Supplementary Notes 7, where a
gradual photocurrent sign-reversal behavior was observed across the
device.

To understand the tip perturbed Cherenkov phonon emission in
nano-photocurrent, we first revisit the Cherenkov phonon emission
without a tip: electrons experience ‘friction” and transfer momentum
to the generated acoustic phonons, resulting in an increased resis-
tance. In the scenario involving an AFM tip, however, the tip above the
top hBN forms a capacitor with graphene (Supplementary Notes 2) and
perturbs the local doping. For a biased device, the tip-graphene
potential difference is zero at drain contact but nonzero away from it,
with the latter case inducing local gate perturbance. The insets of
Fig. 4c display the corresponding local gating scenarios for different
current directions with V), V; and V,’ denoting back gate voltage, bias
voltage and local potential of graphene (0<V;<V;). As depicted in
Supplementary Notes 2, for either gate polarity, the AFM tip could
effectively increase the local doping level when it scanned near the
drain electrode where more Cherenkov phonons were populated
(Fig. 4c left inset). Since carrier density (n) was increased by the tap-
ping tip (Supplemental Notes 2), the effective drift velocity vy = #e
under tip was decreased, reducing Cherenkov phonon emission and
the local resistance. Consequently, the tip-demodulated Cherenkov-
phonon-induced signals were competing with the conventional
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Fig. 5 | Schwinger effect in nano-photocurrent signals. a Illustration of the
device shape. The gray part represents graphene with channel width 2 pm and
yellow parts represent gold electrodes. The pink dashed line indicates the loca-
tion where data (b) was taken. The colored dots mark the positions 1-3 where
data in (c, d) were taken. b Spatial dependent nano-photocurrent taken in the
middle of the device with constant DC current I =+0.6 mA applied. The pink
dots are experimental data and the dashed line is simulation. The colored arrows

mark the positions 1-3 where data in (c, d) were taken. Back gate dependent
nano-photocurrent at different positions 1-3 with constant DC current biases
Ipc =+0.6 mA for ¢ and Ip¢c =-0.6 mA for (d). The inset cartooned Dirac cones
represent the different doping and Schwinger carrier generation regimes. e Color
map of spatial and gate-dependent nano-photocurrent signals across the CNP,
taken along the middle of device. The horizontal dashed lines mark the positions
where data in (c) were taken.

bolometric photocurrent. This explains the discrepancy of experi-
mental data in Fig. 4c from bolometric curve (orange dashed curve),
with the difference correlated to Cherenkov phonon population and
qualitatively conforms to the asymmetric plasmon damping in Fig. 3.
The spatial dependence of the new photocurrent regime depicted by
different colors in Fig. 4c (pink, purple, blue, green line profiles cor-
responding to 0, 0.5, 1, 1.5 um to drain contact) can also be explained
by the tip-induced local gating. The influence of tip on local gating was
reduced as they approached the same electric potential, and so is the
difference in the Cherenkov phonon induced photocurrent for two
biasing polarities as shown by the pink curve in Fig. 4c. Therefore, the
tip gating allowed us to reveal the Cherenkov phonons with nano-
photocurrent observables.

Nano-photocurrent with Schwinger effect

In this section, we present that the Schwinger mechanism plays an
important role in photocurrent generation in biased graphene close to
CNP. To simplify the physics, the experiments were conducted at
T=30K, ensuring the system remained in the ballistic regime*’. As
illustrated in Fig. 5a, we first recorded nano-photocurrents along the
middle (dashed pink) line of the device to map the spatial distribution
of the biased photocurrent with zero back-gate voltage (Fig. 5b).
Biasing neutral graphene inevitably induces self-gating and spatial
variations in both transverse (out-of-plane) and lateral electric fields,
which can be calculated using a self-consistent method described in
Supplemental Notes 6. We then positioned the probe at different
locations (colored dots 1-3) while varying the global back-gate vol-
tages and current polarities (Fig. 5c, d). Finally, the color map in Fig. 5e
showed spatial and gate dependence collectively when the device was
subjected to constant current.

The most prominent feature was an enhanced photoconductivity
at CNP which manifested itself as nano-photocurrent signals with the
same sign as DC biases (Fig. 5b—e). This observation disagreed with the
bolometric photocurrents?*° that should be opposite to DC biases.
The spatial dependence of the signals at zero gate showed a mono-
tonic increase from the source to the drain inside the graphene
channel (Fig. 5b). Since the drain side experienced lower self-gating,

the observation of higher photocurrent signals with lower doping
could not be explained by conventional photo-induced interband
transition mechanism* which positively correlated with doping.
Interestingly, the observed spatial distribution aligned well with the
Schwinger effect®®'°" wherein intensive lateral fields break the
“vacuum” at Dirac point generating electron-hole pairs that act as
additional conductive carriers, akin to Landau-Zener-Klein interband
tunneling®. These Schwinger carriers could be activated by incident
infrared photons and thus enhanced photoconductivity near the CNP.
By solving the lateral field (,) distribution from the self-gating model
(Supplemental Notes 6) and applying the relation jspyinger o £ x%, we
simulated the spatial distribution of Schwinger pairs (dashed black line
in Fig. 5b), which captured the spatial dependence of the photocurrent
peak at CNP.

