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ABSTRACT: We report a nanoinfrared (IR) imaging study of the
localized plasmon resonance modes of graphene nanoribbons
(GNRs) using a scattering-type scanning near-field optical
microscope (s-SNOM). By comparing the imaging data of GNRs
that are aligned parallel and perpendicular to the in-plane
component of the excitation laser field, we observed symmetric
and asymmetric plasmonic interference fringes, respectively.
Theoretical analysis indicates that the asymmetric fringes are
formed due to the interplay between the localized surface plasmon
resonance (SPR) mode excited by the GNRs and the propagative
surface plasmon polariton (SPP) mode launched by the s-SNOM
tip. With rigorous simulations, we reproduce the observed fringe
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patterns and address quantitatively the role of the s-SNOM tip on both the SPR and SPP modes. Furthermore, we have seen real-
space signatures of both the dipole and higher-order SPR modes by varying the ribbon width.

KEYWORDS: s-SNOM, graphene nanoribbons, surface plasmon polariton, surface plasmon resonance, asymmetric fringes

raphene plasmon polaritons are collective oscillations of
Dirac Fermions in graphene with photons, which possess
many superior characteristics such as high confinement,
electrical tunability, long lifetime, and a strong promise for
nanophotonic applications in the terahertz to infrared (IR)
regime.l_8 Because of their finite momentum, plasmons in
large-area homogeneous graphene films cannot be excited
directly by far-field photons. In order to bridge the momentum
gap between photons and plasmons, one could take advantage
of the scattering-type scanning near-field optical microscope (s-
SNOM)’™*® or pattern Sgraphene into various forms of
plasmonic nanostructures,”” >" for example, graphene nano-
ribbons (GNRs) in the current work. In the former case, the s-
SNOM is capable of launching and mapping the interference
fringes of propagative surface plasmon polaritons (SPPs) in
graphene. In the latter case, graphene nanostructures can excite
the localized surface plasmon resonance (SPR) modes when
illuminated directly by the IR beam. Recently, nano-IR imaging
studies of various types of graphene nanostructures were
reported, which addressed mainly the tip-launched surface and
edge plasmons.”’ ™" On the other hand, real-space imaging
studies of the SPR modes have not been reported so far.
Here, by combining the s-SNOM technique with rigorous
numerical modeling, we performed a nano-IR imaging study of

-4 ACS Publications  © 2017 American Chemical Society 5423

the localized SPR modes in GNRs. The samples that we
investigated are GNR arrays (Figure lae) fabricated by
lithographic patterning of chemical-vapor-deposited (CVD)
graphene single crystals®>*® on AL, substrates (Supporting
Information). Our s-SNOM apparatus, built on a tapping-mode
atomic force microscope (AFM), is capable of simultaneously
collecting nano-IR and AFM images of the samples. In our
experiments, we utilized a metalized AFM tip with a radius of
curvature of ~25 nm at the tip apex. As will be discussed below,
such a sharp tip acts as a plasmon launcher, enhancer, and
scatter. For IR excitation, we use a p-polarized mid-IR beam
from a continuous-wave (CW) laser. The excitation laser
frequency is set to be at @ = 1184 cm™, corresponding to a
photon energy of about 147 meV. The experimental
observables are the near-field amplitude (s) and phase ()
demodulated at the third harmonics of the tapping frequency of
the tip in order to suppress the background signal. In the
current work, we discuss mainly the s signal that scales
monotonically with the plasmon field amplitude underneath the
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Figure 1. Nano-IR imaging of GNRs in two laser excitation configurations. (a) Schematics of the nano-IR imaging experiment of GNRs in the
parallel configuration. (b—d) Nano-IR imaging data of GNRs with widths of 380, 270, and 90 nm, respectively, taken in the parallel configuration.
(e) Schematics of the nano-IR imaging experiment of GNRs in the perpendicular configuration. (f—~h) Nano-IR imaging data of GNRs with widths
of 380, 270, and 90 nm, respectively, taken in the perpendicular configuration. The excitation laser frequency is set to be @ = 1184 cm™". The dashed
lines in panels b,c,f,g mark the edges of the ribbons. In panels d)h, the ribbon edges coincide with the bright fringes.

