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Nano-infrared imaging of localized plasmons in
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We conduct in-situ near-field imaging of propagating and localized plasmons (cavity and dipole modes) in graphene
nano-resonator. Compared with propagating graphene plasmons, the localized modes show twofold near-field amplitude
and high volume confining ability (~ 10°). The cavity resonance and dipole mode of graphene plasmons can be effectively
controlled through optical method. Furthermore, our numerical simulation shows quantitative agreement with experimental
measurements. The results provide insights into the nature of localized graphene plasmons and demonstrate a new way to

study the localization of polaritons in Van der Waals materials.
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1. Introduction

The conventional Abbe diffraction limit and weak light-
matter interaction restrict the nanoscale manipulation of pho-
tons, which is the ultimate target of nano-photonics.!!*! Until
now, the most feasible solution to these problems is producing

(341 coupling photons

collective excitations named polaritons,
with other easily controlled particles, such as electrons>%! or
phonons.!”-8] Tt has been confirmed that polaritons can con-
fine free-space light to nanoscale!®! (A9/2, up to 150) and en-
hance the light-matter interaction!!! (such as single-molecule
spectrum). Among various kinds of polaritons, the plasmons
become one of the most important members due to its ability
to merge the photonics and electronics at nanoscale dimen-
sions. Metals with high charge-carrier concentration are the
first-generation plasmonic material and play important roles

10,11 12,13

in enhanced spectroscopy,!!%!!l quantum circuits,!'>!3! pho-

tovoltaic devices,!'*! nanofocusing,!!>-1 etc. However, the

problems of absorption losses!!”!

constrain the operating fre-
quencies of metallic plasmons to visible and near-infrared
range. Meanwhile, the charge carrier in noble metals has slow
mobility and low Fermi velocity, making plasmons become
high loss and un-tunable.

In the ongoing search for better plasmonic media,
the two-dimensional materials, or called Van der Waals

materials, 18]

are found to be a very promising candidate
from mid-infrared to terahertz electromagnetic band, fill-

ing the gap of metallic plasmons. Due to its unique lin-
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ear energy dispersion.!?”) (Dirac cone) and universal optical
conductivity 12?1 (¢? /4h), graphene become the most popular
plasmonic member!!®! among various Van der Waals materi-
als. Compared with conventional metal plasmonics, graphene
plasmons provide three advantages. First, graphene is a semi-
metal, whose carrier concentration is less than ~ 0.01 per
atom compared with the case of ~ 1 in gold. That is to
say, its plasmonic Drude weight can be effectively tuned by
electrical,>}) chemical,”"! or optical®> approach. Second,
the two-dimensional nature of graphene makes its plasmons
can be easily tuned?®! through avoiding the usual Coulomb
Screening effect. Third, graphene possesses very high charge
carrier mobility?’! ascribed to its low density of states and rel-
atively weak electron-phonon interaction. These advantages
constitute state-of-the-art graphene plasmonics. Recently, one
emerging near-field technique called scattering-type scanning
near-field optical microscopy (s-SNOM) directly observed
propagating graphene plasmons and reveal its gate-tunable
dispersion.[?32°] However, previous reports mainly paid atten-
tion to the propagating mode of graphene plasmons and did not
give unambiguous demonstration about localized mode, which
has higher nano-confining capability and stronger light—matter
interaction.

In this paper, we directly observe the in-situ transition
from propagating to localized plasmons in graphene stripe
with continuously changing width from 400 nm (Wgr, > 4;)
to 20 nm (Wga<A,). The nano-infrared images reveal that
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there are two kinds of localization, which are cavity mode
and dipole mode, respectively. The observed cavity mode
possesses higher near-field amplitude (~ twofold) and three-
dimensional volume confinement factor (~ 10°) compared
with propagating mode. Meanwhile, both cavity and dipole
mode can be effectively controlled through optical method.
The numerical simulations quantitatively agree well with ex-
perimental results. This work will stimulate more theoretical
study on localized graphene plasmons and open the way to
build graphene nano-resonator, which is important for the fu-
ture quantum devices and nano-manipulation of photons.

