Optically Unraveling the Edge Chirality-Dependent Band
Structure and Plasmon Damping in Graphene Edges
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The nontrivial topological origin and pseudospinorial character of elec-

tron wavefunctions make edge states possess unusual electronic proper-
ties. Twenty years ago, the tight-binding model calculation predicted that
zigzag termination of 2D sheets of carbon atoms have peculiar edge states,
which show potential application in spintronics and modern information
technologies. Although scanning probe microscopy is employed to capture
this phenomenon, the experimental demonstration of its optical response
remains challenging. Here, the propagating graphene plasmon provides an
edge-selective polaritonic probe to directly detect and control the electronic
edge state at ambient condition. Compared with armchair, the edge-band
structure in the bandgap gives rise to additional optical absorption and
strongly absorbed rim at zigzag edge. Furthermore, the optical conductivity
is reconstructed and the anisotropic plasmon damping in graphene systems
is revealed. The reported approach paves the way for detecting edge-specific
phenomena in other van der Waals materials and topological insulators.

Due to the nontrivial topological structure and unusual
quantum confinement, edge plays a critical role in manipu-
lating electrons in Dirac materialsl'™ and constitutes 1D
electronic systems with unique properties.”® Graphene, one
emerging quantum material, terminates with two types of crys-
tallographic edge orientations (zigzag or armchair) and pos-
sesses edge-specific electronic and magnetic properties.l>7~
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It is theoretically predicted that only
zigzag-specific topological structures allow
peculiar localized edge state and corre-
sponding quantum properties.!%1 A
variety of first-principle calculations!'-14
also predict that the zigzag edge provides
a natural vehicle to realize 1D confine-
ment of electrons and topologically pro-
tected state, which is very important for
nanoscale information transduction and
spintronics. Experimentally, the enhanced
DC (direct current) conductance and the
super-currents involved electronic guided-
wave states related to zigzag chirality have
become a governing factor in graphene
devices (GDs) and provided a novel trans-
mission mode of electronic stream.!'>16]
However, it is challenging to distinguish
the edge-specific phenomena from bulk
response. The optical properties of gra-
phene electronic edge states and its real-
space imaging still remain ambiguous due to the limited spatial
resolution in standard far-field methods. The tunability of edge
states, prerequisite for future nano-optoelectronic devices, is
not accomplished, either.

Here, we report the first observation of enhanced near-field
optical response localized at zigzag and bilayer edges, revealing
edge-specific electronic band structure. The width of strongly
absorbed rim at zigzag edge can be tuned from 59 to 37 nm
by changing the imaging wavelength in the infrared region. By
numerical simulation, we reconstruct the spatial distribution
of optical conductivity at different edges, and we attribute the
enhanced optical conductivity to the edge-band for zigzag and
charge accumulation for armchair, respectively. Furthermore,
the anisotropic plasmon damping is explored, which is impor-
tant for the future graphene plasmonic devices. The experi-
mental approach shows great potential for studying optical
response of edge-specific phenomena and other topological
properties in van der Waals materials.

Different from armchair-terminated carbon networks, the
zigzag-termination shows a large density of states at Dirac
point (called as edge-band, as shown in Figure 1a), which
bends toward the Fermi level.?71¢ As a result of its quantum
channeling effect, the bilayer edge exhibits similar sophisti-
cated mini-bands'”! as zigzag. Recently, the observation of
edge plasmons in graphene nanoribbon!"®2! and superlattice
plasmons in graphene-hBN moiré structures??) opens doors
for exploring topological properties and electronic structure
via polaritonic probes. It is thus feasible to reconstruct optical
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Figure 1. Edge chirality determination through Raman spectroscopy. a) The electronic structure of zigzag, armchair, and bilayer edge in pristine gra-
phene sample. The red arrows indicate additional optical absorption channel due to the edge-band structure at zigzag and sub-bands at bilayer edge.
b) Diagram of the experimental apparatus used to launch propagating plasmon waves in graphene. The plasmon waves serve as a polaritonic probe
to detect localized electronic edge state. c) Typical Raman spectra of graphene center, zigzag, armchair, and bilayer edge, respectively. We normalize