AFM tip.”~"® All our experiments were conducted at ambient
conditions.

To explore the plasmonic responses due to the localized SPR
modes in GNRs, we consider two excitation configurations in
our experiments for a case-control comparison. In the first
configuration (Figure 1a), the p-polarized laser beam is aligned
along the edges of the ribbons, and thus the in-plane (x—y
plane) component of the laser field (E,) is parallel to the
ribbons (referred to as “parallel configuration” below). In this
configuration, the SPR modes solely due to the ribbons are not
excited and therefore we are probing primarily tip-launched
SPP modes. In the second configuration (Figure le), the GNRs
are rotated in-plane by 90°, so E;, is perpendicular to the
ribbons (referred to as “perpendicular configuration” below). In
this latter configuration, both the SPR and SPP modes can be
excited. The nano-IR imaging data of GNRs with three different
widths (W = 380, 270, and 90 nm) taken at both configurations
are shown in Figure 1b—d and Figure 1f—h, where we plot the
near-field amplitude s normalized to that of the Al,O; substrate.

The dominant features in the nano-IR images (Figure 1) are
the bright fringes aligned parallel to the ribbon edges. We first
discuss the parallel configuration (Figure 1b—d), where the
bright fringes are solely due to the tip-launched SPP modes.”'
For all the images in Figure 1b—d, we found two bright fringes
with roughly equal intensity for each ribbon, but the locations
of the fringes show sensitive dependence on the ribbon width
(see also the calculated fringe profiles in Figure S2). For
relatively wide ribbons (W = 380 and 270 nm), the bright
fringes are located fully inside the ribbons. In contrast, for the
narrowest ribbons (W = 90 nm), the peak fringe signal is right
at the ribbon edges with plasmon field extending beyond
graphene. Figure 2 displays the line cuts (solid curves) across
the fringes extracted from the nano-IR images in Figure 1. The
peaks in the profiles correspond to the fringes in the nano-IR
images and the vertical dashed lines mark the edges of the
ribbons. According to the earlier studies,”™*® the bright fringes
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Figure 2. Line profiles across the plasmonic fringes in GNRs from
both experiment (solid curves) and theory (dashed curves) taken on
(a) 380 nm wide GNRs in the parallel configuration, (b) 380 nm wide
GNRs in the perpendicular configuration, (c) 270 nm wide GNRs in
the parallel configuration, (d) 270 nm wide GNRs in the perpendicular
configuration, (e) 90 nm wide GNRs in the parallel configuration, and
(f) 90 nm wide GNRs in the perpendicular configuration. The vertical
dashed lines mark the edges of GNRs and the arrows mark the
locations of the peaks due to the fringes. The plotted near-field
amplitude signal is normalized to that of the Al,O; substrate.

are formed due to the constructive interference between tip-
launched SPPs and those reflected back from the edges. Note
that there is a constant plasmon Ehase shift (¢ ~ —0.87) upon
reflection off the graphene edges.”””" As a result, the first bright
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Figure 3. Comsol simulation of the plasmon field maps the GNRs in the perpendicular configuration. (a—c) Modeled plasmon field maps of GNRs
with various widths, where we plot the snapshots of z-direction electric field (E,) right above the graphene surface at z = 0. The left and right panels
in a—c are simulations with tips at the locations of the left and right fringes (see Figure 1f—h and Figure 2b,d,f), respectively. The circles mark the
locations of tip: +42 nm, +55 nm, and +88 nm for W = 90 nm, 270, and 380 nm, respectively. The tip—sample separation (z,) is set to be 15 nm.
E®-L and E®-R correspond to the E, field at the center of the dashed and solid circles, respectively. E®-L and EZ°-® correspond to the E, field at
locations of the hollow and solid squares, respectively. (d) Simulated z,,-dependence curves of the [E%-L] (black curves) and IESP-R| (red curves) for
GNRs with various widths. Here, the field amplitude is normalized to the maximum value of each panel.

