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The surface plasmon polaritons (SPPs) of graphene reflect the microscopic spatial variations of
underlying electronic structure and dynamics. Here, we excite and image the graphene SPP response
in phase and amplitude by near-field interferometry. We develop an analytic cavity model that can
self-consistently describe the SPP response function for edge, grain boundary, and defect SPP reflection
and scattering. The derived SPP wave vector, damping, and carrier mobility agree with the results from
more complex models. Spatial variations in the Fermi level and associated variations in dopant
concentration reveal a nanoscale spatial inhomogeneity in the reduced conductivity at internal boundaries.
The additional SPP phase information thus opens a new degree of freedom for spatial and spectral graphene
SPP tuning and modulation for optoelectronics applications.
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The light-matter interaction of graphene is distinct from
that of other forms of matter due to its unique electronic
band structure. The high quantum yield has already enabled
a range of optoelectronics and photonic applications based
on single particle excitations. However, even more unusual
are the collective particle excitations in the form of Dirac
plasmons, typically in the infrared spectral range, with their
properties controllable by electric field gating, doping, or
multilayer stacking [1-5]. In the long wavelength limit, the
unique properties of massless Dirac fermions lead to a very
large reduction of surface plasmon polariton (SPP) wave-
length compared to the free-space excitation wavelength:
Aspp/ Ao = 2aEr/(ehw) ~ a [6], with fine structure con-
stant @ and Fermi energy Er. The short SPP wavelength
givesrise to a strong spatial confinement, but the momentum
mismatch due to the associated large in-plane wave vector
concomitantly requires high k-vector field components for
the SPP excitation. That coupling can be achieved through
the near field of dipolar emitters [7,8] or nanostructures such
as the pointed apex of a scanning probe tip [9-11]. In
particular, using a tip to excite and subsequently scatter the
polarization of the Dirac plasmons into detectable far-field
radiation, the expected deep-subwavelength SPP standing
wave from boundary reflections at mid-IR frequencies could
be imaged using scattering-type scanning near-field optical
microscopy (s-SNOM) [12-15].

The plasmon wavelength, its damping, and other spatial
details directly relate to the local electronic structure, which
is determined by doping or strain [1,2,16], the number of
layers, and their stacking order [5,17,18], and is further
modified by atomic scale discontinuities at edges, grain
boundaries, and defects. With the exquisite sensitivity of
the spatial plasmon response to these parameters, near-field
plasmon interferometry can serve as a sensitive probe for
the electronic structure and its spatial inhomogeneities,
which are difficult to access by other techniques. So far,
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however, near-field imaging experiments have only
analyzed the amplitude of the optical response [12-15].

For a complete understanding of the correlation bet-
ween the optical near-field response and the underlying
electronic structure, a full spatial characterization of the
plasmon amplitude and phase is desirable. Such comple-
mentary information would allow for self-consistent tests
of different Dirac plasmon theories.

Here, we image the full phase and amplitude response
of graphene plasmons by near-field interferometry of SPPs
reflected and scattered by external (edges) and internal
boundaries (folds and grain boundaries), as well as defects,
of single-layer and multilayer graphene. That complete
SPP response in phase and amplitude allows us to develop
a simple cavity model that provides a complete, self-
consistent, and intuitive description of the optical physics
of the graphene plasmons and complements the more
complex numerical electrodynamic theories. We derive
the plasmon wave vector, damping, and carrier mobility,
with values in agreement with theory. We identify spatial
inhomogeneities in the local electronic structure associated
with the grain boundaries of the exfoliated graphene.

In the spectral region #iw < 2Er, where Pauli blocking
occurs, graphene exhibits a Drude-type behavior [19] and
the SPP wave vector is given by [2]:

2mh?c*eyk

k pr—
SPP €2EF)V(2)

: (1)
where « is the average dielectric function of the embedding
media k = k| + ik, = (€] + €,)/2. Figure 1(a) shows the
calculated dispersion relation of the graphene SPP using
experimental values for the SiO, dielectric function [20]
and assuming Er = 0.4 eV as an example. The large in-
plane momentum necessary to overcome that wave vector
mismatch is provided by the evanescent near field of the tip
with apex radius r o 1/kg, [9-11]. SPPs are thus launched
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FIG. 1 (color online). (a) Graphene SPP dispersion relation for
Er = 0.4 eV. Inset: Pauli blocking arising from a doping-induced
Fermi level shift. (b) Illustration of tip-induced SPP excitation
and subsequent interference due to the emission of scattered and
reflected SPP waves. (c) Schematic of the experimental setup.

and subsequently scattered or reflected at electronic inho-
mogeneities in the form of, e.g., defects [12], edges [12,13],
or other structural discontinuities [14,15], as illustrated in
Fig. 1(b). These reflected waves, after propagating back to
the tip, interfere with other local near-field signal contri-
butions and are scattered by the tip into the far field, where
they are detected [12,13].

