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Signatures of Floquet electronic steady
states in graphene under continuous-wave
mid-infrared irradiation

Yijing Liu 1,9, Christopher Yang 2,9, Gabriel Gaertner3, John Huckabee3,
Alexey V. Suslov 4, Gil Refael2, Frederik Nathan5, Cyprian Lewandowski4,6,
Luis E. F. Foa Torres7, Iliya Esin 2,8 , Paola Barbara 1 &
Nikolai G. Kalugin 3

Light-induced phenomena in materials can exhibit exotic behavior that
extends beyond equilibrium properties, offering new avenues for under-
standing and controlling electronic phases. So far, non-equilibrium phenom-
ena in solids have been predominantly explored using femtosecond laser
pulses, which generate transient, ultra-fast dynamics. Here, we investigate the
steady non-equilibrium regime in graphene induced by a continuous-wave
(CW) mid-infrared laser. Our transport measurements reveal signatures of a
long-lived Floquet phase, where a non-equilibrium electronic population is
stabilized by the interplay between coherent photoexcitation and incoherent
phonon cooling. The observation of non-equilibrium steady states using CW
lasers stimulates further investigations of low-temperature Floquet phenom-
ena towards Floquet engineering of steady-state phases of matter.

Since the inception of quantum theory, light-matter interaction has
been a significant source of fascinating discoveries and innovative
technologies. In the last few years, Floquet engineering, the use of
light to control the properties of a material, emerged as a focus of
intense research1–9. This upsurge has been mainly driven by theo-
retical efforts4,5,10–15, with a few key experiments in the condensed
matter realm, including the detection of Floquet-Bloch states
through time- and angle-resolved photoemission spectroscopy16–19,
second harmonic generation20, as well as the observation of light-
induced shifts of exciton resonances in WS2

21,22 and light-induced
Hall effect in graphene20,23. These experiments predominantly
explored the transient phenomena induced by ultrafast pulsed
lasers, uncovering some of the physics predicted by the Floquet
theory24. Other studies explored the continuous-wave (CW) regime
by inducing discrete Andreev-Floquet bound states in Josephson

junctions under CW microwave irradiation25,26. However, so far,
solid-state experiments in the CW regime have not accessed the
Floquet physics of delocalized Bloch states due to challenges rela-
ted to population transfer effects and heating. In this work, we
demonstrate that under intermediate intensity CW mid-infrared
(mid-IR) irradiation (see Fig. 1a), the electronic population in gra-
phene forms a non-equilibrium steady state with signatures of the
underlying single-particle Floquet physics. In particular, the
resulting electronic steady state relies on the Rabi-like Floquet gaps
and a suppressed density of states (DOS) around electronic energies
of half the photon energy _Ω in graphene’s Floquet band structure
(see Fig. 1b, c). Importantly, we demonstrate that photoinduced
transport can be used as a probe of the emergent Floquet steady
state in the system. Specifically, we report on signatures of these
steady Floquet effects in the gate voltage dependence of the laser-
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induced longitudinal photoresponses of graphene samples at
cryogenic temperatures ranging from 2.5 K to 50 K.

Results
Devices and photoconductive measurements
Our graphene devices were fabricated from large-area epitaxial gra-
phene grown on SiC. The typical electron mobility of our material is
about 5000 cm2/Vs for the carrier concentration range studied in this
work. (Supplementary Fig. 7 shows an image of a cluster with 4 devi-
ces.) Each device was a 5 μm× 5 μmgraphene square, with two source-
drain contacts for the longitudinal electrical transport, two contacts to
measure the transverse voltage, and a separate top gate electrode, as
depicted in Fig. 1a. The top gate comprised a 90-nm-thick dielectric
Al2O3 layer and a gate electrode of sputtered 110-nm-thick indium tin
oxide (ITO). The properties of our epitaxial graphene, the details of the
fabrication process, and the optical properties of the gate electrode
are outlined in the Supplementary Information. Our laser operates
with a photon energy of _Ω= 117meV, deliberately chosen to be below
the optical phonon generation threshold in graphene (160-200meV),
in contrast to previous experiments that utilized photon energies
above this threshold23. Importantly, this approach minimizes photo-
induced phonongeneration, guaranteeing acoustic phonons remain at
low cryogenic temperatures and providing cooling channels for pho-
toexcited electrons.