fringe (or the principal fringe as termed in ref 31) due to each
edge is about 044, away from the edge, where /4, is the
plasmon wavelength. The subsequent fringes are not clearly
seen here due to the limited width of our ribbons. In our typical
samples, the separation between the principal fringe and the
edge (~0.4/1P) is roughly 100 nm. Therefore, for wide ribbons
(W = 380 or 270 nm) the two principal fringes due to both
edges are located inside the ribbons. In contrast, for the 90 nm
wide ribbons, the principal fringes appear close to the opposite
edge. For instance, the fringe formed due to plasmon reflection
off the left edge will appear on the right side of the ribbon and
vice versa (Figures 1d and 2e).

In the case of perpendicular configuration (Figure 1f—h), at
first glance the general patterns of the fringes are similar to
those in the parallel configuration. Closer inspection reveals an
important difference: the intensities of the two fringes for each
ribbon are not identical. This can be seen more clearly in the
fringes profiles (solid curves) plotted in Figure 2. In contrast to
the symmetric profiles in the parallel configuration (Figure
2a,ce), the fringe profiles in the perpendicular configuration
show clear asymmetry (Figure 2b,d,f). Moreover, the ribbons
with different widths are not asymmetric in the same way. For
ribbons with widths of W = 380 and 270 nm, the left fringe is
stronger, whereas for the 90 nm wide ribbon, the right fringe is
stronger. We wish to emphasize that the observed asymmetric
plasmon fringes in the imaging data are the real-space
signatures of the ribbon-excited SPR modes, and the type of
fringe asymmetry (left fringe stronger or right fringe stronger)
is associated with SPR modes with different orders. We will
demonstrate that with detailed modeling and analysis in the
remaining part of the paper.

Our modeling and analysis are based on two types of
simulations. The first type of simulation is for quantitative
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calculations of the s-SNOM signal using a model coded in
Matlab. In this model, the tip is approximated as an elongated
metallic spheroid (Figure S1) and we evaluate numerically the
total radiating dipole (p) of the coupled tip—sample system.
The optical conductivity of graphene was obtained with the
random phase approximation method where Fermi energy of
graphene Ej, is set to be 0.37 eV to match our data. To calculate
the third harmonic near-field signals, we considered tip
modulation and demodulation processes by computing p at
multiple tip—sample separations (z,). The real-space profiles
of the near-field amplitude were obtained by varying the x-
locations of the tip in the calculations. The calculated fringe
profiles are plotted in Figure 2 as dashed curves, which are
consistent with the experimental profiles (solid). Additional
simulation results are presented in Figure S2, where one can see
that more fringes appear as ribbon width increases and the
fringe asymmetry is a common characteristic for GNRs with all
widths under perpendicular configuration. We emphasize that
considering both the SPR and SPP modes when calculating p is
critical for modeling the asymmetric profiles (Supporting
Information).

To visualize in real space the two types of plasmonic modes
and how they couple together to form the asymmetric fringes,
we performed the second type of simulation using a frequency-
domain finite-element model based on Comsol Multiphy-
sics.”>** In this simulation, the tip is again approximated as a
conducting spheroid and graphene is treated as an effective thin
metal layer (Supporting Information). Figure 3 presents the
Comsol-simulated spatial maps of GNRs underneath the s-
SNOM tip (located at the center of the circles), where we plot
the snapshots of the z-component electric field (E,) on the
sample surface in the perpendicular configuration. At the
snapshot time (%), the out-of-plane component of the far-field
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Figure 4. Simulated plasmon field maps of the 270 nm wide ribbon revealing tip-enhancement effect. (a) Simulated plasmon field map of the 270
nm wide ribbon considering solely the out-of-plane incident field. (b) Simulated plasmon field map considering solely the in-plane incident field. (c)
Simulated plasmon field map considering full incident field. The left and right panels in a—c are simulations with tips at the locations of the left and
right fringes_(see Figure 1f—h and Figure 2b,d,f), respectively. The tip—sample separation (ztip) is set to be S nm. (d) Simulated 2zyp-dependence
curves of [EZ?| due to the tip-launched SPP mode (black, under E,, excitation) and the tip-enhanced SPR mode (red, under E, excitation). (e)
Simulated z,-dependence curve of the asymmetry ratio: Ef L/E% R ynder full-field (E) excitation.