the Raman spectra with the intensity of G mode. Compared with zigzag

edge, the armchair one shows stronger I(D), which is important for the

determination of edge chirality. The Bernal-stacking bilayer edge can be identified by its distinctive Raman response, which shows wider (=54 cm™)
and four-Lorentzian-component shape 2D peak. d) The statistic for /(D)/I(G), which stays homogenous at the entire graphene edge (armchair shows
larger ratio than zigzag). e,f) Polarized Raman spectra of zigzag and armchair edge, showing different polarization dependence of the G mode. Inset:
polar plots of the integrated intensity of the G mode at zigzag (I = sin?(6;,)) and armchair (I = cos?(6,,)) edge, respectively. The 6,, represents angle
between incident polarization and graphene edges. The Raman spectra taken from the graphene center show polarization independence (inset in €).

complex conductivity (o () = 0y (@) + i0, (®)) from polaritonic
images, containing information of both electronic and lattice
dynamics.l?*l Given the fact that the complex conductivity deter-
mines the plasmonic reflections at graphene edge, the plasmon
polariton wave provides an unprecedented edge-selective probe.
The propagating graphene plasmons are launched and detected
simultaneously using scattering-type scanning near-field optical
microscopy (s-SNOM, schematic in Figure 1b). The metallic
tip acts as an antenna to generate strongly enhanced electric
field and compensate the momentum mismatch. We normal-
ized near-field amplitude s,(w) = s{(®)/s§ (®). Here, s{(®) and
s; (w) are the fourth-order demodulated harmonics of the near-
field amplitude detected for graphene and Si standard reference

sample, respectively. We extract the wavelength of plasmon
wave (A;) due to the formation of fringes with a period of
Ap/2 coming from the interference between tip-launching and
edge-reflecting plasmon.?*?’l The amplitude of overall near-
field scattering signal, plasmonic wavelength, and propagation
damping give entire information of the complex conductivity of
graphene at the incident frequency.

Our monolayer graphene is mechanically exfoliated on
285 nm thick SiO,/Si substrates, and its properties (including
crystalline quality, morphology, doping concentration, and layer
thickness) are characterized through optical contrast measure-
ments, atomic force microscopy (AFM), and Raman spectros-
copy (see more details in the Supporting Information). We
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choose freshly fabricated graphene with clean edges for the
near-field optical measurements in order to avoid the contami-
nation at ambient atmosphere. In Figure 1c (black solid line),
the single Lorentz fitting of 2D peak (=2700 cm™), narrow
bandwidth of both G and 2D peak (=25 cm™), absence of D
peak (=1350 cm™), and the ratio (=2) between 2D and G peak
are the distinct characteristics of our monolayer graphene
with high quality. The line-scan Raman mapping determines
the accurate position of edge (Figure S3, Supporting Infor-
mation). Figure 1c also shows the typical Raman spectra col-
lected at zigzag (red), armchair (blue), and bilayer edges (pink),
respectively. The spectra are normalized with G mode, which is
independent of edge type. The armchair edge scatters electrons
from one to another valley near the Dirac points (K to K’ inter-
valley scattering), but zigzag do not.?%%’! Therefore, the double
resonance Raman process can only be activated at armchair
structure (stronger D band), while same process is forbidden
for a zigzag edge (weaker or vanished D band). Compared with
folding double-layer edge (similarly sharp and symmetric single
Lorentzian component 2D peak), the Bernal-stacking bilayer
edge can be identified by its distinctive Raman response, which
shows wider (=54 cm™) and four-Lorentzian-component shape
2D peak.?®! In order to guarantee the genuineness of edge chi-
rality, we make statistics for the Ip/I; intensity ratio by con-
ducting ten Raman measurements of each edge at different