To gain deeper insight into the photocurrent behavior, we
examined its variation with back-gate voltages and current polarities at
different positions, as shown in Fig. 5¢, d. The pronounced peak (or
dip) emerged around the CNP near the drain side (positions 1 and 2,
orange and purple), alongside an antisymmetric-shape baseline near
the source side (position 3, blue). While the antisymmetric contribu-
tion can be understood by Seebeck effect, the peak at the CNP requires
the Schwinger-enabled photocurrent generation as shown in Fig. 5b.
Comparing Fig. 5¢, d, the central peak (dip) signals in data series 1 and 2
reversed sign for different current polarities, conforming to the
expectation of Schwinger mechanism. In contrast, the antisymmetric
shape for position 3 persisted because the parity from self-gating and
Seebeck coefficient canceled each other (Supplemental Table 1).
Therefore, while mixed with other effects, especially the Seebeck
effect, the Schwinger mechanism plays a crucial role in photocurrent
generation when graphene is laterally biased near the CNP.

Discussion

Nanoscale light-matter interactions offer a unique perspective for
studying quantum electrodynamics on a chip. In this study, we have
first revealed that the current-driven Cherenkov phonon emission
induces an asymmetric plasmon damping effect in doped graphene.
The nonequilibrium phonons also lead to unusual nano-photocurrent
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responses, which exhibit reversed polarity compared to the bolo-
metric photocurrent due to tip perturbation on phonon emission.
Near the CNP, graphene exhibits enhanced photoconductivity due to
Schwinger-type electron-hole pair generation, observable in nano-
photocurrent signals across the sample. This effect is coupled with
self-gating, which introduces an inhomogeneous electric field, crucial
in shaping the local Schwinger photocurrent. By integrating infrared
photons and electrical probes to the nanoscale, we have gained local
insights into the interplay between drifting carriers, plasmons, pho-
nons and photocurrent generation under high currents. Looking
ahead, we anticipate that nano-infrared imaging methodology will
greatly enhance our ability to explore intriguing physics in more
current-driven nonequilibrium systems, such as in Moiré materials*>*,
Weyl semimetals**, and other complex quantum materials.

Methods

Sample preparation

The device structure comprises an exfoliated monolayer graphene
encapsulated by two hexagonal boron nitride layers with different
thickness. The structure is assembled on a global Si or graphite gate at
the bottom for tunning the graphene carrier density. The bottom boron
nitride layer was -40 nm for Si gate and 100 nm for graphite gate sam-
ple. The thin top boron nitride layer is around 2 nm, protecting gra-
phene during fabrication and transparent enough for optical
microscopy measurements. The stack was assembled from bottom to
top by a PDMS (Polydimethylsiloxane) stamp coated with polypropylene
carbonate film, flipped onto a silicon chip with 285nm SiO2 layer to
minimize the polymer contaminations on its top surface. The chip was
vacuum annealed at 360 Celsius degrees for 30 min to remove the
polypropylene carbonate film beneath the heterostructure. We used
electron beam lithography to define mask patterns and reactive-ion
etching to shape the graphene to a ribbon geometry. Finally, metal film
(2 nm Cr and 100 nm Au) was evaporated under high vacuum conditions
(1078 torr) to achieve the high-quality one-dimensional edge contacts.

Experimental setup

All the nano-infrared imaging experiments were conducted with a
home-built cryogenic scanning nearfield microscope under ultra-high
vacuum (<10” mbar). A quantum cascade laser from Daylight Solutions
was used for exciting the plasmon polaritons and inducing photo-
current. The tapping AFM tip with PtSi coating was around 15nm in
diameter, which demodulated both scattering optical signals and
photocurrent in nearfield. The plasmon polaritons were observed as
fringes in both the nearfield optical scattering and bolometric photo-
current signals. These polaritons were launched by the gold electrodes
and detected by the tip after propagating along the sample. The peri-
ods of the interference patterns matched full polariton wavelengths
rather than half, indicating the propagating nature rather than standing
waves. The SNOM modality was realized by the pseudo-
heterodyne® method where scattered optical signals were demodu-
lated by an AFM tip and a dithering reference mirror before being
collected by a HgCdTe detector. The third order pseudo-heterodyne
signals were then extracted with a Zurich HF2LI lock-in amplifier as
output nearfield optical signals. The photocurrent was locally gener-
ated, demodulated by tip and measured from drain electrodes after the
ground, amplified by a Femto DHPCA-100 current amplifier, and locked
to the tip tapping frequency by a Zurich MFLI lock-in amplifier. The
second order demodulated photocurrent signals were used to isolate
nearfield contribution. The DC current was sourced by a Keithley 2450
current source meter with values defined relative to the sample ground.

Data availability
Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data

generated during the current study are available from the corre-
sponding authors upon request.
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