Overall, we measured three top-gated graphene devices on two
different chips: samples A and B on the first chip, and sample C on the
second chip. The deviceswere cooled in a closed-cycle optical cryostat
with a base temperature of 2.5 K and were irradiated with a 10.6-μm-
wavelength CW CO2 laser, providing up to 25W of linearly polarized
light. The laser polarization was controlled with a λ/4 plate. The
radiation was delivered using high-power-withstanding molybdenum
mirrors, and it was focused on the sample to a spot with a waist of

about 50 μm using a ZnSe lens with a focal distance of 50.8mm. The
maximum power used to irradiate the sample was 16W, yielding a
power density P up to 2.6mW/μm2 after considering energy attenua-
tion in the cryostat window and in the top gate of the graphene devi-
ces. Further details of the experimental setup are described in the
Supplementary Information.

We performed photoconductive measurements on the Floquet
systembymeasuring the longitudinal current using a lock-in amplifier,
with the reference signal to the lock-in provided by a chopper. The
source-drain bias was 6 mV unless otherwise noted. The chopper
modulated the laser beamwith a frequency of around 23Hz and a duty
cycle of ~10%. This procedure provided a direct measurement of the
photocurrent, denoted ΔI and defined as the difference in the source-
drain current between the irradiated and equilibrium systems. To
explore the doping dependence of the photocurrent, we also extrac-
ted the equilibrium Fermi energy, EF, as a function of the applied gate
voltage using the classical Hall effect at different gate voltages, as
described in detail in the Supplementary Information.

The experimentally measured photocurrent ΔI (see Fig. 1d) exhi-
bits dips as a function of EF near doping EF = ± 1=2_Ω close to the
Floquet gaps forboth circular and linearpolarization of the laser beam.
We note that due to the size of the sample chosen to optimize the
coupling to the incident beam27, the circular polarization might be
distorted by the proximity to metallic electrodes28 (see the Supple-
mentary Information for details). Nonetheless, the photocurrent dips
are robust to changes in polarization and are sensitive only to the
electronic photoexcitation rate set by the laser power density and
frequency. Importantly, the broadness of the dips, significantly
exceeding the width of the Floquet gaps in the graphene density of
states (see Fig. 1d), cannot be explained with single-particle Floquet
physics and instead indicates strong non-equilibrium electronic
population effects.
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Fig. 1 | Device design, Floquet band structure, and longitudinal transport
measurements. a Device layout with two contacts for longitudinal bias, VBias, and
two contacts formeasurements of the transverse voltage, Vy. The device has a square
geometry with a 5-μm side and an indium tin oxide (ITO) top gate with an Al2O3

dielectric sublayer, for applying a gate voltage VGate. bDrive-modified Floquet bands
of the graphene Dirac cone, which exhibits a Floquet gaps of size Δ at the resonance
energies ε= ± _Ω=2, where _ is the reduced Planck constant and Ω is the angular
frequency of the laser. c Density of states of the Floquet bands calculated numeri-
cally for a circularly and linearly polarized laser of power density P = 3mW/µm2.
d Photo-induced change of source-drain current (ΔI) as a function of Fermi energy EF
for circularly and linearly polarized laser irradiation, as measured at a constant

source-drain voltage of 6mV.ΔI is measuredwith a lock-in amplifier using a chopper
modulation as a reference. The circles represent data points and the solid lines are
obtained by adjacent point averaging. The dotted lines mark the EF values corre-
sponding to ± _Ω=2, with the related uncertainty indicated by the gray stripes. The
uncertainty is attributed to the gate efficiency calibration and the detail is described
in the Supplementary Information. The dips in ΔI at energies ± _Ω=2 are much
broader than the Floquet gap Δ (see c) and arise from the non-equilibrium steady-
state distribution of electrons. The measurements were performed on sample A at a
cryostat temperature of ~3.5 K, laser photon energy of 117meV, and laser power
density of 1.1mW/µm2.
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Theory of Floquet Steady States
Under CW illumination, the electronic population forms a non-
equilibrium steady state distribution predominantly stabilized by
electron-phonon scattering processes (see Fig. 2a). To understand the
photo-assisted population dynamics, we focus on the low-energy band
dispersion εkα of graphene, which exhibits two Dirac cones with Fermi
velocity vF corresponding to the graphene K and K 0 valleys (see
Fig. 2a). Here, k denotes the crystalmomentum, and α enumerates the
energy bands. In our theoretical analysis, we focus on circular laser
polarization for concreteness. We expect the longitudinal photo-
current to be qualitatively the same for linear polarization parallel to
the current. The primary effect of a circularly polarized laser drive is
theopening of dynamical gaps at the resonance energies ± _Ω=2with a
size Δ1,3,29. An additional Haldane gap opens at the Dirac point1, but the
gap is too small to be resolved for the power densities used in the
experiment, and is therefore not shown in Fig. 2a. The dominant
photoexcitation process corresponds to an excitation of the electron
to a virtual state (arrow 1) through photon absorption followed by the
phonon-emission process relaxing the electron to the conduction
band (arrow 2). The electronic population excited by this process is
subsequently spread across a small window of energies assisted by the
emission of low-energy acoustic phonons (arrow 3) and can be sub-
sequently relaxed through additional acoustic phonon emission
processes (arrow 4) back into the valence band. Ultimately, in the
steady state, the excited electronic occupation in the conduction band
is set by the balance between phonon-assisted photo-excitations
(arrows 1-3) andphonon-assisted coolingprocesses (arrow4). In Fig. 2a
and throughout our theoretical calculations, we include two phonon
branches: a slow surface acoustic phonon branch with Rayleigh wave
speed 1.3 km/s (arrows 2 and 3 in Fig. 2a) and a faster graphene
acoustic phonon branch with speed 11 km/s (arrow 4 in Figure 2a)30.
The surface acoustic phonon speed used in our simulations captures
the order ofmagnitude of the Rayleighwave speed of the SiC31. To find
the steady state electronic population Fkα, we solved numerically the