positions. The Ip/I; ratio stays in the range of (0.15, 0.3) at
armchair and (0, 0.05) at zigzag edge (Figure 1d). Furthermore,
we carry out the polarization-dependent Raman characteriza-
tion at armchair and zigzag edges. The two degenerate com-
ponents of the graphene G mode (LO phonon at armchair and
TO phonon at zigzag) cause the opposite polarized depend-
ences. In Figure le, the Ig reaches minimum value at 6 = 0°
and maximum value at 6 = 90° at zigzag edge (fitting with the
tendency of sin?(6), here, 6 is the angle between incident polari-
zation and graphene edge), which is opposite to the armchair
one (fitting with the tendency of cos?(6)).?" This polarized
dependence only occurs at 1D edge and disappears in graphene
center (inset in Figure le). All the Raman measurements show
clear evidences to distinguish the three types of graphene edge,
which are the fundamentals for the study of edge state.

In Figure 2, we show optical nanoimaging of different edge
structures and plasmonic wavelength dependence on Fermi
level and incident frequency. The near-field optical images
of zigzag (Figure 2b), armchair (Figure 2f), and bilayer edge
(Figure 2j) are collected at IR frequency @, = 930 cm™. The
AFM topography maps (Figure 2a,e,i) show smooth graphene
surface free of wrinkles or defects. The corresponding line
profiles (Figure 2¢,g k) indicate that the heights of monolayer
and bilayer graphene are =0.5 and =0.9 nm, respectively. The
fringes parallel to the edge direction appear in the near-field
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Figure 2. Infrared nanoimaging of zigzag, armchair, and bilayer edge. a,e,i) AFM images of zigzag, armchair, and bilayer edge structure. The darker
area corresponds to the SiO,/Si substrate. c,g,k) AFM line profiles obtained from the black solid line in (a), (e), and (i), respectively. b,f,j) Nano-infrared
images of zigzag, armchair, and bilayer edge, respectively. In the optical image of zigzag (b) and bilayer edge (j), there is an obvious bright stripe
between the graphene edges (marked by red dashed lines) and dominated plasmonic fringe, which is ignorable in armchair (f). The incident frequency
is 930 cm™'. d,h,l) Plasmonic line profiles from the white solid line in (b), (), and (j), respectively. The shoulder-like peak is observed in zigzag (d) and
bilayer edge (l). Oppositely, the plasmonic line profile from armchair (h) shows no shoulder-like peak. Scale bar, 100 nm. m,n) Plasmon wavelength
dependence on Fermi level (wy =901 cm™') and incident frequency (Er = 0.22 eV). Crosses show the extracted experimental values and the background
color shows the imaginary part of the Fresnel reflection coefficient. The electronic intraband Landau damping region is shaded green.
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images, which are similar to several recent studies.[?>2+2]

Compared with Figure 2f (armchair), the image in Figure 2b
(zigzag) and Figure 2j (bilayer) show a strip of enhanced near-
field amplitude at the edge area before the first plasmon
fringe. The line profiles of near-field amplitude are plotted in
Figure 2d,h,] for zigzag, armchair, and bilayer edge, respec-
tively. Besides the common fringes decaying away from the
edge, there is a shoulder-like peak located at the zigzag edge
(red arrow in Figure 2d). However, this shoulder peak is negli-
gible at armchair edges (Figure 2h). Compared with zigzag or
armchair structure, AFM measurement can precisely identify
the width of bilayer edge (full width half maximum (FWHM)
=~ 76.5 nm), and there is shoulder-like peak at bilayer edge
(Figure 21) as well. 1D edge plasmon?*2!] is not observed here,
indicating that there are no reflectors (sharp corners or small
defects) in our smooth edge structures, which are good for the
near-field imaging. Figure S12 (Supporting Information) shows
that the edge plasmon appears if the measurement is done at
the edges with sharp corner or small defects. In Figure 2m,n,
we show detailed study of the plasmonic wavelength depend-
ence on Fermi level and incident frequency, together with the
calculated imaginary part of the Fresnel reflection coefficient
(background color). Although the graphene samples are not
gate-tunable in this work, we record the effect of carrier den-
sity variation through measuring a large number of samples
with different natural doping. At fixed imaging frequency, the
longer wavelength (A,) corresponds to higher Fermi level,*% in

accordance with the scaling relation between A, and Fermi level
as Equation (1)