excitation field (E,,,) (Figure lae) is pointing upward toward
the positive z direction, so the E, field right underneath the tip
is positive. There are two reasons that we focus on the E, field.
First, E, field right above the sample surface is proportional to
surface charge density, thus suitable for describing collective
oscillations of charges, namely plasmons. Second, the E, field
underneath the tip (marked with circles in Figure 3) is roughly
proportional to the near-field signal collected by the s-SNOM
at this particular sample location. For comparison, we
performed two sets of simulations on each GNR, where the
x-coordinates of the modeled tip (xtip) are set to be equal to
those of the left and right fringe peaks in Figure 2 (xtiP = +42,
+55, and +88 nm for W = 90, 270, and 380 nm respectively).
The tip—sample separation z, is set to be 15 nm in Figure 3a—
c. Such a z, setting enables clear visualization of both the SPR
mode and SPP mode within the same field map (smaller Zip
leads to much stronger SPP mode that outshines by orders of
magnitude the pure SPR mode). The key message related to
fringe asymmetry are qualitatively similar at other z,, settings
(see Figure 3d and discussions below).

We first pay attention to the sample regions far away from
the tip (e.g, top and bottom ends of GNRs in Figure 3a—c),
where the tip-launched SPP modes are completely damped due
to the limited plasmon propagation length (L, << 1 um) of our
samples, so the pure SPR modes dominate here. Indeed, the
field patterns here are similar to those of simulations
considering solely GNRs (Figure SS). For the 90 nm wide
ribbon, the E, field changes from negative (—) on the left side
to positive (+) on the right side. For both the 270 and 380 nm
wide ribbons, the E, field appears to be —, +, — and + from left
to right. According to previous studies, the above field patterns
correspond to SPR modes with order indexes n =0 and n =2 in
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the resonance condition equation: 2q,W + 2¢) = 27n, where q,,
is the plasmon wavevector and ¢ ~ —0.87 is plasmon phase
shift upon reflection at the sample edge.””*® In Figure S4, we
plot a simulated W-dependent far-field absorption curve with
Comsol, where the first two resonance peaks correspond to n =
0 and 2. These resonance peaks (Figure S4) have significant
broadening due to the plasmon damping, so both the 270 and
380 nm wide ribbons excite the n = 2 SPR mode (Figure S4).
Note that the E, field of these even-integer (n = 0, 2...) modes
at the left fringe location (E°-% marked with hollow square) is
opposite compared to that at the right fringe location (E™-%,
marked with solid square). As discussed later in the paper, the
opposite signs of E™*-" and E™-R is critical for the formation of
asymmetric fringes. In fact, there are also odd-integer SPR
modes (n = 1, 3...) existing, but they cannot be excited directly
by the far-field optical beam in the perpendicular configuration.
They could possibly be launched by the s-SNOM tip as
waveguide modes"”*~*' propagating along the direction of the
ribbons (see discussions below).

The field patterns become more complicated closer to
location of the tip (marked with circles in Figure 3), where tip-
launched SPP modes dominate. The SPP modes propagate in
all directions away from the tip. Those that propagate in the
transverse direction of the ribbons (namely x-direction) will
reach the ribbon edge, reflect back, and generate interference
fringes that are imaged by the s-SNOM (Figures 1 and 2). The
plasmon modes could also propagate along the direction of the
ribbons (namely y direction) as waveguide modes"**~*" or
edge modes,’"*” which are responsible for the complicated field
patterns extending several hundred nanometers away from the
tip in Figure 3. Note that the waveguide modes simply
propagate away from the tip and do not reveal themselves as
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interference fringes in the s-SNOM images. On the other hand,
the edge plasmons do generate edge signal oscillations in the s-
SNOM images due to the scattering by the edge defects that
exist commonly at lithography-patterned graphene edges.’*”
Nevertheless, they are extremely weak and can only been seen
with adjusted color scales (Figure S7a). Therefore, edge
plasmons only have minor effects on the fringe patterns and
profiles (Figure S7b).

