Transition from acoustic plasmon to electronic sound in graphene
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Abstract:

Fermi liquids respond differently to perturbations depending on whether their frequency is larger
(collisionless regime) or smaller (hydrodynamic regime) than the inter-particle collision rate. This
results in a different phase velocity between the collisionless zero sound and hydrodynamic first
sound. We performed terahertz photocurrent nanoscopy measurements on graphene devices, with
a metallic gate in close proximity to the sample, to probe the dispersion of propagating acoustic
plasmons, the counterpart of sound modes in electronic Fermi liquids. We report the observation
of a change in the plasmon phase velocity when the excitation frequency approaches the electron-
electron collision rate. This first observation of the first sound mode in an electronic Fermi liquid
is of fundamental interest and can enable novel terahertz emitter and detection implementations.



Main Text:

The Fermi liquid paradigm®? is one of the cornerstones of modern condensed matter theory,
providing an effective description of the many-body systems whose elementary excitations are
weakly-interacting fermionic quasi-particles. Most importantly, the theory of Fermi liquids
provides an understanding of why conduction electrons in metals behave essentially as non-
interacting particles. Fermi liquids can support collective modes in the form of longitudinal density
oscillations that are analogous to sound in classical fluids. The propagation of collective modes in
Fermi liquids depends on whether the angular frequency w of the mode is higher or lower than the
inter-particle collision rate® t_};. Liquid ®He, a neutral Fermi liquid, was the first system in which
the transition (a change in the velocity and attenuation of the propagating mode) from the first
sound (w < Ty, i.€. in the hydrodynamic regime) to the zero sound mode (w > Ty, i.€. in the
collisionless regime) was observed®.

In electronic Fermi liquids with long-range Coulomb interactions, first and zero sound collapse
into a plasmon mode®. In such a mode, the smooth crossover from the collisionless to the
hydrodynamic regime manifests in the dispersion relation w(q) only at subleading order in the
wave-vector g of the mode® and it is therefore very challenging to observe. However, two-
dimensional (2D) electron liquids allow for sufficient screening of the long-range part of the
Coulomb interaction by a nearby metallic gate electrode, the first and zero sound reappear®’ and
a transition between the two can be observed. In 2D electron liquids with screened electron-
electron (ee) interactions, the zero sound mode is known as acoustic plasmon and has been
extensively studied experimentally in hexagonal boron nitride (hBN) encapsulated graphene
devices®®. However, to the best of our knowledge the electronic first sound mode, the closest
electronic analogue of ordinary sound, has never been observed experimentally.

In this work, we report the first evidence of a transition between an acoustic plasmon and the
electronic first sound. We probe this transition at room temperature (RT) employing a terahertz
(THz) source whose angular frequency w can be tuned around the ee collision rate 75, with 7,
being 0.1 — 0.2 ps in doped graphene'®*?. Figure 1A shows the evolution of the distribution
function of electrons during the propagation of a plasmon mode. While for w > 75! the
distribution function differs greatly from the equilibrium one, for w « 72! ee collisions have time
to smooth the distribution to a circle, leading to a quasi-equilibrium, fluid-like response. This
results into a change in the phase velocity of the mode between the two regimes (see Fig. 1B).
The plasmon velocity difference has, at long wavelength, an intuitive physical interpretation
thanks to an analogy with viscoelastic materials'®. Materials respond as solids (with an elastic
shear force) to shear deformations that are faster than a certain equilibration time scale z.,; and as
fluids (with a dissipative shear force) to shear deformations slower than z ;. This time scale
greatly varies (even by orders of magnitude) depending on the material, and diverges for ordered
solids. Electrons are no exception to this behaviour with the role of 7, played by 7. In the
collisionless regime the elastic shear force, that is not present in the hydrodynamic regime, adds
to the Coulomb and pressure forces® in sustaining the plasmon mode. This makes the plasmon
mode stiffer, increasing its velocity. In order to observe this effect, it is however necessary to
screen the otherwise dominant Coulomb force.

The electronic first sound pertains to the hydrodynamic regime, which is characterized by 7., being
the shortest timescale of the system4¢, Quantitatively, this happens when 7., < 7, w ™%, (qug) 72,
where 7 is the momentum relaxation time, w™? is the time over which the phase of the mode
changes significantly, and (qvg)~! (g being the wavevector of the mode) is the time it takes to an
electron travelling at the Fermi velocity v to cross a significant fraction of a spatial oscillation of
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the mode (the corresponding ranges of frequencies relevant for our experiment are depicted in Fig.
1C). Since both 7;! and 77! increase with temperature, typically at different rates, the
hydrodynamic regime can only be realized in high-mobility electronic systems for a limited
window of experimental conditions'®'"*8, The hydrodynamic regime has been demonstrated
experimentally in encapsulated graphene samples'®t119-22 or GaAs/AlGaAs quantum wells®2,
The transition between zero and first-sound in 2D electronic liquid was studied theoretically®~’
using simplified models based on the semi-classical Boltzmann transport equation that fully
captures nonlocal effects®?4, The magnitude of the difference between the plasmon velocity in the
two regimes is controlled by the screening parameter’
Cc 1

