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ABSTRACT: As a two-dimensional semimetal, graphene
offers clear advantages for plasmonic applications over
conventional metals, such as stronger optical field confine-
ment, in situ tunability, and relatively low intrinsic losses.
However, the operational frequencies at which plasmons can
be excited in graphene are limited by the Fermi energy Eg,
which in practice can be controlled electrostatically only up to
a few tenths of an electronvolt. Higher Fermi energies open
the door to novel plasmonic devices with unprecedented
capabilities, particularly at mid-infrared and shorter-wave
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infrared frequencies. In addition, this grants us a better understanding of the interaction physics of intrinsic graphene phonons
with graphene plasmons. Here, we present FeCls-intercalated graphene as a new plasmonic material with high stability under
environmental conditions and carrier concentrations corresponding to Eg > 1 eV. Near-field imaging of this highly doped form of
graphene allows us to characterize plasmons, including their corresponding lifetimes, over a broad frequency range. For bilayer
graphene, in contrast to the monolayer system, a phonon-induced dipole moment results in increased plasmon damping around
the intrinsic phonon frequency. Strong coupling between intrinsic graphene phonons and plasmons is found, supported by ab
initio calculations of the coupling strength, which are in good agreement with the experimental data.

KEYWORDS: Graphene plasmons, electron—phonon interactions, 2D intercalation, highly doped graphene, s-SNOM

D oped graphene is of fundamental importance for a
plethora of applications, including graphene plasmonic
device technology development.'~” Control over the doping
level enables surface plasmons (SPs), whose wavelength scales
with the fourth root of the Fermi energy Ep. In addition, SPs
interactions with the zone-center, in-plane optical phonons in
graphene are intriguing, as they are predicted to exhibit
unconventional mixing of plasmon and phonon polarizations
due to the two-dimensional (2D) character of this material.’
Although only Raman-active in single-layer graphene, the
optical phonon becomes infrared (IR) active in bilayer
graphene, that is, it acquires a net dipole moment due to
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broken inversion symmetry and variation of the electron—
phonon coupling under an electric field” This makes it
amenable to many other advanced applications, such as phonon
lasers” as well as nonlinear optical, quantum communication,
and slow-light devices."

Recently, calculations by Low et al'' predicted novel
plasmonic behavior in bilayer graphene at higher carrier
concentration levels and in particular giant plasmonic enhance-
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Figure 1. Atomic structure and s-SNOM imaging. (a) Atomic structure diagrams of monolayer (top) and bilayer (bottom) graphene showing the
phonon-induced charge densities for vanishing in-plane wavevector (defined in text) in these structures. Inversion symmetry leads to a zero net
dipole moment in the monolayer. In contrast, the lack of inversion symmetry makes the phonon mode IR-active in bilayer graphene. (b) Atomic
layer structure diagram of FeCly-intercalated graphene. Monolayers of FeCl; form in between the graphene layers (left). The graphene layers are
represented in gray color. A bilayer FeCls-intercalated graphene is formed when two carbon monolayers are present with no FeCl; molecules in
between (right). (c) s-SNOM experimental setup diagram. SPs in graphene are excited via focusing of IR light onto a metalized AFM tip. Near-field
images of SPs are obtained by scanning the sample spatially. Inset: s-SNOM line profile, extracted from 2D image (black dashed line), smoothened
and corrected for geometrical decay (1/ \/ r factor, where r represents the radial distance of propagation of AFM tip-induced traveling SPs). The
plasmon wavelength is given by twice the measured fringe spacing. The red line is a fit to data (see Supporting Information).

ment of IR phonon absorption. Moreover, taking advantage of
plasmon—phonon interactions in bilayer nanoribbons, Yan et
al."” experimentally demonstrated Fano-like phonon-induced
transparency. However, many questions regarding the nature of
interactions between surface plasmons and intrinsic phonons in
graphene remain unexplored, such as the strength of the
plasmon—phonon coupling and the effects of dipolar moment
contributions to plasmon decay. For instance, optical phonons
in monolayer graphene are regarded by many as a source of
plasmon damping,'® despite the lack of a net dipole moment of
those phonons, which one would expect to result in reduced
plasmon—phonon interaction.