We now discuss the E, field right underneath the tip (E?)
that is directly linked to the near-field amplitude signal
collected by the s-SNOM. More specifically, we compare in
Figure 3 the EP values at the left fringe location (ESP-Y, at the
center of the dashed circle) with that at the right fringe location
(E®-R at the center of the solid circle). First, we notice that
both EfP-" and ESP-R are positive for all the field maps in Figure
3. On the other hand, E®-" is clearly different from E-R, For
the 90 nm wide ribbon (Figure 3a), EXP-" is weaker than EZP-X.
For the 270 and 380 nm wide ribbons (Figure 3b,c) on the
other hand, E®-" is stronger than EfP-X. Such an inequality
between EP-X and EPP-® remains the same in simulations with
other values of zj, (Figure 3d). Therefore, the near-field
amplitude (s) at the two fringe locations are expected to share
the same inequality, which were observed in our s-SNOM
experiments (Figures 1 and 2). We have also performed
Comsol simulations in the parallel excitation configuration
(Figure S6), where no ribbon-excited SPR modes are present.
Here we found that EZP-" is equal to ESP-® for all the GNRs,
which is in agreement with the symmetric fringe patterns
observed in Figure 1b—d.

So far, the SPR mode coexists with the SPP mode in the field
maps in Figure 3. In order to decouple them to explore their
specific roles on the fringe patterns, we performed a new set of
field simulations with solely the out-of-plane component (E,,
Figure 4a), the in-plane component (E,, Figure 4b) of the
excitation field as well as the total excitation field (E = E_,, +
E,, Figure 4c). Here in Figure 4, we take the 270 nm-wide
ribbon as an example (ribbons with other widths are discussed
in the following paragraphs). The tip—sample separation is set
to be z,;, = 5 nm to highlight the role of the tip on plasmons
inside the ribbons. Results with other z, settings are discussed
in Figure 4d,e. For the purpose of quantitative analysis, we plot
in Table 1 the numbers of Ef-t, EibR Efr L and EieR

Table 1. Extracted E, Field Values at Various Marked
Locations in Figure 4a—c

GNR (270 nm) Eb L EbR Eip L Etip R
E, excitation 0 0 63 63
E,, excitation -1 7 -7
E excitation 1 -1 71 53

extracted directly from Figure 4a—c. Note that all the E,
numbers in Table 1 are corrected from the far-field background
(namely |E, ), and they are normalized to the field amplitude
of the pure SPR mode of the 270 nm-wide GNR: |E®*-!| = |
E™-R| =1 in Figure 4b.

With solely E,,, excitation (Figure 4a), the SPR modes are
not excited, so we can examine the pure SPP mode. Here we
find that the EZP field values at the two fringe locations are
equal to each other: EfP-" = EP-® ~ 63. With solely E,
excitation (Figure 4b), the SPP modes are not launched, so we
can study the pure SPR mode and their response to the tip.
Indeed, from Figure 4b we find that the SPR mode (n = 2) is
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excited in the ribbons. Away from the tip, the pure SPR field at
the two fringe locations (marked with squares) is opposite to
each other: E™-' = 1 and E™-® = —1. At the tip location, the
SPR field is enhanced by the tip: ESP-" ~ 7 and E¥*-* = —7. By
superposing ESP under both E;, and E,, excitations, we have
E® ~ 63 + 7 =70 and EP-} » 63—7 = 56, yielding an
asymmetric ratio of ESP-"/E¥P-R ~ 70/56 ~ 1.25. This is in
agreement with the simulation with direct fullfield (E)
excitation (Figure 4c), where the asymmetric ratio is EZP-"/
EfP-R = 71/53 ~ 1.34. The slight deviation (~7%) between the
two ratios is likely due the numerical error of Comsol
simulation (Supporting Information). The field amplitude
values of both the tip-launched SPP mode (E,, excitation)
and the tip-enhanced SPR mode (E,, excitation) increases
exponentially with decreasing z,, (Figure 4d) but the
asymmetry ratio (EP-"/E%-R) under full-field (E) excitations
varies gently from 1.25 to 1.5 (Figure 4e). Such an asymmetric
ratio agrees with our experimental fringe profile (Figure 2b)
where the left peak is about 30—35% higher than the right peak.