A= on ™ pimiymo oy )

where C is the capacitance per unit area between the electron liquid and the metallic gate, e is the
unit charge and N is the electronic density of states at the chemical potential. The second relation
holds for the specific case of single-layer graphene with carrier density n and separated from a
nearby metallic gate by an hBN spacer of thickness tgy. Figure 1D shows the values of A that
can be reached as a function of the experimental parameters.

The sought effect is negligible for A = 0 but becomes strong for A = 1. When the latter condition
is reached, the hydrodynamic plasmon velocity becomes even smaller than vg. In the extreme case
of very large screening (A > 1) the collisionless plasmon velocity tends to vg, while the
hydrodynamic plasmon velocity tends to the 2D energy-waves (second sound) velocity?® vg /+/2.
The convergence of these two modes to the same limiting velocity can be understood since they
both approach charge-neutral oscillations. In the case of the second sound, this happens because
of the charge compensation between electrons and holes, while in the case of acoustic plasmons
the same happens because of the compensation due to induced image charges in the metallic gate.
Based on the theoretical model presented in Ref.” and making an approximation that is well-
justified in single-layer graphene®® (i.e. neglecting the first-order Landau parameter F}) it is
possible to derive (Supplementary Note 4) a simple relation between the collisionless plasmon
velocity v, and the hydrodynamic plasmon velocity vy,:

vZ+v. |vE-vE

m=|—r— @

with vg the (renormalized) Fermi velocity. From this formula we immediately see that the
difference between the two velocities is negligible if v. > vg (corresponding to small values of
A) and becomes most important when v, = vg. Even in this extreme case, the relative difference
between the two velocities cannot exceed |vy, — v¢|/ve S 29%.

Experiment

In this work, we probe the transition between the collisionless and the hydrodynamic regime of
electrons in graphene by measuring the phase velocity of acoustic plasmons at different angular
frequencies close to the expected value of 75! that we calculated for the specific structures of our
experiment (See Fig. 1C and Supplementary Note 7). To this aim, we fabricated two hBN-
encapsulated single-layer graphene devices, dubbed device 1 and device 2, respectively, with
different gate-graphene separation. The transition effect is observed in device 1, while device 2 is

* The definition of A used here differs slightly from the one used in Ref. 7 in that the density of states N appearing in
(1) is the observed or renormalized one, not the bare one. In this work we will denote with a subscript 0 (N,) the
bare, non-interacting, quantities.



a control device in which this effect is predicted to be negligible. The two devices share the same
split-gate configuration depicted in Fig. 1E. They consist on hBN/graphene/hBN heterostructures
on top of metallic palladium gates. Each metallic gate is split into two halves whose voltages can
be controlled separately. This allows the creation of a sharp p-n junction in the sample, which
enables the thermoelectric detection of the plasmonic field?’.

The only relevant difference between the two devices is the thickness of the bottom hBN spacer
(tren in Fig. 1E) that is chosen to be as small as possible (then = 2.0 nm, leading to a design value
of A = 0.5 at the carrier densities used in the experiment) in device 1, and larger (then = 11.8 nm,
corresponding to A =~ 0.08) in device 2. This means that the Coulomb interaction should be
strongly screened in device 1 (quantified by higher values of A as seen in Fig. 1D), where acoustic
plasmons are expected to propagate with low velocity (with v, /vg reaching values as low as 1.5).
This yields a sizable change in v, between the two regimes. On the contrary, in device 2, the
Coulomb interaction is less screened (see Fig. 1D) and v, /vg never goes below 2.5. This means
that, in device 2, v, is almost the same in the two regimes and no significant transition effect is
expected.

We performed THz photocurrent nanoscopy® measurements at RT (T = 295 K) in a commercial
scanning nearfield optical microscope (SNOM). We used a methanol gas laser to measure at four
different frequencies (f = 1.84,2.52,3.11,4.25 THz). For each laser frequency, we scanned the
tip repeatedly along the white dashed lines indicated in Fig. 2A,B, for a set of gate voltages V1,
while the other gate is kept at a voltage V2 chosen to maximize the photocurrent signal (see
Methods). The dominating plasmon launching mechanism differs between the two devices due to
the very different vertical confinement of the plasmon (see Ref. ° and Supplementary Note 1). In
device 1, the sharp metallic edge at the junction launches a plane wave propagating perpendicular
to it. By scanning the tip perpendicular to the junction, we measure A-fringes (i.e. fringes with
periodicity equal to the plasmon wavelength). In device 2, the tip launches a circular plasmonic
wave. By scanning the tip parallel to the junction, we detect A/2-fringes (i.e. fringes with
periodicity equal to half the plasmon wavelength) due to the standing wave originating from the
plasmons reflected at the graphene edge and travelling back to the tip?®. Inverting the measurement
direction between both devices results in barely visible fringes. In both cases, the SNOM tip serves
as a local probe to rectify the plasmonic field, generating heat, which is then converted into
photocurrent at the p-n junction via thermoelectric effect?’.