full Floquet-Boltzmann equation, which includes all the microscopic
electron-phonon scatterings between Floquet-Bloch states in the laser-
driven graphene (see Supplementary Information for details)32–35. The
resulting steady state occupations at various electronic dopings are
plotted in Fig. 2b–e, and the photocurrent is calculated from
the steady state occupations using linear response theory in the weak
source-drain bias regime. In our theory, we also account for charge
puddles and a small, intensity-dependent lattice temperature differ-
ence between the driven and undriven systems. We estimate the
conductivity in the presence of charge puddles using a phenomen-
ological formula detailed in the Supplementary Information.

Remarkably, the steady state distributions denoted by black
curves in Fig. 2b–e exhibit multiple step-like features associated with
large j∂Fkα=∂εkαj, resembling effective Fermi surfaces, which sig-
nificantly affect transport. The electron-like effective Fermi surfaces
(∂Fkα=∂εkα <0) contribute to a longitudinal current parallel to the
direction of an applied electric field, while hole-like effective Fermi
surfaces (∂Fkα=∂εkα >0) suppress the overall photocurrent by con-
tributing current antiparallel to the applied field. This is in strict con-
trast to an equilibrium distribution, where a single Fermi surface
appears in the electronic distribution (see blue dashed curves in
Fig. 2b–e), and only electrons near the Fermi surface contribute to the
longitudinal transport. The Fermi surfaces in the distribution pre-
dominantly arise from the scattering processes 1-4 sketched in Fig. 2a.
Most notable is the non-equilibriumdistribution for anelectron-doped
system 0<EF<_Ω=2 (see Fig. 2c, d), where the equilibrium Fermi sur-
face located at finite density of states (see blue dashed curve) is
separated into three electron-like Fermi surfaces (see black solid
curve) which are located near the dips of the density of states and
therefore contribute very few electronic carriers. In particular, two
electron-like Fermi surfaces are centered at the Floquet gaps, where
electronic group velocities and density of states are reduced, and
another is positioned at zero energy, where the density of states van-
ishes. The reduced concentration of electronic carriers gives rise to a
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Fig. 2 | Expected electronic steady-state distribution. a Key scattering processes
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acoustic phonons (arrows 2,3), and graphene acoustic phonons (arrow 4) that
contribute to the steady state. b Steady state distribution (black solid curve) for
P = 1.9mW/μm2 and equilibrium distribution (blue dashed curve) of electrons at
doping EF =0, where the longitudinal photoconductivity is enhanced relative to
equilibrium. Here, ε denotes the quasienergy and Fkα denotes the electronic
occupation. c Steady state distribution (black solid curve) of electrons at doping
EF =0:35 _Ω and P = 0.8mW/µm2, where the photoconductivity is suppressed

relative to an equilibrium distribution expectation (blue dashed curve). d Same as
(c) but for a larger power density P = 1.9mW/µm2, where the steady state dis-
tribution exhibits additional electron density above the Floquet gap. e Steady state
distribution (black solid curve) of electrons for P = 1.9mW/µm2 at doping
EF =0:75 _Ω, where the photoconductivity is approximately identical to that of an
equilibrium distribution (blue dashed curve), with a slightly raised effective tem-
perature due to multi-photon heating processes. The horizontal dotted lines in
(b–e) mark ε values corresponding to ± 1=2_Ω.
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suppressed conductivity in the driven system. This phenomenon
persists for both weak and strong driving amplitudes, as shown in
Fig. 2c and d, respectively. For doping above resonance EF > _Ω=2,
processes 1–4 are Pauli-blocked, giving rise to an equilibrium-like dis-
tribution (see Fig. 2e).