On the basis of the above discussions, we can conclude that
the superposition of the tip-launched SPP mode and the tip-
enhanced SPR mode is the origin of the formation of the
asymmetric fringes. There are three key ingredients in this
statement. First, the SPR modes (n = 0 and 2) have opposite E,
fields at the two fringe locations (Figure 3 and Figure SS5). For
the 270 and 380 nm wide GNRs that supports the n = 2 SPR
mode, E*-Y > 0 and E™*R® < 0. Whereas for the 90 nm wide
GNRs that supports the n = 0 SPR mode E™*-" < 0 and E™*-* >
0. Note that the SPP field underneath the tip is always positive.
Second, tips strongly enhance the SPR mode. Without the
strong enhancement by a metallic s-SNOM tip, the pure SPR
mode with a field amplitude of |E,| = 1 is orders of magnitude
weaker than the SPP mode underneath the tip (Figure 4d) and
is thus too weak to be detected. Third, the strong SPP mode
acts as an interferometric amplifier for the SPR signal. It could
further amplify the signal by adding (when E™® > 0) or
subtracting (when E™ < 0) tip-enhanced SPR mode. The
outcome is the stronger right fringe in the 90 nm wide ribbon
(n = 0 SPR mode) and the stronger left fringe in the two wider
ribbons (n = 2 SPR mode), which were observed by our nano-
IR imaging experiment.

By combining the state-of-the-art s-SNOM technique with
rigorous simulations, we performed a nano-IR imaging study of
the localized SPR modes in GNRs. These resonance modes,
strongly enhanced by the s-SNOM tip, couple with the tip-
launched SPPs to form asymmetric plasmonic fringes under
perpendicular excitation configurations. Moreover, by varying
the GNR widths, we saw evidence of both the dipole and
higher-order SPR modes. The distinct field patterns of these
modes lead to an opposite fringe asymmetry. Our study
provides a new scheme for studying the SPR modes in GNRs
and sheds light on future studies of resonance behaviors in
other novel nanophotonic media beyond graphene.
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1. Experimental details

In order to perform nano-infrared (IR) imaging of graphene nanoribbons (GNRs), we
employed the scattering-type scanning near-field optical microscopy (s-SNOM). Our s-SNOM
apparatus (Neaspec) is based on an atomic force microscope (AFM) operating in the tapping mode.
Measurements were acquired at an AFM tapping frequency of about 270 kHz and a tapping
amplitude of about 60 nm. As illustrated in Figure 1 in the main text, we utilized a metalized AFM
probe, which is illuminated by a p-polarized mid-IR beam from a continuous-wave quantum
cascade laser (Daylightsolutions). The angle between the incident beam and AFM tip is about 60
degrees (Figure S1). The illuminated AFM tip generates strong near fields with a wide range of
in-plane momenta g. These momenta could exceed the far-field wavevector by two orders of
magnitude, thus allowing for energy transfer and momentum matching between the incident
photons and excited plasmons. The standard observable of an s-SNOM experiment is s: the near-
field scattering amplitude demodulated at the n™ (n = 3 in the current work) harmonics of the AFM
tip oscillation.