We excite the graphene SPP at A= 10.8 um
(wspp = 174 THz) using a '>CO, laser (Access Laser),
off-resonance from the strong damping of the SiO, phonons
[Fig. 1(a)], and below the graphene optical phonon frequency
atwyp o = 307 THz [21-24]. In the experiment, as shown in
Fig. 1(c), the laser is focused onto the tip of an atomic force
microscope (AFM, Anasys Instruments) operating in tapping
mode using an off-axis parabolic mirror (NA = 0.35,
P ~5 mW). The tip-scattered near field Exg is homodyne
amplified at the HgCdTe detector (Kolmar Technologies)
with the reference field E,; of the Michelson interferometer
with beamsplitter (BS). The far-field background is sup-
pressed by lock-in demodulation (Zurich Instruments) at the
third harmonic of the cantilever frequency [25]. In order
to further suppress amplification of the near field by the
self-homodyne background Ey, with uncontrolled phase
[26], a strong reference field E,./Ey, > 10 is used [27].
By collecting raster-scanned images at two orthogonal
reference phases, the full complex valued tip-scattered near
field A = Ae'® can be determined with low error [28].
Mechanically exfoliated graphene [29] on SiO, was obtained
commercially (Graphene Industries).

Figure 2 shows a typical image of a high-aspect ratio
graphene wedge, chosen to feature both single-layer and
bilayer regions, as indicated in the topography [Fig. 2(a)],
with s-SNOM amplitude A = |A| [Fig. 2(b)] and phase
¢ = arg(A) [Fig. 2(c)]. The detected tip-scattered light is a
superposition of the intrinsic sample optical response that is
expected to be largely independent of tip position and the SPP
waves whose properties are a function of the local environ-
ment or geometry. The amplitude thus exhibits a standing
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FIG. 2 (color online). (a) AFM topography, (b) near-field
amplitude A = |A|, and (c) near-field phase ¢ = arg(A) of a
graphene wedge. The transition from single-layer (SL) to bilayer
(BL) graphene is indicated.

wave pattern from the local interference of SPP reflection
from both edges of the wedge, with a maximum seen at a
distance of 1/4 in good agreement with previous studies
[12,13]. Phase and amplitude standing waves both exhibit a
periodicity of 4/2 and differ by ~90°. A distinct feature is
the phase maximum pinned to the edge. The bilayer region
(dotted line) at the tapering end of the wedge is characterized
by a decreased amplitude, in addition to reduced Agpp, as seen
by a shift of the maxima in both the amplitude and phase
(dashed black lines) closer to the edge of the wedge.
Figure 3 shows the corresponding behavior of SPPs at
grain boundaries and folds, with the AFM topography
[Fig. 3(a)], SPP amplitude [Fig. 3(b)], and phase [Fig. 3(c)]
of monolayer graphene with a high density of both kinds of
line defects. As seen in both A and ¢, plasmon reflection and
standing wave behavior are observed and are qualitatively
similar to that of the external boundaries. The spatial signal
variations along the boundaries and within the graphene
domains are highly reproducible, including variations in
SPP wavelength and amplitude across boundaries.
Previous models described the measured SPP interfer-
ence images to good agreement [12—15]. However, they
relied on complex numerical approaches and did not
address the phase. Here, we show that the SPP oscillations
can be described in both amplitude and phase simulta-
neously using a simple phenomenological cavity model
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FIG. 3 (color online). (a) AFM topography, (b) near-field
amplitude, (c) and near-field phase of a region of single-layer
graphene with a high concentration of grain boundaries and folds.
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with no independent parameters, as shown schematically in
Fig. 4(a). The tip-scattered near-field response of graphene
is the sum of a nonresonant dielectric contrast contribution
Wer» @ Tesonant local tip-induced SPP term ygpp, and the
reflected SPP fields ywspp;, as

Vo = Wor + Wsppo + Z‘I/SPPJ’ (2)
i

each with respective amplitude and relative phase. In addition,
we consider a SiO, substrate near-field response .
We describe rspp,; = R; X Yrspp,o €xp{ —2Re(kspp)7; (y + i) }
with decay constant y, distance between tip and reflection r;,
and complex valued scattering coefficient R;.