In this Letter, we study for the first time propagating
plasmons in highly doped intercalated graphene. In particular,
we use near-field plasmon imaging to study the effects of
electron—phonon interactions on the plasmon dispersion and
damping. We show that the phonon-induced dipole in bilayer
graphene is distinctly different from that in monolayer
graphene and leads to hybridization of the plasmon mode at
the phonon frequency in the former, as evidenced by
anticrossing behavior in the dispersion of the material. In
monolayer graphene, inversion symmetry leads to a cancella-
tion of the induced-charge contributions coming from each of
the two atoms in the unit cell, thus resulting in a vanishing
dipole moment within the unit cell for zero parallel (in-plane)
wavevector. In contrast, the lack of inversion symmetry in
bilayer graphene leads to a net phonon-induced dipole per unit
cell, therefore enabling hybridization between plasmonic and
vibrational modes. This is depicted in the diagram in Figure 1a,
where the atomic structure of monolayer (top) and bilayer
graphene (bottom) is presented, together with the phonon-
induced charge densities for each of the represented normal
modes. In addition, we compare our experimental results to
theoretical calculations from which we obtain the value of the
phonon-induced dipole moment per unit cell by means of
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quantum chemistry methods using the Gaussian package. We
show that experiment agrees well with theoretical results.

In order to investigate the effects of electron—phonon
interactions, we performed plasmon nanoimaging measure-
ments in graphene at unprecented high intrinsic carrier
concentrations (corresponding to Ep > 1 eV), achieved by
intercalating graphene with FeCls.'* This new material has been
recently used in optoelectronic applications'® and it showed an
extraordinary linear dynamic range,16 together with an
unexpected resilience to environmental conditions.'” To our
knowledge, this is the first near-field observation of propagating
plasmons with energies exceeding 0.2 eV.

We studied samples with two different types of intercalated
graphene structures: (1) one in which FeCl; intercalates in
between each graphene layer of a flake, which was previously a
bilayer, to form two separated single layers and (2) one in
which a bilayer flake remains free of FeCl; in between its layers
after fabrication. A diagram of the atomic structure of these two
cases can be seen in Figure 1b. The FeCl;-intercalation resulted
in carrier concentrations 1 > 4.8 X 10" and 5.4 X 10" cm™ for
the two-monolayer and bilayer graphene samples, respectively.
This corresponds to a Fermi energy Eg of 1.21 eV (~0.8 eV for
each of the two monolayers) on the two-monolayer sample,
and 1.4 eV for the bilayer graphene. The high carrier densities
result in an upshift of the G-bands in the Raman spectra of the
samples with respect to pristine graphene, as well as a variation
in the shape of the 2D bands, as can be seen in Figures S1 and
S2 of the Supporting Information, thus allowing for quantitative
extraction of carrier concentrations from the careful analysis of
the Raman features.'®'” The carrier concentrations obtained
using this method are also in excellent agreement with the
plasmon dispersion measured on each corresponding sample.

Scattering-scanning near-field optical microscopy (s-
SNOM)*>*" was used to image the near-field properties of
highly doped graphene with ~20 nm resolution and at a broad
frequency range. Figure lc presents a diagram of the
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experimental scheme where a tunable IR/MIR laser is focused
onto the AFM tip of our s-SNOM setup in order to study the
near-field on a FeCl;j-intercalated graphene sample. The
graphene lies on a SiO,/Si substrate. The confined electro-
magnetic field at the AFM tip provides the momentum needed
to excite propagating plasmons in the graphene. These
plasmons can be reflected at the edge of the flake’””’ and
subsequently interact with the tip. This results in a scattered
optical field from the tip, which is detected in the far-field. As
such, and as previously reported,””*"** these type of measure-
ments allow for the detection and real-space imaging of
graphene plasmons from which the SPs wavelength (ie.,
momentum ~1/wavelength) can be measured, as shown in
Figure Ic. All the measurements were performed at different
instances over a period of time exceeding 18 months and under
ambient conditions with no observable signs of sample
degradation.