Our GNR samples were patterned by electron beam lithography on graphene films grown
by the chemical vapor deposition (CVD) method. These CVD graphene samples were then
transferred to aluminum oxide (Al>Oz) substrates by using a sacrifice polymer layer. The Al>O3
substrates were grown by atomic layer deposition on silicon wafers. As discussed in detail in Ref.
31 in the main text, the optical phonon resonance of Al,Os is below 1000 cm™, so we are probing
purely the plasmonic signal at our excitation laser frequency = 1184 cm™.

2. Modeling of fringe profiles

The modeled fringe profiles of GNRs (Figure 2 and Figure S2) were obtained through a
model developed based on Matlab, which evaluates numerically the total radiating dipole (p) of
the coupled tip-sample system. Note that p is induced by both the far-field excitation field and also
the field due to the charges on the GNR surface. Dynamic oscillations of these charges correspond
to plasmons. In this model, we consider charge distributions in GNRs induced by both the far-field
excitations and the polarized tip, which correspond to surface plasmon resonance (SPR) and
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surface plasmon polariton (SPP) modes, respectively. As an approximation, we model the s-
SNOM tip as a conducting spheroid. The length of the spheroid is 2L and the radius of curvature
at the tip ends is a (Figure S1), where a is set to be about 25 nm according to the manufacturer and
L = 500 nm. Note that L is not a very sensitive parameter so long as L >> a. By calculating p at
different zp, we are able to obtain the third harmonic demodulated near-field signal, which is our
experimental observable. While calculating p at different xsp allows us to plot the line profiles
across GNRs. Our modeling considers single GNR with various widths (90, 270 and 380 nm),
where graphene is treated as a homogeneous 2D metal with an optical conductivity of o»p. The
optical conductivity was obtained with the random phase approximation method where Fermi
energy of graphene was set to be Er ~ 0.37 eV to match our data. Such a high doping is commonly
seen for CVD graphene samples at ambient conditions. At our probing frequency (@ = 1184 cm’
1, the plasmon wavelength of graphene is estimated to be A, ~ 240 nm on a Al,Os substrate that
has a permittivity of ¢, , =1.6+0.17i according to Ref. 31 in the main text. In the modeling, we

assume no position dependence along the y direction.

3. Comsol simulations

The real-space plasmon field maps of GNRs in Figures 3 and 4 of the main text were
obtained by performing the finite-element frequency-domain simulations with the commercial
solver Comsol MultiPhysics. For these E; field simulations, we construct a 3D model, where the
s-SNOM tip is again approximated as the conducting spheroid with the same geometric parameters
as the Matlab-based model (Figure S1). We considered a GNR with various widths (90, 270 and
380 nm) and a finite length of 2 um. The finite-length setting here is a reasonable approximation
considering the small plasmon propagation length (Lp << 1 um) of our graphene samples.
Graphene is modeled as an effective 3D metal with an effective thickness of d =5 nm in order to
reduce the computation time, and the corresponding 3D optical conductivity is set to be o3p =
o»p/d. Considering that d << Ap, such a treatment is a good approximation when modeling
plasmonic responses of graphene. To prove that, we calculate the dispersion diagrams of graphene
plasmons with d = 0.335 nm and d = 5 nm (Figure S3). The color in the dispersion diagrams
denotes the imaginary part of the reflection coefficient Im(rp) of the entire sample/substrate system
(See Ref. 9 in the main text for details about the dispersion calculations). The bright curves shown
in the dispersion plots correspond to graphene plasmons. The interruption of plasmon dispersion
below @ = 1000 cm? is due to the Al,Os phonons (See Ref. 31 in the main text). From the
calculated dispersion diagrams, one can see clearly that they are no clear difference in the graphene
dispersion calculated with d = 0.335 nm compared to that with d =5 nm.