Optically-controlled photoresponse
Having understood the interplay of the Floquet bands, steady state
occupation, and photocurrent ΔI, we now compare the theoretically
calculated and experimentally measured value of ΔI and discuss the
tunability of the photoresponse by the laser power. In Fig. 3a, we
focus on the experimentally measured photocurrent dip at negative
EF and plot the photocurrent for various laser power densities. In
Fig. 3b, we show the theoretically calculated photocurrent for the
same power densities. Let us discuss a few salient features captured
by the theoretical model. A key feature is the broad width of the
photocurrent dip, which we estimate by fitting the photocurrent to
a Gaussian-like function detailed in the Methods section. The
amplitude of the Gaussian a0 quantifies the depth of the photo-
current dip, while the full width at half maximum (FWHM) quantifies
its width. Notably, our theoretical prediction of the decrease in a0

with the power density P, agrees with the experimental observation
(see Fig. 3c), indicating a power dependence of the steady state
distribution. The reduction of a0 with P arises due to the increase of
the photoexcited carrier density above the Floquet gap, which
scales as�P1=2, effectively increasing the photocurrent (cf. the shift
of the effective Fermi surface near _Ω=2 in Fig. 2c and d)29. The
FWHM of the photocurrent dip observed in the experiment and
predicted by the theory are both broader than the size of the Flo-
quet gap, see Fig. 3d, indicating a Floquet-induced electronic
population inversion in the steady state. We note that ΔI > 0 for
0< EF < _Ω=2 due to charge puddle and lattice heating effects (see
the Supplementary Information for more details). Finally, we note
that the horizontal offset in the theoretically calculated photo-
current shown in Fig. 3b relative to the experimental data in Fig. 3a
may arise from changes in the total electronic carrier density in the
sample during laser illumination, which were not accounted for in
the experimental assignment of the chemical potential.

To further verify that the transport signatures observed in the
experiment arise from photo-induced dynamics, we explore the
experimentally measured photo-response for out-of-focus lasers,
which reduce the irradiation power density by roughly a factor of
three. Figure 4a demonstrates that the visibility of the photocurrent
dip is significantly suppressed as the power density is reduced. This
behavior, reproduced in theory (see Fig. 4b), reflects the suppressed
probability of drive-induced photoexcitation processes under weak
laser irradiation.

Next, we explore the lattice temperature dependence of the
electronic steady state and conductivity. Figure 4c and d, respectively,
show the measured and the theoretically predicted ΔI as a function of
EF, for several values of the lattice temperature. At higher tempera-
tures, the distribution of the photoexcited electrons spreads over
larger energy support, relaxing the sharp energy-momentum bottle-
necks in the steady state distribution (see processes 1-4 in Fig. 2a). As a
result, the dips in ΔI become less pronounced, virtually disappearing
around 20K. The discrepancy of the temperature dependence around
charge neutrality between the experimental and theoretical plots is
attributed to the finite-temperature physics of the charge puddles,
which could modify the relaxation time of electrons at different tem-
peratures under weak source-drain bias36, which is not captured in the
theory. The strong lattice temperature dependence of both the theo-
retically calculated and experimentally observed photocurrent, how-
ever, highlights the role of lowphonon temperatures in stabilizing low-
temperature electronic phenomena of Floquet effects in our system.

Discussion
The photoconductivity dip discussed above has been reproduced for
other samples, which we present in the Supplementary Information.
Different samples with different charge inhomogeneities showed
similar widths of the photocurrent dip. This observation is consistent
with the emergence of a Floquet steady state, which is predicted to be
weakly sensitive to disorder. The positions of the dips in the electron
and hole regions of the gate dependence are also slightly asymmetric,
similar to particle-hole asymmetric results reported in McIver et al.23.