The plasmon dispersion is extracted from the above-
mentioned near-field images by probing the plasmon wave-
length (obtained by fitting to an oscillatory response) for a
wide range of excitation frequencies. Figure 2 shows the
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Figure 2. Plasmon dispersion. Blue and red symbols correspond to the
experimentally measured dispersion of the two-monolayer FeCl;-
intercalated graphene and the bilayer sample, respectively. The dashed
magenta curve represents the calculated dispersion of an uncoupled
(free-standing graphene) plasmon with Eg = 1.21 eV. The black curve
corresponds to coupled-mode theory calculations for plasmons
interacting with SiO, substrate surface phonons. The green dashed
line delineates the intraband electronic transition region. Phonon
frequencies of graphene and SiO, are indicated by horizontal dotted
lines. The data within the dashed-rectangle region is analyzed more in
detail in the next figure.

dispersion of the measured plasmons for the two-monolayer
(blue dots) and bilayer system (red dots). The error bars are
smaller than the size of the symbols. The dashed magenta curve
represents the plasmon dispersion resulting from the simple
expression for the in-plane wavevector kj, parallel to the
graphene layer
i®

by =&+ 1)4710 (1)
where ¢ is the 2D conductivity, @ is the frequency, and €, is the
substrate permittivity. This corresponds to an uncoupled (free-
standing) graphene monolayer. Because of strong coupling
between the graphene plasmons and the SiO, substrate
phonons, the plasmon dispersion is modified, which is captured
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by including the frequency dependence of the substrate
permittivity €,(®). A comparison between the model and the
experimental data shows clear evidence of splitting of the
plasmon dispersion due to the hybridization of the plasmon
mode with SiO, substrate surface phonons,'>*>*® similar to
previous reports on SPs in nanoribbons*” and nanodots® on a
SiO, substrate. In general, the data and model are in reasonable
agreement when ¢ is substituted by a Drude conductivity with
Fermi energy Ep = 1.21 eV. This confirms that the Drude
weight of the plasmon is very high, thanks to the efficient
intercalation process. In this study, plasmons were probed up to
energies of ~0.28 eV (see Supporting Information, Figure SS).
We remark that the interband region and the intraband region
(indicated by the dashed green line) are “far” from the plasmon
dispersion indicating the potential for this highly doped
graphene to carry plasmons up to energies of 1 eV. Further
studies are required to demonstate this, as it is very challenging
to couple light with high energy graphene plasmons because
the plasmon wavelength is very small (below 20 nm).

While the dispersion of the bilayer graphene is expected to
be shifted due to the higher effective Fermi energy in
comparison to the two-monolayer system, it is also important
to note the modal anticrossing feature present in the bilayer
graphene at the graphene phonon frequency of ~1585 cm™".
This feature is not observed on the two-monolayer sample.
This can be seen more clearly in Figure 3, which displays s-
SNOM 2D images of the two-monolayer (top) and bilayer
(bottom) samples. The scanned areas shown for each sample
are approximately the same. The images correspond to incident
frequencies of 1590, 1586, and 1569 cm™! for the two-
monolayer sample and frequencies of 1600, 1585, and 1570
cm™! for the bilayer sample (additional s-SNOM images for a
wider frequency range are shown in the Supporting
Information, Figure S3). For the two-monolayer sample, the
plasmon interference fringes show a very similar pattern for the
three frequencies and exhibit a gradual decrease in spacing for
increasing frequencies, as expected. The bilayer sample behaves
distinctly different: as the incident frequency approaches the
phonon frequency, the visibility of the fringes™* decreases and
eventually almost no interference fringes are observed at ~1585
cm™". As the incident frequency further increases, away from
the graphene phonon frequency, the fringes begin to gradually
reappear and their amplitude increases, showing prominent,
muliple fringes in each image on both sides of the phonon
frecuency (see also Figure S3).