Figure 2C,D display the real part of the photocurrent signal (recorded at the first harmonic of the
tip frequency) acquired for both devices at the four studied frequencies, at a carrier density n ~
10?2 cm™2. Both devices, and in particular device 1, display very high electronic quality with
plasmon lifetimes of about 0.5 — 1 ps (Supplementary Note 5). This is evident from the quality of
the data in Fig. 2C,D, which show up to 7 clearly visible oscillation fringes. The presence of a
good number of fringes is pivotal for a reliable extraction of the plasmon wavelength. Due to the
different scanning directions, in device 1 there is an additional decay of the signal along the
scanning direction as the tip moves away from the junction?’. Conversely, in device 2 the tip-
junction distance is kept constant but there is a geometric decay due to the cylindrical plasmonic
wave radiating away from the tip (Supplementary Notes 1 and 2). The high signal-to-noise ratio
typical of our technique and the high mobility of our devices allow to accurately extract the
plasmon wavelength 4, = 21/q,, for carrier densities above 0.5-10" cm™ for device 1, and above
0.3-10% cm for device 2 (see Supplementary Note 2 for the full data sets and the fitting-procedure
details).

From these measured 4, we extract the plasmon phase velocity as a function of the gate voltage
(Fig. 3A,B), measured with respect to the charge neutrality point, determined by two-probe
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transconductance measurements, V; = V; — V; cnp, for device 1 and 2 respectively. We were able
to extract the plasmon wavelength with a sufficient degree of accuracy at the four laser frequencies.
Measuring at lower laser frequencies was not possible because 4, becomes too large compared
with device dimensions, propagation and cooling length, making the extraction of the wavelength
not reliable enough. From the measured plasmon velocity we find (see Supplementary Note 3) a
smaller capacitance than the one expected from the thickness of the exfoliated hBN flakes in both
devices, yielding typical values of A of = 0.2 and = 0.04 in device 1 and 2 respectively. We
attribute this discrepancy to air gaps between the metallic gate and the hBN flake (see
Supplementary Note 3). This effect can be described as an effective hBN thickness larger than the
nominal one. We used this more realistic quantity to locate our devices in the parameter space
plotted in Fig. 1D.

Discussion

The most notable observation is that the two devices show a different dependence of the plasmon
velocity with frequency. In contrast to device 2 (Fig. 3B), the data of device 1 (Fig. 3A) show a
clear frequency dependence, with the plasmon velocity slowing down by =~ 5% from the highest
frequency to the lowest. The effect is emphasized in the inset that shows the relative variation
with respect to the highest frequency. We will show that our findings are compatible with the
transition from the collisionless to the hydrodynamic regime. To this aim, we compare Eq. (2) with
our data, by approximating the collisionless velocity v. with our velocity data at the highest
available frequency 4.25 THz and the Fermi velocity with its value calculated at the carrier density
of n =10'%cm™2, vg ~ 1.1-10° m/s (Supplementary Note 3). For more clarity, instead of
applying Eqg. (2) directly, we fit the experimental data with a simple one-parameter model derived

from the collisionless expression (Supplementary Note 4) v.(Vg) = vg (a,/ Vgl + 1)(2a Vgl +

1)_1/2(green solid line in Fig. 3A). We then apply Eq. (2) to the fitted curve to obtain our
theoretical estimate of the hydrodynamic velocity (green dashed line in Fig. 3A). Remarkably, the
theoretical line matches well with the data extracted at the lowest available frequency of 1.84 THz.
As expected, repeating the same procedure with the control device we find only a very small
velocity shift that is compatible with experimental errors, as shown in Fig. 3B. In Fig. 3C, we
display the plasmon velocity for a fixed carrier density n ~ 1012 cm™~2 as a function of the laser
frequency. To reduce the uncertainty associated with the use of a single experimental point in
voltage, the data points and their error bars have been obtained from fitting the experimental
plasmon dispersions in Fig. 3A,B to a functional expression which allows to fit the dispersion in
both the hydrodynamic and collisionless regime: v, (V) = alVe Y41 + BIVg ).