8ﬂezEF
A (@)= P [1+ 2m (@)] (1)

The experimentally extracted wavelengths (isolated crosses in
Figure 2m,n) show good agreement with the theoretical calcula-
tion, indicating successful nanoimaging of graphene plasmons.

In order to quantify width of the shoulder-like peak, we
define effective width (W.g) in the infrared nanoimages as
abrupt changing region of curvature of plasmonic line profiles
at edge area, which is calculated through the first-order differ-
ential method. An obvious peak appears in the derivative sig-
nals (zigzag in Figure 3a and bilayer in Figure 3b). We plot the
Wegr (or can be regarded as the interaction region between edge
state and graphene plasmon) in Figure 3c with different Fermi
levels and different incident frequencies. It is worth noting that
the effective width probed in nanoimages does not represent
the actual width of optical edge features. This is because that
the extracted W.g contains the edge-plasmon interaction and
broadening effect from AFM tip,!% whose typical curvature is
about 25 nm. When we remove the tip broadening effect by
dividing the size of tip apex,[”) we come to the scale of optical
feature of zigzag edge as about 2-3 nm, correlating with the
tight-binding model calculation which predicts edge states with
width of =2 nm at zigzag termination of graphene.l'%"3 For the
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Figure 3. Reconstruct the optical conductivity and control optical features of graphene edge. a,b) The first derivation operation of the optical amplitude
is conducted to extract the effective width of shoulder-like peak. The change of original curve (black line) slope caused by shoulder-like peak induces
an obvious peak in the derivative amplitude curve (blue line). The effective width (W,g) is directly extracted through this mathematical calculation, as
shown in (a) (zigzag) and (b) (bilayer edge). c) Experimentally extracted W, as a function of incident frequency and Fermi level. Due to the strong local-
ized effect from bilayer structure, the independence of incident frequency is observed at the bilayer edge. d) Experimentally obtained intrinsic property of
graphene edge state (Weg/A, = 0.35), which shows independent of incident frequency and Fermi level. e) The optical conductivity is extracted from the
fitting of plasmonic line profile at zigzag edge. The black squares are the experimental data; the red solid line is the theoretical fitting using the dipole
model. The enhancement of o () caused by edge state is shown as dashed line. f) The numerical simulation of plasmonic line profile at armchair edge.
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case of bilayer graphene edge (Figure 3c), the extracted W, of
bilayer edge (=74.5 nm) is approximately equal to the FWHM
of its morphological structure (=76.5 nm) no matter what the
incident frequency is. This similarity further confirms that the
strongly absorbed rim at edge area is caused by sophisticated
sub-band electronic structures. When the influence of plasmon
dispersion at zigzag edge is removed by dividing W, ¢ with plas-
monic wavelength (4;), we find the ratio of these two quanti-
ties remains as a constant of Weg/A, = 0.35, indicating that the
appearing bright rim is an intrinsic property of zigzag edge,
which does not rely on measurement conditions (Figure 3d).
We measured several zigzag edges with different Fermi levels
and Weg/A, stays at 0.35 + 0.08. When we measure sam-
ples with higher Fermi level or increase incident wavelength,
the W shows an increasing tendency (Figure 3c), which is
explained by Equation (1).