So far, we have not discussed the transverse photoconductivity of
the system. Our transverse voltage measurements displayed a laser
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Fig. 3 | Transport signatures. a Photo-induced change of source-drain current (ΔI)
as a function of EF under irradiation at various peak power densities, as measured
on sample C at a constant source-drain voltage of 6mV and a cryostat temperature
of 3.2 K. The photon energy is _Ω= 117meV. The laser beam is circularly polarized.
The circles represent data points and the solid lines are the fitted curve by a
Gaussian-like functiondescribed in theMethods. Thedotted linemarks the EF value
corresponding to�_Ω=2, with the related uncertainty indicated by the gray stripes.
b Theoretically predicted ΔI as calculated from the Floquet Boltzmann equation.
The dotted line marks the EF value corresponding to �_Ω=2. c Depth a0 of the
photocurrent dip and associated error, as calculated from a Gaussian-like fit

(see details in the Methods section). For both the theoretical and experimental
data, a0 decreases with the power density P for large P due to enhanced heating
processes in the Floquet steady state. d Experimental and theoretical FWHMof the
photocurrent dip and the Floquet gap size (red dotted line), Δ, as a function of the
power density. The FWHM exceeds Δ, indicating the emergence of photoexcited
electrons in the non-equilibrium Floquet steady state. The detailed error analysis of
FWHM is described in the Supplementary Information. The uncertainty in the laser
powerdensity due topowerfluctuation in (c) and (d) are estimatedby the change in
the laser power before and after each transport measurement.
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helicity-dependent component on the μV scale, which amounts to a
Hall conductivity of the order of σHall

xy � 10�3e2=h, see Supplementary
Fig. 11. This range of values undershoots the prediction of σHall

xy � e2=h,
from our theoretical model, which is mainly designed as a simple
model for the longitudinal component of thephotocurrent.Webelieve
that a key reason for this discrepancy is the distortion of the circular
polarization by the metallic contacts, leading to regions of the sample
with nearly linear polarization28 (see Supplementary Information for
details). In these regions, the Berry curvature can have large off-
diagonal elements, reducing the photoresponse. Additionally, our
theoretical calculation of the Hall voltage does not account for
electron-electron interactions and charge puddles. Electron-electron
scattering could suppress the Hall conductivity by raising the effective
temperature of the steady-state electron-like Fermi surfaces (see
Fig. 2b–e) near the resonant Floquet gaps33,35. Charge puddles could
further suppress the Hall voltage by producing regions in the sample
with low conductivity, which exhibit weak longitudinal source drain
current and heavily suppressed local Hall voltage. More details of the
transverse photoresponse measurements are provided in the Supple-
mentary Information.

In summary, we have explored the transport properties of gra-
phene driven by a CWmid-infrared laser. In suchmetallic systems, the
Floquet dressing of single-particle bands by resonant periodic drives is
intertwined with many-body effects, such as electron scattering and
population dynamics. Notably, we demonstrate that the interplay
between these processes at intermediate driving intensities and cryo-
genic temperatures facilitates the formation of low-entropy electronic
steady states. These steady states emerge from a cascade of photo-
assisted electron-phonon scattering events that effectively cool the
photoexcited electrons to low entropy states.

Our findings suggest that, in graphene on SiC, these processes are
dominated by the emission of surface acoustic phonons at the
graphene-SiC interface, along with acoustic phonons in the graphene
itself. Furthermore, the formation of these steady states is crucially
dependent on the underlying single-particle Floquet physics, such as
the presence of Floquet gaps in the single-particle spectrum and
scattering into replica Floquet bands. We interpret the observed pro-
nounced dip in longitudinal conductivity in our samples as evidenceof
Floquet steady states. The characteristics of this dip—its position,
depth, andwidth as functions of doping—align closelywith predictions

from Floquet many-body theory. Our results indicate a promising
approach to perform Floquet engineering in metallic systems for
sustained operation, potentially leading to the creation of Floquet
steady-state phases, such as drive-induced symmetry broken phases37,
laser-induced flat bands35,38,39, and optically-controlled topological
transport34,35.

Methods
Experiment
TheCW sourcewas a 10.6μm-wavelength, air-cooled Synrad J48-2 CO2

laser, providing up to 25Wof linearly polarized light,modulatedwith a
chopper (Scitec Instruments 300CD) with 27Hz modulation fre-
quency. The circular polarization of the laser radiation was controlled
by a custom-made zero-order λ/4 plate, provided by Optogama UAB.
For the delivery of the optical beam,weusedmolybdenummid-IR high
power mirrors.