2. Nano-infrared imaging of propagating and lo-
calized graphene plasmons

Using s-SNOM system, we conduct the near-field opti-
cal measurements of graphene stripe with incident frequen-
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cies from 901 cm™! to 980 cm~!. The s-SNOM is based
on an AFM (atomic force microscopy) operating in the tap-
ping mode with 2 ~ 280 kHz and an amplitude of ~ 30 nm.
The metallic AFM tip confines the incident electric field into
nanoscale and compensate the momentum mismatch between
plasmons and free-space photons. The near-field signal is de-
modulated at a 4th harmonic in order to suppress background
scattering. We normalize measured signal with Si reference
sample as: s4(®) = s9 (o) /s5'(®). Here, s5 (0) and s3(w)
are the 4th demodulated near-field amplitude detected for Si
standard reference sample and graphene, respectively. The
graphene stripe is mechanically exfoliated from bulk graphite
and transferred to 285-nm-thick SiO,/Si substrate. The opti-
cal microscopy, AFM, and Raman spectrum are used to pick

up single-layer graphene stripe structure without defects.
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Fig. 1. (color online) Real-space optical imaging of graphene stripe. (a) AFM topography image of mechanically exfoliated graphene
stripe. The darker area corresponds to the SiO,/Si substrate. The outline of graphene is marked by blue dashed lines. (b) The

corresponding nano-infrared optical image of graphene stripe with incident frequency of 930 cm

~1. The outline of graphene is

marked by red dashed lines. The cavity mode and dipole mode are marked by white and green dashed circles, respectively. The scale
bar is 200 nm. (c) AFM line-profile obtained from the cyan dashed line in panel (a). The experimental topography data (black squares)
agrees well with Boltzmann fitting method. (d) Plasmonic line profile of cavity mode shown in panel (b). The experimental result
(black squares) is well fitted by Gaussian shape. (e) Plasmonic line profile of dipole mode shown in panel (b).

In Fig. 1, we show the representative nano-infrared im-
age of propagating and localized plasmons in graphene stripe.
The AFM topography map (Fig. 1(a)) shows smooth graphene
surface without wrinkles and defects. Figure 1(c) shows cor-
responding AFM line-profile along the cyan-dashed line in
Fig. 1(a) and indicates that the height of monolayer graphene

is ~ 0.8 nm. The near-field optical image (Fig. 1(b)) is col-
lected at a selected IR frequency of 930 cm ™!, which can ex-
cite the graphene plasmons on SiO,/Si substrate.!*”! Due to
the continuously changing width from ~ 400 nm to ~ 20 nm,
there is an in-situ transition from propagating mode to local-

ized mode in our graphene stripe. When the width of graphene
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(Wara) is much larger than plasmonic wavelength (A,), it is ex-
pected to observe the propagating plasmons, whose most dis-
tinct hallmark is the presence of fringes parallel to the edge
direction (Section one in Fig. 1(b)). The launched propagat-
ing wave spread radially outward from the AFM tip, reflect
back upon reaching the graphene edge and finally form in-
terference waves. Due to this method-intrinsic interference,
we can extract the plasmonic wavelength through stretching
twofold FWHM (full width at half maximum) of the domi-
nated plasmonic fringes (Fig. S1).13%1 When the Wg;, is sim-
ilar to the plasmonic wavelength (Section two in Fig. 1(b)),
graphene plasmons will produce cavity resonance in the nano-
resonator. If the Wg, continuously decreases and is much
smaller than the wavelength (Section three in Fig. 1(b)), the lo-
calized dipole mode occurs. The physical mechanism is given
in the Simulation parts in this manuscript. The correspond-
ing line profiles of cavity mode and dipole mode are shown in

mode 2 - 5
mode 2

-

wo =901 cm~! wp =930 cm~!

Figs. 1(d) and 1(e), respectively. In Fig. 1(d), the near-field
amplitude of cavity mode (s4(®) ~ 1.2) is twice stronger than
the conventional propagating mode (s4(®) ~ 0.5). The previ-
ous calculation!®! indicates that the out-of-plane confinement
of the graphene plasmon electric field is ~ 20 nm (Zjocq ). We
define the three-dimensional volume confinement factor as the
ratio between modal volume of free-space light (43) and op-
tical field volume of plasmons (Siocal X Ziocal). Here, the Siocal
is the in-plane area of localized plasmons. From Fig. 1(b),
we extract the Sjocq for cavity mode (white-dashed circle)
and dipole mode (green-dashed circle) are 2.5 x 10* nm? and
1.4 x 10* nm?, respectively. Hence, the volume confinement
factor of cavity mode and dipole mode are 2.5 x 10° and
4.4 x 10°, respectively. The experimental results show that the
localized modes possess strong light—matter interaction and
three-dimensional confining capability, which is inaccessible
for propagating plasmons (just two-dimensional confinement).