In order to get more insights of the optical features at dif-
ferent graphene edges, we perform numerical simulations of
plasmon reflections at zigzag and armchair by a dipolar tip
model as shown in Figure 3e,f (details in the Experimental Sec-
tion and the Supporting Information). The black squares are
the experimental data and the red solid lines are the theoretical
fitting. In the simulation, we separate optical conductivity of
graphene into two sections: edge conductivity (Geqg., red dashed
lines) and bulk conductivity (Gi,sde green dashed lines). The
Oinside 18 calculated from experimental measurements, including
Raman spectrum (Figure S5, Supporting Information) and
near-field images (Figure 2), based on Drude model. In order

a

to get best fit of plasmonic profiles, we need to choose different
edge conductivity profiles at zigzag and armchair, respectively.
Regardless of the edge chirality, the edge conductivity is larger
than the conductivity inside graphene. However, the enhance-
ments factor (Oegge/Oinside) 18 different for zigzag (=7.2) and
armchair (=1.6). The slightly increased Gegge at armchair can
be attributed to charge accumulation near edge, which is con-
firmed by Raman spectra (Ep.eqge/Ep.insiee = 1.4 in Figure S5,
Supporting Information). Compared with armchair edges, the
strongly enhanced conductivity at zigzag indicates that there
are more factors leading to this extraordinary optical absorp-
tion other than charge accumulation. This additional absorp-
tion in near-field images thus can be attributed to the additional
optical transition caused by the edge-band structure at zigzag
edges.??l At the same time, it should be noted that the extracted
changing region of Gg,. is on the same order of the effective
width (=50 nm), due to the similar broadening effect observed
at graphene grain boundary.Bl To the best of our knowledge,
this is the first time to distinguish the enhanced optical conduc-
tivity caused by sub-band structure from the enhanced conduct-
ance along edges due to the charge accumulation.

Previous nano-infrared images of graphene plasmonl?4%’]
ignore the influence from the edge chirality. In fact, the edge
possesses ability in selecting specific momentums of excited
electrons (inset of Figure 4a,b, Supporting Information). It is
reasonable to expect that the electronic edge state at zigzag edge
would influence the scattering behavior of plasmon, compared
with armchair. Thus, the edge chirality needs to be taken into
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Figure 4. The different plasmon damping at zigzag and armchair edge caused by edge state and defect scattering. a,b) Extraction of plasmon damping
at zigzag and armchair edge, respectively. Black dots show the experimental near-field signal, which are averaged along the edge and with a subtraction
of background through FFT. The detailed method is described in the Supporting Information. The inset shows the intravalley and intervalley scattering
process at zigzag and armchair. c) Inverse damping rate as a function of incident frequency at zigzag and armchair edge.
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account when we study the damping rate of graphene plasmon.

The decaying propagation of graphene plasmonsP? can be
described by Equation (2)
eiqu eiqx
ot = A——=+B— 2
Cop N (2)

here, &, is complex near-field signal. A, B are fitting param-
eters, g is the plasmonic wavevector. The first term is the tip-
launched circular wave, which propagates radially outward
from the tip and reflects back upon reaching graphene edge
with a travelling distance of 2x. The second term is the edge-
launched plane wave with a travelling distance of x, which
is strongly weaker compared with tip-launching plasmon.
Because the e(i2qx) component dominates in our experiments,
we can separate the e(igx) component with Fourier analysis.
In Figure 4a,b, we isolate the damping decay and extract the
inverse damping ratio 7y,'=Re(q)/Im(g), which differ for
zigzag edge (¥,' =8) and armchair edge (y;'=4). The dif-
ferent electronic scattering mechanism at zigzag (intravalley)
and armchair (intervalley) induce the influence from edge chi-
rality on the plasmonic damping. Given enhanced optical con-
ductivity at zigzag and stronger D peak at armchair, their domi-
nated factor to determine y," is electronic edge state and defect
scattering, respectively. This explains the relation between 7,
and incident frequency, which is monotonic decreasement
(similar to W.g) at zigzag and independence at armchair, as
shown in Figure 4c. It is observed that the plasmonic propaga-
tion damping at zigzag is smaller than armchair at all incident
frequencies. Although the protected mechanism stays ambig-
uous (impacts from many-body interaction are complicated in
graphene), the better candidate for future graphene edge plas-
monic devices is smoothed zigzag type.