The samples were cooled down to 2.5 K with a closed-cycle
cryostat Oxford Instruments Optistat AC-V14. For optical access to our
samples, we used a 2-mm thick ZnSe window. The beam delivery was
done using an Edmund Optics cage focusing system mounted on a
custom-made mechanical attachment to the cryostat. For beam
focusing,weused a 50.8-mmfocal distance, 1-inchdiameter, ZnSe lens.
Focusing and alignment of themid-IRbeamwas controlled by a system
of micrometers40. The estimation of the beam diameter at the lens
focus is based on a Gaussian beam with our experimental parameters
(18-19mm laser beam waist before lens and 50.8mm lens focal dis-
tance), and it yields ~35-38μm. Experimentally, wewere able to achieve
focusing down to a 50 μm spot. This was confirmed during the fine
alignment of the laser beam: the magnitude of ΔI was changing from
the noise level to a maximum signal and then back to the noise level
(about 10-12-times drop of signal magnitude) within 4-5 readout
thimble divisions of in-plane alignment micrometers (e.g., within 40-
50 μm distance). The maximum applied laser power in our experi-
ments was 16W, corresponding to a peak power density ~ 8mW/μm2

for ~50 μm-diameter beam spot. Taking into account the transmission
coefficients of the cryostatwindowand thegate electrode,weestimate
the applied laser intensity as ~2.6mW/μm2.

The measurements of photoinduced currents and voltages were
performed using a home-made bias box, an HP 6177 C DC current/
voltage source (for generation of gate voltages), a National

Fig. 4 | Laser intensity and temperature dependence of the longitudinal con-
ductance. a Longitudinal photocurrent as a function of EF at a fixed source-drain
voltage of 6mV, with laser spot in focus and defocused. For all three curves, the
laser power is ~3.6W, corresponding to a peak power density of 0.6mW/μm2 at
focus. Under defocused irradiation, with the laser spot slightly moved to the side,
the power density drops by ~3 times (gray curves). Circular polarization of 10.6 μm
wavelength laser radiation. The cryostat temperature stabilized at ~3.4 K.
b Theoretically calculated photocurrent for weak drives, exhibiting shallower dips

near resonance as a function of decreasing driving power, in agreement with (a).
c Temperature dependence of the longitudinal photocurrent as a function of EF.
The photocurrent decreases, and the dips at EF = ± _Ω=2 disappear at high tem-
peratures. The laser beam is circularly polarized. d Theoretically calculated pho-
tocurrent for laser power density 1.4mW/μm2, the photocurrent dip becomes less
visible at higher temperatures. The dotted lines in (a–d) mark the EF value corre-
sponding to ± _Ω=2,where the relateduncertainty is indicatedby the gray stripes in
(a) and (c).
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Instruments BNC-2110 junctionbox, anAmetek 5110 lock-inamplifier, a
DL Instruments 1211 current preamplifier, and a custom-made differ-
ential voltage preamplifier. The data collection system was controlled
using a customized LabVIEW-based program.

The calibration of gate efficiencies of our samples (calibration of
gate voltage in units of electron Fermi energy)was performedusing a 9
Tesla Quantum Design Physical Property Measurement System at the
NHMFL in Tallahassee, FL. The details about gate efficiency calibration
are provided in the Supplementary Information.

Device fabrication
For the device fabrication we adapted the process developed by
Yang et al.41. to electron-beam lithography (EBL)42 with additional
lithography steps to deposit and pattern a top gate. The details of
the device fabrication are provided in the Supplementary Infor-
mation. The epitaxial graphene on SiC was purchased from
Graphene Waves.

Fitting
We estimate the full width at half maximum (FWHM) of the photo-
current dip by fitting the photocurrent to the function

ΔIfit =a0 exp½�ðVg � BÞ2=2σ2�+CVg +D, where a0,B, σ,C, and D are
fitting parameters, and Vg is the gate voltage. We extract the full width

half maximum using the relation FWHM=EFðB+
ffiffiffiffiffiffiffiffiffiffiffi

2 ln 2
p

σÞ � EFðB�
ffiffiffiffiffiffiffiffiffiffiffi

2 ln 2
p

σÞ, where EFðVgÞ= _νF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

πkðVg � VdÞ
q

. Here, k is estimated from

Hallmeasurements, and Vd is estimated to be the gate voltage at which
σxx is minimized (see the Supplementary Information).

Data availability
Relevant data supporting the key findings of this study are available
within the article and its Supplementary Information. All raw data
generated during the current study are available from corresponding
authors upon request.

Code availability
Computer code generated during the current study is available at
https://doi.org/10.5281/zenodo.14847973.
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