. mode 1

mode 2

wp =950 cm~! wp =980 cm~!

Fig. 2. (color online) The cavity mode and localized-dipole mode of graphene plasmons with different incident frequencies. (a)—(d) The near-
field amplitude of graphene plasmons with incident frequency of 901 cm~!, 930 cm™!, 950 cm™!, 980 cm™!, respectively. Here, mode 1 and
mode 2 represent cavity and dipole mode, respectively. The scale bar is 200 nm.

28291 the propagating

Based on theoretical prediction,[
graphene plasmons show dispersive behavior and their wave-
lengths decrease when the incident frequencies increase. Fig-
ure 2 shows the variation trend of both propagating and local-
ized modes when we change the incident frequency. Due to the
interaction between graphene plasmons and optical phonon
from SiO; substrate, the plasmonic amplitude becomes lower
when the incident frequency change to 980 cm~! (Fig. 2(d)).
As shown in Fig. S1, the plasmonic wavelength decreases
from 114.6 nm to 93.2 nm when the incident frequency in-
creases from 901 cm™! to 980 cm~!. This phenomenon can
be easily explained by dispersion relation of graphene plas-
mons. It is worth noting that the resonant widths of cavity
and dipole mode decrease when the incident frequency in-
creases, as shown by cyan and red dashed lines in Fig. 2.
The resonant widths of graphene stripe for cavity mode of
plasmons are 142.0 nm (Fig. 2(a)), 119.7 nm (Fig. 2(b)),
107.7 nm (Fig. 2(c)), 102.0 nm (Fig. 2(d)), respectively, when
the incident frequencies are 901 em~ !, 930 cm™, 950 cm ™!,

980 cm~!. Under the same incident frequency, the resonant
widths for dipole mode are 65.1 nm, 58.2 nm, 52.6 nm, and
43.0 nm. The resonant width of graphene plasmons is propor-
tional to its wavelength.[zs] As shown in Fig. S4, we extract
the resonant condition as Wgra/ lp ~ 1.17 for cavity mode and
Wara/Ap ~ 0.56 for dipole mode. The phenomenon in Fig. 2
indicates that the cavity and dipole mode of graphene plas-
mons are both easily tunable through optical method (incident
illumination), which is important for the future subwavelength
applications.

3. Simulation results and discussion

In order to study the physical mechanism of cavity reso-
nance and dipole mode, we conduct the numerical simulations
by the finite element method (FEM) using commercial soft-
ware package COMSOL in a wave optics module. When the
width of graphene decreases to a similar value of the plas-
monic wavelength (Wgr, ~ 4, ~ 100 nm), the propagating
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wave produces interference and resonant cavity mode. In or-
der to launch the graphene plasmons, we set a vertically ori-
ented electric point dipole 30 nm above graphene sample (in-
set in Fig. 3(a)), which is similar to the distance between tip
and sample in the experimental measurement. In the model,
graphene is set as a surface current layer with / = oE, where
o is the local conductivity of graphene. The o is given by

Random phase approximation (RPA) as follows: [23-2%]
2Ep i &2
o(g—0,0) = —— 4+ — |0 (hw — 2E;
a—0.0) = SE s 0o 260)
i hw —2Ef
—1 —_— . 1
+ﬂ0g< hw+ 2Er ﬂ M

Here,  is the incident frequency and EF is the absolute value
of Fermi level of graphene. The 7 is reduced Planck Con-
stant. The first and second terms of Eq. (1) describe the con-
ductivity for the intraband and interband process, respectively.
The maximum excitation photon energy in our experiments is
~ 0.12 eV, which is much smaller than interband transition en-
ergy (2Er ~ 0.4 eV). Hence, we neglect the interband transi-
tion and simplify the conductivity with Drude approximation,

€2E]: i (2)
TR o+t
—80 nm —140 nm
a
( ) VK 90 nm — 150 nm
dipole\{§ grapheng —100 nm — 160 nm