In order to account for the finite size of the tip apex
generating a spatially averaged near-field response, we use a
weighting function ® convolved with the spatially varying
optical response ¥ to simulate the s-SNOM amplitude
A(r) = (¥ % ®)(r). As discussed below, we find that treat-
ing ® as Gaussian to approximate the evanescent nature of
the tip near field, peaked at r, with a width of 11 nm to model
the tip radius, provides good agreement with the exper-
imental results.

Figure 4 shows the simulated spatial distribution of SPP
amplitude [Fig. 4(b)] and phase [Fig. 4(c)] for a stationary
point source (tip) located at a fixed distance from a reflecting
straight boundary located on the left edge (green line). For
all calculations, we use Wy = 0, wgppg = 1, R = —1, and
y = 0.1. The line cut [Fig. 4(d)] taken along the dashed line
separating Figs. 4(b) and 4(c) shows the propagation of the
SPP away from the tip and its subsequent perturbation by the
reflected SPP. Scanning the tip then results in a parallel stan-
ding wave pattern in spatial s-SNOM amplitude [Fig. 4(e)]
and phase [Fig. 4(f)], as also seen experimentally. From the
line cut [Fig. 4(g)], we see a standing wave period of 4/2 for
both phase and amplitude in agreement with experiment
(for details, see the Supplemental Material [30]).
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FIG. 4 (color online).  (a) Ilustration of the graphene SPP cavity
model. Calculated SPP distribution of (b) amplitude, (c) phase,
and (d) the corresponding line cut along the dashed line, with
local tip excitation and reflection from a boundary at the left
edge. The resulting spatial standing wave SPP map of s-SNOM
(e) amplitude, (f) phase, and (g) line cut when scanning the tip.

We first compare the measured s-SNOM signal with our
model by examining line cuts in Fig. 2. Figure 5 shows the
experimental phase (solid red line) and amplitude (solid blue
line) along dashed lines (i) and (ii) in Fig. 2, with Figs. 5(a)
and 5(b) corresponding to single-layer and bilayer graphene,
respectively. Graphene edges on both sides are assumed
to have identical reflection and decay parameters for ygpp ;.
The dashed grey lines show the results of the model
calculations, simultaneously reproducing for just a single
parameter set for the single layer and the bilayer, respec-
tively, all the main spatial features both in amplitude and
phase. The only exception is a larger than predicted decrease
in amplitude at the graphene edge, as discussed below.

The best agreement between theory and experiment is
obtained for a reflection coefficient of R ~ —1, corresponding
to a 7 phase shift, with a SPP wavelength of Agpp = (260 £
10) nm and y = 0.25 £ 0.04 for the single layer [Fig. 5(a)].
For the bilayer [Fig. 5(b)], we find a shorter wavelength of
Aspp = (190 £ 10) nm, as discussed below, yet the same
damping and reflection coefficients. We further find a phase
difference of ~65° between y/,, + Wspp o and SiO, substrate
response iy, for both single-layer and bilayer graphene. This
phase shift is less than the 90° expected between the resonant
SPP and nonresonant substrate response. However, because
graphene does not entirely screen the tip-substrate interaction,
signal contributions from the underlying SiO, reduce the
overall phase shift. While the phases for bilayer and single-
layer graphene are identical, an overall smaller amplitude of
Wer + Wspp 18 found for bilayer graphene.

To model the observed spatial SPP behavior at the
different internal interfaces, we examine the line cut in
Fig. 3(b) (dashed red line) as an example. The resulting
phase and amplitude traces are shown in Fig. 6(a) together
with the result of the model (dashed grey lines). Note that the
left (right) sides of the boundary have different SPP wave-
lengths of Agpp = 240 nm (260 nm), as well as different
reflection coefficients of R = 0.45 (0.55). The different
wavelengths and thus wave vectors indicate a possible
difference in electronic structure on either side of the linear
defects in that region. Variations in reflection coefficients
can be explained by the change in SPP wave vector across
the boundary, where momentum conservation facilitates
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FIG. 5 (color online). Line cuts of phase (solid red line) and
amplitude (solid blue line) taken along the dashed lines in Fig. 2
with (i) shown in (a) and (ii) in (b). Dashed lines are fits to the
cavity model for a single parameter set.
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transmission from the high-momentum to low-momentum
side similar to material interfaces in conventional optics.

To determine and model possible local variations in elec-
tronic properties that underly the complex optical response,
Fig. 6(b) shows the relationship between Agpp and maximum
amplitude A, extracted from both sides of a series of
representative boundaries indicated by the dashed black lines
in Fig. 3(b). A clear correlation of an increase in SPP intensity
Apnax With an increase in Agpp is observed. Since A, is
directly related to the reflection coefficient, this correlation
is due to the reduced reflection of high-momentum SPPs.