We note that refs. > also predict a change in the plasmon damping rate T =~ wRe{q,}/Im{q,} at
the crossover between the hydrodynamic and collisionless regime. However, while the quality of
our results allows a reliable extraction of Re{q,}, the extraction of Im{g,} has a larger uncertainty.
On top of that, the plasmon decay due to Im{g,} needs to be disentangled (in the case of device 1)
from decay due to the varying tip-junction distance. As a result, we do not aim to observe the
transition in the damping rate measurements (Supplementary Note 2).

Motivated by the good matching between the expected hydrodynamic velocity and the
experimental data at 1.84 THz, we aim to make a more complete comparison between our
experiment and the theoretical model in Ref.”. This model needs as input the value of A, 7, Tee, Vr,
and of the zero-th order Landau parameter (which is related to the compressibility correction®)
Fy, and allows the calculation of the plasmon wavevector at every frequency. Our best estimates
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of these parameters, either measured or calculated using the theory presented in Refs.?%% are
summarized in Table S1 with details on how they are obtained given in Supplementary Notes 3,5-
7. The calculated plasmon velocity according to these parameters is shown as a solid line in Fig.
3C for the two devices. While the trend is correct, the model predicts that only a smaller shift
should be observed in our experimental range. We attribute this discrepancy mainly to an
overestimate of t.. in our many-body calculation (t.. = 0.16 ps for device 1 and 7., = 0.17 ps
for device 2) that pushes the transition to lower frequencies. To support this, we show in Fig. 3C
the theoretical line calculated with the same parameters but with .. reduced by a factor of two
(dashed line) and five (dotted line). This shows that a better agreement is reached by assuming that
the real value of 7. is reduced by around a factor of two with respect to the calculated one. This
discrepancy could motivate future theoretical investigations. Further mismatch between the
theoretical prediction and the experiment can be attributed to the estimate of other parameters or
to mechanisms that are not captured by the simplified theoretical model in Ref.”.

The dispersive behaviour of the dielectric environment could also introduce a frequency
dependence in our experiment. However, the hBN permittivity change in our frequency range is
too small to explain the effect (Supplementary Note 8) and the palladium gate electrode has a flat
response in the same range (its plasma frequency being close to 10 eV)3L.

Conclusions

To conclude, we have experimentally demonstrated a shift in the phase velocity of acoustic
graphene plasmons in a graphene sample with a very thin (2 nm) hBN spacer when the frequency
is tuned from 4.25 to 1.84 THz. The same effect was not observed in a device with a thicker hBN
spacer. The magnitude of the observed shift and the frequency at which the shift is happening are
in qualitative agreement with the theoretical expectation for the collisionless to hydrodynamic
transition.

Two main ingredients have allowed us to observe the transition. First, we have produced high
mobility graphene devices in which the fastest scattering event is ee collisions. Second, we have
incorporated a metallic gate electrode in very close proximity to the graphene sheet to ensure
sufficient screening of the long-range Coulomb interaction, achieving record-low values of
acoustic graphene plasmon velocity. Our results can stimulate further experimental investigation
on the dynamical aspects of the hydrodynamic regime of electronic transport.