The far-field absorption of GNRs (Figure S4) was calculated using a 2D two-port model
in Comsol with periodic boundary conditions to simulate GNR arrays. Here the length of GNR is
infinite and the distance between adjacent ribbons are equal to ribbon’s width. Through this model,
we can calculate IR reflectance (R), transmittance (T) and absorption (A =1 - R - T) of the GNR
arrays. The results are shown in Figure S4, where we plot the calculated plasmon absorption versus
ribbon width. The three peaks shown in the plot correspond to n = 0, 2, 4 modes as discussed in
detail in the main text.

As a finite-element method, Comsol simulations are expected to generate approximate
solutions to physical problems. The numerical errors due to the finite-element approximations are
directly associated with the finite mesh size (namely the size of individual element). In the case of
the 3D model that we used to perform real-space plasmon field simulations, the mesh size on the



graphene surface is roughly 10 nm. With such a mesh setting, we can perform the simulations with
a commercial desktop (Dell Optiplex 9020, i7-4790 CPU, 32G RAM) within a reasonable
computation time (~ 1 hour per simulation). One could increase computation accuracy by reducing
mesh size, but it requires much larger computer memory and longer computation time (reducing
the mesh size by half requires ~8 times the memory and computation time).

Spheroid tip
N

2L

Figure S1. Sketch of the spheroid s-SNOM model for plasmonic simulations of GNRs.
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Figure S2. Simulated plasmonic fringe profiles of GNRs with various widths at both parallel
(GNR // Ein) and perpendicular (GNR L Ein) configurations. The vertical dashed lines mark the
ribbon edge. Note that there are more than two fringes in the case of 500-nm-wide ribbon and 700-
nm-wide ribbon. These additional fringes between the two principle fringes are relatively weak
due to the plasmon damping.
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Figure S3. Calculated dispersion diagrams of graphene on Al>O3 by assuming an effective
thickness of graphene of 0.33 nm (a) and 5 nm (b), respectively. The color denotes the imaginary
part of the reflection coefficient Im(rp) of the entire sample/substrate system (See Ref. 9 in the

main text for details about the dispersion calculations).
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Figure S4. Comsol-simulated far-field IR absorption with respect to the GNR width at our
excitation laser frequency @ = 1184 cm™. The vertical dashed lines mark the widths of GNRs
measured in the current work.
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Figure S5. Comsol simulations of the E; field snapshots of bare GNRs (without tip) with widths
of (a) 90 nm, (b) 270 nm and (c) 380 nm under perpendicular excitation configuration. The hollow
and solid squares mark the points where we measure the field of the pure SPR mode at the left

fringe location ( E!™") and right fringe location (E!™"), respectively.



a W =90 nm (Parallel) b W = 270 nm (Parallel) Cc W = 380 nm (Parallel)

tip left  tip right tip left tip right tip left tip right

U (e[| IO) o]

- s y

E, (au.)- L
Figure S6. Comsol simulation of the plasmon field maps the GNRs in the parallel configuration.
(a-c) Modeled plasmon field maps of GNRs with various widths, where we plot the snapshots of
z-direction electric field (E;) right above the graphene surface at z = 0. The left and right panels in
(a-c) are simulations with tips at the locations of the left and right fringes (see Figures 1 and 2 in
the main text), respectively. The tip-sample separation (z:p) is set to be 15 nm. Apparently, the E;
field maps when the tip is at left and at right fringe location are symmetric.
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Figure S7. (a) Nano-IR imaging of the 380-nm-wide GNR under perpendicular excitation
configuration (replotted from Figure 1f with adjusted color scales). The red arrows mark the lines
of edge signal oscillations due to edge plasmons. (b) Line profile taken across the plasmon fringes
in (a) (replotted from Figure 2b). The red arrows mark the weak features due to the edge
oscillations. Edge oscillations are seen in all near-field images close to lithography-patterned
graphene edges, where small edge defects are common. They are generated due to the interference
between tip-launched edge plasmons and those reflected or scattered by the edge defects. Due to
the low reflection or scattering efficiency of these edge defects, the intensity of these edge
oscillation is one order of magnitude weaker compared to the fringes, so edge plasmons only have
a minor effect on the fringe profile shown in (b).
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