The left panels in Figure 3 correspond to the dispersion data
within the dashed-rectangle region in Figure 2 for the two-
monolayer (top) and bilayer (bottom) samples. The data
highlights clear diferences between the dispersive behavior of
the two samples. Here, an anticrossing behavior at the graphene
intrinsic phonon frequency is clearly observed in the dispersion
of the bilayer sample (bottom) whereas this feature is absent on
the two-monolayer sample (top). The frequency interval
between measurements around the graphene phonon frequency
was not larger than 4 cm™!, which is smaller than the energy
width of the anticrossing (Aw ~ 37 cm™). This leads to a
quantitative value for the electron—phonon coupling strength
Aw/wy ~ 2.3% in units of uncoupled frequency w,’ We
attribute the splitting in the plasmon dispersion of the bilayer
graphene to the breaking of inversion symmetry in this system,
causing a finite dipole moment and rendering the graphene
phonon mode IR-active.
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Figure 3. Intrinsic plasmon—phonon coupling. Left plots: Dispersion diagrams within the dashed-rectangle region in Figure 2 for the two-monolayer
(top) and bilayer (bottom) samples. The color background corresponds to the imaginary part of the calculated Fresnel reflection coefficient for p-
polarization. Coupling to IR-active phonons is apparent in bilayer graphene, whereas no coupling is observed in monolayer graphene. Right plots: s-
SNOM images of the FeCl;-intercalated flakes at different incident frequencies, as labeled. The images correspond to approximately the same area on

each sample. Scale bar: ~500 nm.

The background color plots in Figure 3 (left panels)
correspond to the calculated imaginary part of the Fresnel
reflection coeflicient, which is a suitable magnitude to reveal the
dispersion and strength of optical modes in graphene.® This is
in turn obtained from the 2D conductivity, where we include
contributions from intrinsic phonons in the latter, as obtained
from ab initio calculations.”® More precisely, an additional
phonon term is incorporated, which is proportional to the
squared dipole associated with the carbon phonon mode per
unit cell. Our calculations produce a net dipole in the bilayer
structure, which is in contrast to a vanishing dipole in the
monolayer for vertical optical transitions. This readily translates
into the presence of a phonon-induced splitting of the plasmon
mode in the carbon bilayer, which is absent in the two-
monolayer sample. Good agreement between the experimental
data and the calculated splitting is observed.

We now turn our attention to the impact of the plasmon—
phonon coupling on plasmon lifetime. Given a plasmon
wavevector with real and imaginary parts k; and k,, respectively,
depending on the different cases, the damping y = k,/k; of
graphene SPs is typically determined by possible decay
channels such as impurity and defect scattering, electron—
hole pair creation, as well as electron—phonon scattering.”"’
Although radiative and Landau damping can also play a role in
some particular cases, their influence is expected to be
negligible in our experiments."” Here, we obtained the
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experimental value of y for each incident frequency by fitting
the line profile of s-SNOM 2D maps to an exponential function
using the least-squares fit method (see Supporting Information,
Figure S4).

A comparison between the frequency dependence of the
modal lifetime of the two samples is shown in Figure 4. The
data corresponding to the bilayer sample show a sharp lifetime
decrease at the phonon frequency. This is in stark contrast to
the plasmon lifetime of the two monolayer sample at the same
frequency. The lifetimes of both samples experience a gradual
decrease above the phonon frequency, possibly due to the
opening of an additional decay channel beyond the phonon
frequency, as reported by Yan et al.'’ However, at these
frequencies, the lifetime of the two-monolayer sample is larger
than the corresponding lifetime of the bilayer. It is important to
note that the measured lifetime corresponds to a hybrid mode,
which is plasmonic and phononic in character.”**”*° Addition-
ally, however, our definition of the lifetime does not take into
account variations of the group velocity of the mode. Thus,
although the plotted values in Figure 4 underestimate phononic
contributions to the lifetime, our approach allows for a
quantitative analysis of the lifetime near the graphene phonon
resonance, particularly around the phonon frequency. The
results also show that electronic damping of the measured
mode is affected by electron—phonon interactions, particularly
at the phonon frequency and also beyond. The data for the
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Figure 4. Mode lifetimes. Measured lifetimes of modes in two-
monolayer (blue symbols) and bilayer (red symbols) samples. The
vertical dotted line marks the intrinsic graphene phonon frequency. A
significant decrease in lifetime is observed in bilayer graphene at the
phonon frequency, which is in contrast to the two-monolayer sample,
where a slight increase is observed.

two-monolayer sample shows a marked increase in lifetime
around a frequency of ~1631 cm™'; however, the reasons for
this behavior are unclear. Further studies on higher quality
samples are required for a more detailed quantification of the
role of intrinsic optical phonons on the plasmon lifetime.