Using Eq. (1), we can relate that variation in SPP
wavelength to local variations in the Fermi level. Shown
in Fig. 6(c) are the calculated SPP dispersion relations of
graphene on SiO, for different values of Er. The blue
squares indicate the range of wavelengths from Fig. 6(b),
thus corresponding to spatial variations in Er of up to
0.2 eV. The Fermi level directly relates to the doping
concentration n as Er = hvpkp, with Fermi velocity vy ~
1 x 10° m/s and Fermi momentum ky = \/zn [31]. Our
spatial variations in Fermi level of E, ~ 0.4-0.6 ¢V thus
correspond to n, ranging from 1.2 to 2.6 x 103 cm™2.

The large variation in doping across the boundaries
indicates that the reduced conductivity of boundaries
[14,32] prevents charge equilibration between adjacent
sides. Unlike the charge carriers themselves, the SPPs as
collective excitations are able to traverse such potential
barriers as seen by the nonunity reflection coefficients.

We then determine the carrier mobility from the exper-
imentally obtained damping y. By correcting for the super-
position of Ohmic damping and radial decay from the
excitation point, we obtain an Ohmic SPP decay constant
of y, = 0.12 £ 0.04. Using y, = 6,/0, + kp/k;, with gra-
phene conductivity 6 = o, + ic, [12] and k,/k; = 0.04, this
results in a carrier relaxationrate ' =6 ,w /0, = (14 £4) THz.
The relaxation rate then relates to the mobility y = evy/T'hky
[2], giving = 1.6 x 10° cm? V=157,

Our derived mobility is in good agreement with previous
s-SNOM measurements [12,13] but lower than typical
values for exfoliated samples, as determined by transport
measurements [33]. Similarly, our values for Er and n agree

with values derived by s-SNOM [12,13], but they and the
variations seen due to charge pooling are larger than
expected [31,33-35]. Recent work has attributed the dis-
crepancy in damping rates and thus mobility to the large SPP
frequency and associated wave vectors, which result in
increased in impurity scattering and therefore deviations
from assumed dc values [36]. The surprisingly large Fermi
energy has not been addressed in this work.

Our results provide insight into the spatial phase behavior
of graphene SPPs. The phase is robust to changes in signal
intensity due to the presence of, e.g., bilayer graphene, as seenin
Fig. 2, or the presence of surface contaminants that otherwise
reduce the amplitude signal (see Supplemental Material [30]).
The optical phase also provides an additional constraint for
our cavity model. In particular, the absence of independent
parameters used to describe the amplitude and phase under-
scores its validity. Despite its simplicity, good semiquantitative
agreement is found between the model and the data including
the phase relationship between the amplitude and phase.
However, the overall agreement in the amplitude near the
edgesis seen to decrease with dips in the model and spatial shifts
in the oscillation extrema. This can be attributed to changes
in local electronic structure [12] and field variations near the
edges [13] and emphasizes the high sensitivity of SPP near-
field interferometry to such small inhomogeneities.

We note that our parameters do not reproduce the dual
peaks resulting from the localized mode indicated near
the wedge terminus by a white arrow in Fig. 2(b). It is
expected that gradually tapered wedges as studied here
exhibit phenomena similar to nanoribbons, where a width-
dependent reflection phase has been predicted [37].
However, we find a constant reflection coefficient [24],
as evidenced by the interference maximum in the phase at
the graphene edge which we see to abruptly transform into
a localized mode which can only be reproduced through the
use of R = 1, as noted previously [13].

In addition to the long range Dirac plasmons readily
observed in the Pauli-blocking regime, additional acoustic
and nonlinear modes exist [38—40]. While these may be diffi-
cult to observe with optical means due to the strong damping
and large momenta required, these may be observable using
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near-field excitations at higher photon energies and can
readily be studied using electron-based techniques [41,42].
In conclusion, the full amplitude and phase spatially
resolved imaging of graphene SPPs that are scattered and
reflected by discontinuities such as edges, grain boundaries,
and defects provides nanoscale insight into local electronic
structure and dynamics in graphene. As the amplitude and
phase couple differently to the reflection coefficients and
doping, their simultaneous measurement allows us to
develop a self-consistent phenomenological cavity model
with no adjustable parameter to describe the SPP response.
We observe the effects of charge pooling and associated
Fermi level offsets in sample regions with a high density
of grain boundaries and folds. These results highlight the
need for nanoscale control of electronic structure for optimal
graphene optical and electronic device performance.
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