In summary, we show that the plasmon acts as a neat probe
to unravel the edge-specific electronic band structure with
nanoscale spatial resolution. By near-field imaging of well-
prepared graphene edges, the optical response of edge state is
revealed. Our experimental results show that near-field optical
imaging has high sensitivity on detecting subtle electronic
features of a few nanometers at room temperatures, ambient
condition, and contact free. We both experimentally and
theoretically show the influence from edge chirality on optical
conductivity and plasmonic properties in graphene system. We
believe this method has great potential for studying edge related
phenomena in other plasmonic and photonic system such as
carbon nanotubes, boron nitride, and topological insulators.

Experimental Section

Sample Preparation and Characterization: Microcrystals of graphene
were mechanically exfoliated from bulk graphite samples and then
transferred to 285 nm thick SiO,/Si substrate. The optical microscopy,
AFM, and Raman spectroscopy are used to identify the monolayer
graphene without defects. In order to determine the position of
graphene edge, we perform 1D Raman mapping with light polarized
parallel to the edge direction and define the graphene edge where the
maximum Iy is, when Ig and I, are simultaneously half the inside
intensity. The Raman response on edge area identifies the types of
edge. Besides, the Fermi level of graphene is extracted from Raman

spectra based on theoretical calculations (see more details in the
Supporting Information).

Infrared s-SNOM  Measurements: The nanoimaging experiments
in the main text and the Supporting Information are performed using
a s-SNOM. The s-SNOM is a commercial system (Neaspec GmbH)
equipped with quantum cascade lasers (QCLs from Daylight Solutions).
The incident frequency spans from 901 to 985 cm™'. The s-SNOM is
based on an AFM operating in the tapping mode with Q = 300 kHz
and an amplitude of =30 nm. A pseudo-heterodyne interferometric
method was applied to extract both the near-field amplitude and phase
of graphene plasmons. The near-field signal is demodulated at a fourth
harmonic in order to suppress background signal. Near-field amplitude
s4(@)=s3(w)/s§(w) was normalized. Here, s{(w) and s§(w) are the
fourth demodulated harmonics of the near-field amplitude detected for
graphene and Si standard reference sample, respectively. All nano-IR
imaging experiments are conducted at ambient atmosphere.

Dispersion of Graphene Plasmon: In order to obtain dispersion
of plasmon polariton, the complex reflectivity r,(q,w) of graphene/
substrate structure under a p-polarized incident electromagnetic wave,
coupling with graphene plasmon at a finite wavevector was calculated.
The Fresnel reflection coefficients (see more details in the Supporting
Information) is expressed as/32

= £k, —&ko, +ki k2,0 (q,0) [ (€00) 3)
P gsky, +Erko, +kiko,0 (9.0) [ (E00)

where & and &, are the relative permittivity of air and the substrate,
respectively, & is the vacuum permittivity, @ is the angular frequency
of the incident plane wave, and g is the wavevector of plasmon. The
ki, and k,, represent the z-components of the wavevector of the
incident and the transmitted plane waves, respectively. The o(g,w)
is conductivity of graphene, and derived within the random phase
approximation (RPA). Since the wavevector of surface graphene
plasmon is related to the reflectivity, the maxima imaginary part of r,
represents a maximum dissipation and gives rise to the dispersion of
graphene plasmon.

Numerical Simulations: The numerical calculations are done by
the finite boundary elements method, using the commercial software
package COMSOL in a Wave Optics Module. The graphene is modeled
as an infinite thin conducting layer whose conductivity is given by the
Drude mode. The extracted conductivity has different distributions at
zigzag and armchair edge. A vertically oriented electric point dipole is
set to replace the tip to excite graphene plasmon.2'l A point probe is set
to recording the |E| (absolute value of electric field) around 10 nm above
graphene when the dipole (30 nm above sample) scanning from SiO,
substrate to graphene. The dielectric functions for SiO, are taken from
ref. [33]. More details about numerical simulation are provided in the
Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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