In conclusion, we have observed propagating plasmons in
ultrahighly doped graphene with Fermi energy exceeding 1.2
eV and a splitting in the plasmon dispersion due to the
interactions of plasmons with the finite dipolar moment of
intrinsic optical phonons in bilayer graphene. This effect is not
observed in two-monolayer graphene because in such case
there is no effective phonon dipole moment at the zone center
due to inversion symmetry. We further present ab initio
calculations in excellent quantitative agreement with the
measured dispersion relations, confirming the existence of a
net dipole associated with phonons in bilayer graphene but not
in monolayer graphene. Our results correlate with lifetime
measurements and show that electron—phonon interactions
play a substantial role in plasmonic decay at and beyond the
graphene intrinsic phonon frequency. These results are
important for the development of future graphene plasmonic
devices, particularly as the excitation of graphene plasmons at
energies of 0.2 eV, the optical phonon energy, and above may
be amenable to novel applications such as photodetectors and
Sensors.
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Section S1: Raman study of FeCl;-intercalated graphene
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Figure 1: Raman spectroscopy and stacking order of intercalated graphene. a, Representative
spectra of pristine (black) and FeCls-intercalated (blue) three-layers graphene. The E,, phonon of
graphene is responsible for the resonant Gy peak at 1580 cm™ , while the A;, mode is responsible
for the double-resonant 2D peaks around 2650 cm™ (inset). Upon doping with FeCls, the G,
peak upshifts and splits into two peaks G; and G,, each corresponding to a different stage of
intercalation (see text), while the reduced coupling within the layers transforms the 2D band from a
multi-Lorentzian to a single-Lorentzian (inset) peak. b, d, Optical images with annotated contrast
and structure of the studied three-monolayer and bilayer flakes, respectively. ¢, e, Raman maps
showing the normalized heights of the G-bands for the two flakes. The Silicon peak at 520 cm™!
is taken as reference. Yellow-dashed lines mark the region where plasmonic response is observed.
Scale bars are 4um in both panels.

Using a combination of Optical microscopy, Raman spectroscopy and scattering-Scanning
Near-field Optical Microscopy (s-SNOM) measurements, we were able to determine the stack-
ing order of FeCls;-Few-Layer Graphene (FeCl;-FLG) and the total charge concentration of the
stacked layers. The Raman spectrum of graphene intercalated with FeCl; shows two prominent
features: an upshift of the G-bands, with respect to pristine graphene, and a change in the shape
of the 2D band, from the convolution of multiple Lorentzian peaks to a single-Lorentzian fit,' as
shown in Figure Sla. Charge transfer from the FeCl; molecules induces hole doping in graphene,
which results in the stiffening of the Ey, mode** responsible for the resonant G-band at ~ 1580
cm™! in the Raman spectrum. Two intercalation stages are possible: 1) when a graphene layer is

in contact with FeCl; from one side (known as stage-2 intercalation) the charge doping shifts the



G-band from ~ 1580 cm™ to ~ 1610 cm™ (G, peak in Figure S1a). 2) Conversely, when a graphene
layer is sandwiched between two FeClj layers (known as stage-1 intercalation) the G band shifts up
to ~ 1625 cm™! (G, peak in Figure S1a).! The increased distance between graphene layers reduces
their coupling, causing the double-resonant 2D band, originating from the A;, mode, to change
from a multi-peak band, characteristic for two and three layer graphene,* to a single-Lorentzian

peak, typical of stacked non-interacting graphene monolayers. !

The stacking order of the flakes presented in the main text can be determined using optical mi-
croscopy and Raman spectroscopy. The pristine flakes are a three- and two-layer graphene (Figure
S1b,d), as measured by optical contrast on Si/SiO2 (in Figure S1d a green filter was used to enhance
the contrast of the bilayer, see ref.! Supplementary). After intercalation, the Raman maps (Figure
S1c-e) of the two flakes show a prominent G; peak and no G, or pristine G, peaks, as shown also
in Figure S2a. Hence, in this case, the intercalation is of stage-2 and all graphene layers must be
in contact with FeCls, resulting in the following stacking structures: the three-monolayers sample
is intercalated so that one bilayer stacking is maintained (thus we refer to this sample as bilayer,
Figure S1b); in the two-monolayers sample, one layer of FeCl; intercalates between the graphene,
leaving two monolayers (thus we refer to this sample as two-monolayers, Figure Slc). Further
confirmation of the bilayer structure being present in the first flake comes from the shape of the 2D
band: the observation of two adjacent graphene layers shows up as a two Lorentzian peaks, instead

of a single one, a situation not observed in the two-monolayer case, Figure S2a.