The ee collision rate strongly depends on temperature®. Performing experiments in a variable-
temperature cryogenic near-field microscope®? would permit studying the evolution of the
hydrodynamic regime as a function of temperature. Moreover, the hydrodynamic regime could be
studied by using THz graphene plasmon cavities coupled with a continuously-tunable THz source
in the few THz range. Finally, interesting non-linear plasmonic effects are predicted to happen in
the hydrodynamic regime due to the non-linearities of the Navier-Stokes equations in
graphene®33,
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Fig. 1. A. Comparison of the Fermi surface deformation associated to an acoustic plasmon
propagating along the positive x direction between the collisionless (top row) and hydrodynamic
(bottom row) regime. The green shading represents the one-particle distribution function, the black
line the set of points where the distribution function is 1/2. The dashed line marks the position
where the equilibrium distribution function is 1/2. The oscillation represents the potential energy
or density perturbations. The x component of the current has also (approximately) the same phase,
the electric field is instead 90° out of phase. The phase is given by gx — wt. B. Dispersion of
acoustic plasmons (red thick line) highlighting the change in phase velocity between the two
regimes. The yellow and the blue lines represent the phase velocity in the collisionless and
hydrodynamic regimes, respectively. The dashed black line corresponds to the Fermi velocity. C.
Comparison of the frequency-scales involved in our experiment. The laser frequency w can be
tuned to be larger or smaller than the ee collision rate 72., while the momentum relaxation rate
-1 is always the slowest mechanism. qv is always smaller than w since the plasmon phase
velocity never reaches the Fermi velocity v, for the values of the screening parameter A in our
experiment. 72! has been calculated for our devices’ parameters (Supplementary Note 7), while
-1 has been extracted from the high-frequency data (Supplementary Note 5). D. Screening
parameter A for single layer graphene as a function of the hBN thickness ty, gy and carrier density.
Red lines represent the data ranges for our devices once the air gap is taken into account
(Supplementary Note 3). E. Schematic view of the dual-gated device geometry and terahertz
nanoscopy experiment. The inset highlights the relevant geometric dimensions.
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5 um. B. Same as panel A for device 2, here the white dashed line marks where datasets in D
were acquired. C. Near-field photocurrent signal acquired in device 1 along the line shown in A,
at four different frequencies. The carrier density is fixed at n =~ 102 cm™2. In this configuration
(perpendicular to the junction) only A-fringes appear. Data are shifted vertically for more clarity.
D. Same as in panel C for device 2, along the line marked in panel B. In this configuration
(parallel to the junction) only A/2-fringes appear. Colour code is the same as in panel C.
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Fig. 3. A. Measured plasmon phase velocity as a function of carrier density for device 1, for the
frequencies indicated in the legend. The green solid line is a one parameter fit v, (V) of the data
at 4.25 THz. The green dashed line is the corresponding hydrodynamic velocity, obtained by
applying Eq. 2 to v.(V;). The inset shows the relative variation of the plasmon velocity with
respect to the fit, A = v,(V;, w) /v, (V) — 1, as a function of the gate voltage. The blue shaded
region indicates the area below the Fermi velocity. B. Same as in A for the control device 2. C.
Plasmon phase velocity as a function of the frequency for device 1 (top) and device 2 (bottom),
for a V,; corresponding to a carrier density of n ~ 1012 cm™2. The data points and error bars
have been obtained from fitting the dispersions in A and B to the functional form explained in
the text. The solid red lines follow the expected plasmon velocity for our devices’ parameters
(see Table S1) using the model in Ref.”. The dashed and dotted red lines correspond to a value of
Tee (0.16 ps for device 1 and 0.17 ps for device 2) reduced by a factor two and five respectively.
The difference between the three lines is not visible for device 2.
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Materials and Methods

Device fabrication

We start with the fabrication of the metallic gates. We use standard electron beam lithography
(EBL) at 30 kV to define two rectangles separated by 200-300 nm gaps on a 270 nm thick
polymethyl methacrylate (PMMA) layer. After developing, we perform a plasma descum at low
power to remove resist leftovers. We deposit 2 nm of Ti and 15 nm of Pd, both by electron beam
evaporation. Finally, to remove the spikes at the edges of the gates, we anneal the samples at 300
°C in Ar/H for 3 hours. We check with atomic force microscopy (AFM) and choose only the gates
without spikes. We find that the gap is in the order of 100-200 nm.

We mechanically exfoliate hexagonal boron nitride (hBN) and graphene flakes on SiO2/Si chips,
and carefully choose the desired hBN flakes for our devices. To assemble the hBN/graphene/hBN
heterostructure, we use polycarbonate (PC) stamps, and drop the heterostructure onto the pre-
patterned metallic gates at 160 °C *. Finally, we define the edge contacts? and shape the graphene
channel with EBL and reactive ion etching (RIE).

Prior to our nearfield measurements, we clean the surface of the samples with an AFM tip in
contact mode?, applying forces between 30 — 60 nN.

In Fig. S1 we show an AFM image of the surface of device 2 after the AFM cleaning.

Terahertz photocurrent nanoscopy measurements

As the laser source, we used two far-infrared gas lasers: FIRL-100 (Edinburgh Instruments Ltd.)
and SIFIR-50 (Coherent Inc.). Both lasers output the same terahertz lines at very similar powers.

As the nearfield microscope, we used a neaSNOM (neaspec GmbH). Since we perform
photocurrent measurements, we removed the interferometer to maximize the power at the tip. The
photocurrent signal (typically in the order of few nA) is read out through a photocurrent amplifier
(DHPCA-100 from FEMTO Messtechnik GmbH), working at gains between 10%-10° V/A,
depending on the device resistance and laser power. The amplifier output is fed to the neaSNOM
lock-in input, such that the collected signal is demodulated at the harmonics of the tip frequency.
We used an Au-coated AFM tip with 250 nm radius at the apex and 3 N/m force constant, model
LRCH250 (Team Nanotec GmbH). The photocurrent signal is demodulated at either the first or
second harmonic of the tip frequency (~ 75 KHz), and the first harmonic of the mechanical phase
is substracted*®. The typical tapping amplitude is 80-120 nm.

First, we locate a clean line perpendicular to the junction for device 1 and parallel to it, but close
enough to maximize the signal, for device 2. Whether we want to measure on the electron or hole
doping regimes, we choose a different gate voltage for the other gate electrode to maximize the
photocurrent. We scan along the same line, for a range of gate voltages. In Fig. S2 we display the
raw measurements acquired for device 1 (left) and device 2 (right), where in the horizontal axis
we scan the tip and in the vertical axis we step the gate voltage.