—110 nm —170 nm

120 nm —180 nm
— 130 nm

Normalized near-field amplitude

—-50 0 50

Position/nm

—100 100

In the simulation, we set the Fermi level as 0.2 eV, which is ex-
perimentally extracted from Raman measurements (Fig. S2).
We record the normalized |E| (absolute value of electric field)
inside the graphene resonator. In Fig. 3(a), we show the rep-
resentative simulation of near-field amplitude under the inci-
dent frequency of 930 cm™!. It is observed that the plasmonic
amplitude in the resonator center (purple area in Fig. 3(a))
changes when we control the widths of graphene. The reso-
nant width for wp = 930 cm™! is about 120 nm, with max-
imum amplitude. In Fig. 3(b), we summarize the calculated
central near-field intensity under different incident frequencies
and graphene widths, shown as background color. It is ob-
served that the resonant Wg;, has a decreasing trend when the
incident frequency increase from 900 cm~! to 980 cm™!. The
corresponding widths are 130 nm=£10 nm and 100 nm=£8 nm
for the incident wavenumber of 901 cm~! and 980 cm™!, re-
spectively. The discrete points show the extracted experimen-
tal resonant widths of graphene from Fig. 2. The agreement
between numerical simulation and near-field measurement in-
dicate that we observe the cavity resonance of propagating

graphene plasmons.
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Fig. 3. (color online) Corresponding width of graphene for cavity resonance mode. (a) The calculated near-field amplitude in graphene
resonator with different widths under the incident frequency of 930 cm~!. The schematic of simulation model is shown in inset. We record the
amplitude in the center of graphene (shown as purple area). (b) Numerically simulated amplitude in the graphene center for different widths and
incident frequencies (background color). The discrete dots show the experimental Wg;, for cavity modes extracted from Fig. 2. The consistency
between experimental results and numerical simulations indicate that we observe and control the cavity mode of graphene plasmons.

When we further decrease the width of graphene (Wg;a <
Ap), the localized mode of graphene plasmons is excited. Sim-
ilar to metallic plasmonics, scattering spectrum is the most
powerful tool to characterize the optical property of localized
plasmons, including dipole, quadrupole, and even other multi-
pole modes. In order to simulate the scattering cross section,
we calculate the energy dissipation of external electric field
around graphene nanoribbon. The scattering cross section can
be expressed by[3!]

1
Gscazf//npds,
0

where n is the normal vector pointing out to the graphene sur-

face, P is the Poynting vector, and Iy is input intensity. In
Fig. 4, the dashed lines show calculated scattering spectrum
of graphene with incident frequencies of 901 cm™! (black),
930 cm™! (red), 950 cm~! (green), and 980 cm™! (blue), re-
spectively. All scattering spectra show an individual dipolar
resonance peak when the Wg,, change from 20 nm to 160 nm.
Experimentally, we extract the Wg, for dipole mode from
Fig. 2, which is shown in Fig. 4 as solid lines. The agree-
ment between calculated spectra and experimental results with
all incident frequencies indicates that we actually observe the

localized dipole mode of graphene plasmons.
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Fig. 4. (color online) Calculated scattering spectrum of graphene. The
dashed lines represent calculated spectrum with incident frequencies of
901 cm™! (black), 930 cm™! (red), 950 cm™! (green), and 980 cm™!
(blue), respectively. The solid lines are experimental Wgy, for dipole
modes extracted from Fig. 2.

4. Conclusions

In this manuscript, we conduct the in-situ nano-infrared
imaging of plasmonic transition from propagating, cavity
mode and finally localized dipole mode in graphene stripe with
continuously changing width. When the width of graphene
is similar with plasmonic wavelength (Wg;, ~ lp ~ 100 nm),
we observe the cavity resonant phenomenon, with enhanced
near-field amplitude (~ twofold) and high-volume confining
ability (~ 2.5 x 10°). The localized dipole mode is excited
if the width further decreases much smaller than the wave-
length (Wgra < A;). Both cavity mode and dipole mode can
be effectively tuned through optical method. The numerical
simulations agree well with experimental measurements. Our
findings represent an efficient tool for studying the localized
graphene plasmons and stimulate further theoretical work of
localization in polaritonics field.
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