It has been shown by Bointon et al.> that the shift of the G-band can be related to the charge
concentration in the graphene layers, using the model developed in ref.® , with an accuracy of 10%
if compared to magneto-transport measurements. !> Following the same procedure, we extract the
charge concentration from the Raman maps shown in Figure S2b: statistics of the position of the
G, peak show that, across the flakes, we have hole concentrations per layer of pj,, = 4.8x10" cm™

and p),,, = 5.4x10" cm for the bilayer (BL) and the two-monolayers (ML) samples, respectively.
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Figure 2: Charge concentration estimation in FeCl3-FLG. a, Representative Raman spectra of
the studied flakes: three monolayers of graphene with a bilayer region (top) and two monolayers
(2 ML) separated by FeCls(bottom), as in Figure S1b and c. The pristine graphene G, peak is
shown for comparison (dashed line). b, Raman map showing the position of the G, peak (left)
and corresponding statistics in the plasmon-active area (yellow-dashed lines) for the two kinds
of intercalation (top and bottom as in a). Scale bars are 4um. ¢, s-SNOM optical signal and
extrapolated line-profiles. The distance between two maxima is A,,/2, where Ay, is the surface
plasmon wavelength (see text).
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Figure 3: s-SNOM images of highly-doped bilayer graphene. The images in the figure show
the evolution of the plasmonic response on bilayer graphene as the incident frequency is varied
from 1630 to 1570 cm™, as labeled from left to right, top to bottom. All images correspond to
approximately the same area in the sample. The “mounds” referred to in the text can be seen to
clearly increase and decrease in prominence as the incident frequency moves in and out of the
graphene phonon frequency at approximately 1585 cm™, respectively.



Adding the contribution of each layer gives a total hole concentrations of pg; = 1.44x10'* cm™

and py = 1.08x10' cm™, which result in a Fermi Energy Err, = 1.4eV and Eppyr) = 1.21eV,
where the Fermi energy is measured from the charge neutrality point. Knowing the Fermi energy
we are able to calculate the expected surface plasmon wavelength A, in a s-SNOM experiment,
as shown in ref.% and in sections S2 and S3: the expected wavelengths are Asppr = 480 nm and
Asp.mr = 455 nm, respectively, which agree with the measured wavelengths, shown in Figure S2c,

where the fringe spacing is A, /2.

Section S2: s-SNOM imaging of FeCl;-intercalated graphene

Fig. S3 presents s-SNOM maps of the FeCl3-intercalated bilayer flake over an area of approxi-
mately 3x1.3 um?. Each map was taken approximately at the same area on the sample and corre-
sponds to a single incident frequency, as labeled, ranging from 1630 to 1570 cm™ from left to right
and top to bottom. The images show clearly the manner in which plasmon reflections from the
edge of the flake gradually decrease as the incident light approaches the optical phonon frequency
and increases as the incident frequency moves away from it. We note particularly interesting
features of the near-field images observed, specifically near the phonon frequency, where, even
though plasmon waves propagating away from the edges gradually disappear, a pattern of circular
“mounds” gradually appears throughout the scanned area. Although a direct comparison between
all images reveals the presence of these “mounds” at most probed frequencies, albeit in some with
less prominence, these features are most prominent exactly at the phonon frequency. At that fre-
cuency, the first plasmon fringe at the edge of the graphene decreases in amplitude significantly,
yet remains slightly visible. In addition, it is important to note that although the first plasmon
fringe at the edge of the graphene decreases in intensity to a minimum near the phonon frequency,
it is also always present on all measurements, in contrast to measurements performed at substrate
phonon resonances, where the first fringe disappears completely (not shown), pressumably due to

significantly larger plasmon damping at the latter.