We check for position and carrier density drifts between scans that may alter the data. We always
scan across the pn junction (device 1) or across the graphene edge (device 2). This, together with
comparing forward and backward traces (which are recorded sequentially), allows us to discard
sample drifts that could lead to an apparent change in the fringe spacing. To check for carrier
density drifts, i.e. a drift of the charge neutrality point V.yp, we verify that the gate voltage at
which the photocurrent signal changes its sign remains the same. Moreover, we do not expect this
to happen in samples with a local gate. This samples are much less affected by drift and hysteresis
than encapsulated samples directly on top of SiO> due to the lack of dielectric-dielectric interfaces
that may trap charges for long times.




Supplementary Text
1. Plasmon launching: tip or junction

In our experiment, we can distinguish two types of plasmon launching in our devices (Fig. S3):
tip-launched plasmons, which appear as A/2-fringes, and junction-launched plasmons, appearing
as A-fringes in the experiment.

In the case of tip-launched plasmons (A/2-fringes), the tip provides the momentum
mismatch to launch the plasmon in all directions (circular wave). Once it reaches the
lithographically defined graphene edge, it is reflected and travels back to the tip.

In the case of junction-launched plasmons (A-fringes), the launching happens at the sharp
edge of the metallic gate. A sharp metallic edge can compensate the momentum mismatch
between the incoming light and the plasmon-polariton, similar to what the SNOM tip does
in most experiments. Due to the large length of the junction compared to the plasmon
wavelength, we consider the plasmon as a plane wave propagating perpendicular to the
junction.

2. Plasmon fringe fitting

As mentioned in the main text and in the Supplementary Note 1, we have two different plasmon
launching mechanisms for device 1 and 2. Therefore, the fringe fitting strategy of the plasmon
oscillations slightly differs.

In device 1 (then = 2.0 nm), we observe only junction-launched plasmons (A-fringes). The
tip, which is scanned perpendicular to the junction, acts as a rectifier, thus converting the
plasmon into heat*. The heat is dissipated through the hBN® and in the graphene layer,
rising the electronic temperature at the junction side where we rectify the plasmon. Since
the Seebeck coefficient is tuned to different values at both sides of the junction, the
temperature difference results in a thermo-voltage generation. The voltage difference
generates a current flow which is the signal we measure. In summary, we need to consider
A-fringes which propagate over a characteristic distance lp, being carried by a signal that
decays nearly exponentially away from the junction, with a characteristic decay length I+
(cooling length). The latter should also be included as an extra decay channel for the

oscillations as we scan away from the junction. We define k;,f as the complex wavevector
of the measured fringes. This is related to the plasmon wavevector by Re{k;,f} = Refkp} =

2m/A, and Im{k} ~ 1/1, + 1/13, where the second term accounts for the loss of heat
related to the cooling length. The fitting function used read as

s(x) = Aeb* 4 Be=x/lt 4 ¢ (S1)
where A, B, C are amplitude coefficients.
In device 2 (then = 11.8 nm), we did not observe A-fringes (with the exception of small
voltage data at 4.25 THz), which might be due to its thicker bottom hBN flake. Instead, we
do observe A/2-fringes, i.e. tip-launched plasmons. The tip, which is scanned parallel to the
junction, acts as a rectifier the same way it does for device 1, and we do not expect any
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decay of the signal due to the cooling length. Next to the graphene edges, the heat diffusion
is altered due to the discontinuity. Thus, the collected photocurrent will vary close to the
edge, so we account for the background signal s, 4 (x) with a fourth order polynomial. The
signal is fitted with the following function:

s(x) = spg(x) + (A + iB)e'?kp* (52a)
where Im{k,} = 2m/l,, and A and B amplitude coefficients. At 4.25 THz we do also
observe at small voltages A-fringes. In order to obtain an accurate value of the decay for
the plasmon and carrier lifetime analysis (Supplementary Note 5), we need to account for
both oscillations and for the geometrical decay (see Ref. ’ for more details). We use the
following function, where s, (x) is a third order polynomial:

s(x) = spg(x) + %cos(ZRe{kp}x + ¢p)e2Imikplx 4 gcos(Re{kp}x + 0)e Mk} (S2b)
where A and B amplitude coefficients, and ¢ and 6 angles to account for the global and
relative phase of the two oscillations.

In both cases the fringe fitting was performed excluding the first oscillation that may be affected
by edge effects. For device 1, the imaginary part of the plasmon wavevector is affected by a larger
error due to the subtraction of two contributions. In Fig. S4 we show Re{k,}, and Im{k,} (for

device 1 we plot Im{k;r}), extracted from the fits, as a function of frequency and gate voltage V.