Section S3: Profile line fitting
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Figure 4: Fitting of plasmon line profile. The graph presents the plasmon amplitude as a function
of distance to a straight edge of the graphene flake. The red dots correspond to experimental data
for a line profile extracted from one of the s-SNOM images, as represented by the blue dashed line
in the top-right image of Fig. S3. The blue line corresponds to least-square fitting results. The
plasmon wavelength corresponds to twice the fringe-to-fringe spacing.

Fig. 4 presents a s-SNOM line profile, taken along the blue dashed line on the 2D s-SNOM
map on the top right of the previous figure. The line profile was processed by smoothing and back-
ground subtraction and it was corrected for the geometrical decay factor 1/ +/r, where r represents
the radial distance of propagation of AFM tip-induced traveling SPs. The edge of the graphene co-
incides with the origin position on the x-axis, as determined by simultaneous AFM measurements.
The open red circles and the blue curve correspond to data and our least-square fit, respectively.
The equation used for the fit describes the motion of a surface plasmon launched by the AFM tip
of the s-SNOM, which propagates along the graphene surface and is reflected at the edge of the

flake, similarly as described in the literature.”® This fitting function can be written as,

Y(r) = Al 2Rellp)r(y+D} Be{_Re(kp)r(7+1)}’ (1)



where k, is the plasmon wavevector and v is the inverse decay rate of the surface plasmon. The
real coefficients A and B are fitting constants. The agreement between the data and the fit is
excellent. In addition to the fitting, the empirical plasmon wavelength can also be obtained directly

by measuring the fringe-to-fringe spacing (i.e., A = 2x(fringe-to-fringe spacing)). %
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Figure 5: High-energy surface plasmons in graphene. Surface plasmon dispersion in graphene
at high energies. The red circles correspond to experimental data obtained from the two-monolayer

graphene sample. The inset shows a 2D s-SNOM image obtained under a 2240 cm™' incident
wavelength.

Section S4: Calculation of the Fresnel reflection coefficient

The Fresnel reflection coefficient is calculated as defined in the literature '° in terms of the conduc-
tivity of free-standing graphene. Here, we include interaction effects between the graphene and the
substrate surface phonons by incorporating these into the relationship,

i 2

_ _iwk
2nkpo



where w and k, represent the angular frequency and electron parallel wavevector, respectively, and
k = (& + 1)/2. The expresion for the graphene conductivity o is described in detail in ref.!! It is
important to note here that substrate contributions to the dielectric function €, can be parametrized

as,

2 52
€(¥) = 600(1 £ 10" 1o] ) 3)

~ V70~ V2 —ivl
with the longitudinal and transverse phonon frequencies ¥, and V¢, respectively, and damping
rate I for the various phonon modes of the SiO, substrate.'>"!” Given the amorphous nature of the
Si0; substrate, the values in the literature for the frequency of these modes can be found to slightly
vary. 31618 Tn our case, the values obtained were €,, = 2.52 with V7o = 820 cm™, ¥, = 550 cm™!
and ' = 10 cm™" for substrate surface phonon 1 and 770 = 1110 cm™!, 7,0 = 1290 cm™ and " = 50
cm! for substrate surface phonon 2. Note that another substrate phonon mode, typically found at
frequencies approximately below 460 cm™! , was not included in our calculations, as this frequency

lies far away from those studied in our experiments. '°

Section SS: Dispersion of high-energy surface plasmons in graphene

Figure S5 presents experimental data for the dispersion of the two-monolayer graphene sample
at higher energies. The data was obtained using the s-SNOM imaging technique, as discussed
previously for measurements at lower energies. The graph shows results for incident wavelengths
varying from 2105 to 2250 cm™!. The inset displays a 2D s-SNOM image taken at 2240 cm™! inci-
dent wavelength. Using a similar analysis as that described in the main text for the two-monolayer
sample, the results in Fig. S5 follow the expected dispersion for higher energy plasmons. However,
it is important to note that in addition to the significant decrease in plasmon wavelength, the fringe
visibility and number of visible fringes also decrease, suggesting a significant increase in plasmonic
losses at these frequencies. Such a plasmon damping increase can be the results of additional de-
cay channels well above the optical phonon frequency, as described by the literature.'*2° Further

investigations will be necessary order to get a better understanding of this phenomena, however, a



more detailed study of this mechanism lies beyond the scope of this manuscript.
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