3. Capacitance and carrier density determination

To convert the gate voltage V1 to carrier density accordingto n = —eCyo¢ V3 — V4 cnp, We include
in the total capacitance the capacitance of an hBN layer with a known thickness then from AFM,
an air gap tair between the metallic gate and the hBN due to possible contamination or surface
roughness, and the quantum capacitance C,(n) of graphene. This gives
1 1 1 1 1 1

Coe G, @amtE e Y

thBN far 2 P0S(M)
where €, is the vacuum permittivity, e, gy is the out of plane dielectric constant of hBN (e, hpn =
3.56) and DoS(n) = ZM /(\/mhvg) is the density-dependent density of states in graphene.
With this relation and the parameters t,t,.., Fy, vp estimated or calculated (See following
Supplementary Notes) the relation between voltage and plasmon wavelength given in Ref.
reduces to a model with one fit parameter, namely the thickness of the air layer.
In order to find this value, we fit the plasmon dispersion at 4.25 THz to the experimental data. We

find tdevice! ~ 1.46 nm and t3¢V1°®2 ~ 6.24 nm. This is in good agreement with the AFM

ailr

imaging of the device, where we found t3¢Vi°®1 = (1.0 + 0.5) nm and t3¢vi®¢2 = (5.0 + 1.0)
nm. The latter values present a large uncertainty due to the indirectness of the measurement. In
fact, we first measured the thickness of the flakes before patterning the contacts and defining the
channel. After the measurements, we measure the step height from the metallic gate to the top of
the heterostructure (Fig. S5). Therefore, we could extract t;,. from the measured step, Az = t,;, +

theN + tg + trop-nen and from the independent AFM measurements for hBN flake thicknesses
taeyiten = 10.8 nmand ey 'S54 = 15.0 nm (we assume tg = 0.3 nm).




4. Plasmon phase velocity in the collisionless and hydrodynamic regime

The plasmon phase velocity in the collisionless and hydrodynamic regime are given in Eqgs. (10-
12) of Ref. & These two formulas drastically simplify if the Landau parameter of order one F; is
neglected. This is a good approximation in single-layer graphene since F;’ is not constrained by
Galileian invariance (allowing a many-body renormalization of the Drude weight) and the
expected values of FS are small®. After making this approximation, expressing the many-body
renormalizations in terms of Landau parameters, and adapting to the notations used in this work
the two equations read

S 14+ A1+ F; (s4)
v. = =v ,
Yy )
14 A1+ F§
vp = S = vp | (S5)

It must be noted that here vy is the observed, i.e. renormalized Fermi velocity, corresponding to
vy in Ref. 8, moreover A is defined using the renormalized density of states and corresponds to the
quantity (vi/vg) A in the notation used in Ref. &,

In our work we define the plasmon velocity as the phase velocity of the mode, i.e. v,(w) =
w/Re[q,(w)]. Reference® defines instead the plasmon velocity as S, = w/ Re[q}(w)], the two
definitions converging for small dissipation (Im[q,(w)] < Re[q,(w)]). In both the collisionless
and hydrodynamic limit w > 7! and v, coincides with S. We also checked that in all our datasets
the difference between v, and S is negligible thanks to the high quality of our samples.

Solving (S4) for the quantity 1 + A~ + F5 and substituting back into (S5) yields the relation in
Eqg. (2) of the main text.

5. Plasmon and carriers lifetimes

For the highest frequency (4.25 THz) the imaginary part of the plasmon wavevector can be

extracted. This allows to calculate the plasmon damping rate according to I, = (wIm[q; (w)])/

(2Re[q} (w)]) as in Ref. 8. The results are shown in Fig. S6, and yield plasmon lifetimes (inverse

of the damping rate) of the order of 0.5-1 ps.

We note that this definition of the plasmon damping rate differs slightly from the one used in most

of the plasmonic literature I'(w) = (w Im[q,(w)])/(Re[q,(w)]). Again, the two definitions

converge for Im[q,(w)] < Re[q,(w)] and the difference is irrelevant in all our datasets.

The plasmon damping rates in the collisionless and hydrodynamic regime are given in Eq. (11-13)

of Ref. & After making the same approximation and change of notations as discussed in the

previous section we get

1+ AT+ ES 14+ A1+F

=11 — + 152 — ,
1+ 2471+ 2F§ (142471 + 2F$)?

1 w?

2 i DA+ AT ES)

(56)

Iy = (S7)



Where we remember that T is the momentum relaxation scattering time i.e. the time that is
extracted from mobility measurements. In the simple with low screening (A « 1) both formulas
reduce to

T_l

To extract the momentum relaxation time 7 we use the following procedure. We assume that at
4.25 THz the collisionless limit is fully developed and we can use formulas (S4-S6). At each
voltage point we calculate the quantity 1 + A~! + F3 from (S4) using the measured value of the
plasmon velocity and a fixed value of vy = vp(n = 10?2 cm™2) = 1.1 - 10° m/s. We then
substitute in (S6), and using the measured value of I" (Fig. S7) and the fixed value of 7., = .. (n =
1012 cm™2) = 0.16 ps we can find 7. The results are shown in Fig. S7 together with the estimation
resulting from the simple application of (S8) that offers a lower bound for 7. Both values are in the
range of expected mobility scattering times for this type of structures and choosing one or the other
does not alter our conclusions.

6. Many body renormalization corrections

The many-body renormalization of the velocity can be calculated in graphene from the real part of
the electronic self-energy according to the theory developed in Ref.%. In Fig. S8 we show the
numerical results obtained taking into account the electrostatic screening in the precise geometry
of our heterostructures, including the air gaps discussed in Supplementary Note 3. The density
dependence is weak and almost no difference is observed between the two devices.

A calculation of the random-phase-approximation (RPA) ground-state energy of the graphene
electron liquid allows extracting the renormalized compressibility as described in Ref.°. This,
together with the renormalization of the Fermi velocity allows to extract the spin-symmetric
Landau parameter of order zero Fg that enters in the expressions for the velocity of the plasmon
mode. In Fig. S9 we show the results of the numerical calculation for our device geometries.

7. Electron-electron scattering time

The electron-electron scattering time 7., can be extracted from a calculation of the imaginary part
of the GoW self-energy of electrons in graphene!®. In Fig. S10 we report the results of numerical
calculations for our relevant electronic density range and room temperature T = 295 K, taking into
account the realistic dielectric screening in the heterostructures, including the air gaps discussed
in Supplementary Note 3.

8. hBN permittivity frequency dependence

To discard that the observed effects could be originated by the frequency dependent hBN dielectric
functions, we plot in Fig. S11 its in-plane g, and out-of-plane &, permittivities as a function of
frequency following the model in Ref. 1.

In the frequency range of our experiment, i.e. from 1.84 THz to 4.25 THz, the relative change of
the real part of the hBN permittivities is Ag; /e, = 0.24 % and Ae, /e, = 0.52 %.
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Fig. S1. AFM topography image of device 2 after AFM cleaning in contact mode the region
inside the red marks.
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Fig. S2. Photocurrent signal I; as a function of gate voltage V1 and position x, for device 1 (left
panel) and device 2 (right panel). The laser frequency was 2.52 THz.



Tip launched Junction launched

Fig. S3. Plasmon launching mechanisms. The green lines and circles indicate the plasmon
wavefront. The black arrows indicate the scanning direction in the experiment. For tip-launched,
it results in A/2-fringes, while for junction-launched in A-fringes. The solid grey line corresponds
to the graphene edge and the dashed grey line to the location of the junction.
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Fig. S5. A. AFM image of device 1 step from the metallic gate to the top of the hBN/graphene/hBN
heterostructure. B. Step height profile extracted by averaging the AFM image in a. Az indicates
the total step height including the air gap discussed in the text. C,D. Same as A,B but for device
2, respectively.
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Fig. S6. A. Plasmon damping rate I" extracted from data at 4.25 THz in device 1. B. Same as in A
for device 2.
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Fig. S9. A. Calculated spin-symmetric Landau-Fermi liquid parameter F,, for single-layer
graphene, as a function of electronic density, taking into account the realistic dielectric
environment of the heterostructure including the air gap. B. Same as in A for device 2.
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Fig. S10. A. Calculated electron-electron scattering time for single-layer graphene at room
temperature, as a function of electronic density, taking into account the realistic dielectric
environment of the heterostructure including the air gap. B. Same as in A for device 2.
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Table S1. Summary of parameter used in Fig. 3C in the main text.

scattering time t,,

Parameter Device 1 Device 2 Source

Air gap thickness 1.46 nm 6.24 nm Fitted

tair (See Supp. Note 3)

Capacitance C 4.37 mF/m? 0.93 mF/m? Extracted from t;,
(See Supp Note 3)

Gate voltage V; 049V 1.86 V Measured

Density n 102 cm™2 1012 cm™2 Inferred from the
two values above

Screening 0.178 0.038 Calculated with Eq.

parameter A (1) with the
renormalized Fermi
Velocity

Fermi Velocity vy 1.1 10° m/s 1.1 10° m/s Calculated (See
Supp. Note 6)

Zeroth-order —0.061 —0.067 Calculated (See

Landau parameter Supp. Note 6)

Fg

Momentum 0.44 ps 0.30 ps Measured (See

relaxation time t Supp. Note 5)

Electron-electron 0.16 ps 0.17 ps Calculated (See

Supp. Note 7)
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