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Plasmons in graphene nanoresonators have many potential
applications in photonics and optoelectronics, including room-
temperature infrared and terahertz photodetectors, sensors,
reflect arrays or modulators1–7. The development of efficient
devices will critically depend on precise knowledge and
control of the plasmonic modes. Here, we use near-field
microscopy8–11 between λ0 = 10–12 μm to excite and image plas-
mons in tailored disk and rectangular graphene nanoresonators,
and observe a rich variety of coexisting Fabry–Perot modes.
Disentangling them by a theoretical analysis allows the identi-
fication of sheet and edge plasmons, the latter exhibiting mode
volumes as small as 10−8λ0

3. By measuring the dispersion of the
edge plasmons we corroborate their superior confinement
compared with sheet plasmons, which among others could be
applied for efficient 1D coupling of quantum emitters12. Our
understanding of graphene plasmon images is a key to unpre-
cedented in-depth analysis and verification of plasmonic
functionalities in future flatland technologies.

At infrared and terahertz frequencies doped graphene can
support electrically tunable graphene plasmons (GPs)—electromag-
netic fields coupled to charge carrier oscillations—with extremely
short wavelengths and large confinement13–17. For that reason, gra-
phene shows great potential for controlling radiation on the nano-
metre scale18, which benefits the development of highly sensitive
spectroscopy3 and detection19–21 applications. The electromagnetic
field concentration achieved by GPs can be further enhanced by fab-
ricating nanostructures that act as Fabry–Perot resonators for GPs
(for example disks or ribbons)1,2,6,7,22, favouring strong absorption
in arrays of the resonators (up to 40%)7. Until now localized plasmo-
nic modes in graphene ribbons and disks have mainly been analysed
experimentally by far-field spectroscopy1,2,6,7,22, however, neither the
mode structure nor the unique plasmonic edge modes are accessible
with this technique. A comprehensive experimental characterization
of graphene plasmonic nanoresonators and their sheet and edge
modes has thus been not achieved yet. On the other hand, plasmonic
edge modes have been shown to propagate along the sharp edges of
gold films, graphene and two-dimensional (2D) electron gases11,23–28

and to provide stronger confinement of the electromagnetic fields
compared with sheet plasmons.

Here we image and analyse the near-field structure of both plas-
monic sheet and edge modes in graphene disks and rectangular
nanoresonators. We employ scattering-type scanning near-field
optical microscopy (s-SNOM), which is currently the only available
tool for real-space imaging of the propagation and confinement
characteristics of GPs8–11,29. The lack of a detailed understanding
of graphene plasmonic s-SNOM contrasts, however, has so far

prevented a comprehensive analysis of plasmon modes in graphene
nanostructures. We tackled this problem with 3D numerical
simulations, revealing that puzzling negative plasmonic s-SNOM
contrasts8–10 are governed by a spatially varying Fano-like interfer-
ence between the near field of the probing tip and the GPs. This
finding enables us to disentangle the rich variety of coexisting
Fabry–Perot modes, allowing the edge and sheet modes to be
identified, as well as separated either spatially or spectrally.

Figure 1a illustrates s-SNOM imaging of localized GPs. A metal
tip is used as a near-field probe. It concentrates the incident field to a
nanoscale spot at the tip apex, providing the necessary momentum
to excite GPs in a graphene nanoresonator. Interaction of the reso-
nating GP field with the tip modifies the tip scattered field.
Recording the magnitude of this field as a function of the tip position
thus yields real-space near-field images |Es(x,y)| (see Methods).

For identifying plasmon modes and resonances, we imaged a set
of disks with a diameter d increasing from 50 to 450 nm, tailored
to exhibit GP resonances at the two illumination wavelengths
λ0,1 = 11.06 μm and λ0,2 = 11.31 μm (Fig. 1c). For both wavelengths
we observe several significant near-field features: a bright ring and a
dark centre for the small disks (50 to 75 nm), a dark ring and a
bright centre for medium sized disks (150 to 200 nm) and a dark
centre for disks with a diameter around 350 nm. To better under-
stand the experimental near-field images, we plot the near-field
signal |Es| at two fixed tip positions (the centre and edge of the
disks) as a function of d (Fig. 1g,h). In the disk centre, we find
strong peaks around d = 200 nm, providing clear evidence of a GP
resonance (Fig. 1g). A resonance behaviour is also found at the
edge (Fig. 1h), but the peaks emerge at much smaller disk diameters
(around d = 75 nm), indicating that a different plasmonic mode is
excited. The peaks shift to larger disk sizes when the illumination
wavelength is increased from λ0,1 to λ0,2, which is a typical charac-
teristic for plasmon excitations1,7. These results show that the near-
field images of the disks comprise the position-dependent excitation
of different plasmonic modes, which challenges the interpretation of
the observed GP patterns.

We analyse the near-field images with the help of numerical elec-
tromagnetic calculations (for details see Methods and Supplementary
Section A). We approximate the illuminated tip with a dipole source
above the graphene disk located on a substrate (Fig. 1b). By plotting
the near field (NF) below the dipole as a function of its position, we
obtain simulated near-field images, |Ez(x,y)| (Fig. 1d), that are in
excellent agreement with |Es(x,y)| (Fig. 1c). A good agreement is
also found between the experimental and calculated resonance
peaks when the tip and the dipole, respectively, are located in the
disk centre (Fig. 1g,i). When the dipole is located at the disk edges,
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the model yields a strong peak (e1) for small diameters (Fig. 1j),
which is also clearly seen in the experiment (Fig. 1h). The higher-
order resonances seen in the simulations (e2, e3 in Fig. 1j) do not
appear in the experiment (Fig. 1h), which we attribute to the
limited number of data points and signal-to-noise ratio. Having
established its validity, we can apply the model to reliably connect
the near-field image contrasts with the various GP modes.

To recognize the individual GP modes, we calculated the spatial
near-field distribution above selected graphene disks for different
fixed dipole positions (Fig. 1f). When the dipole (position marked
by a green dot) is located at the centre of one of the brightest disks
(d = 250 nm), we clearly recognize a circularly symmetric breathing
mode (c1 in Fig. 1f) that can be assigned to the strong resonance
peak in Fig. 1g,i. In contrast, a completely different plasmon mode
appears when the dipole is located at the edge of the same disk (e3,
Fig. 1f): the field oscillations are strongly confined to the edge and

propagate along it, obviously revealing an edge mode.
Perpendicular to the edge, the fields decay by a factor of 1/e at a dis-
tance of λe/2π = 30 nm= λ0/370, where λe = 190 nm is the wavelength
of the edge plasmons. With decreasing diameter, the number of the
field oscillations decreases (e1, e2). Around d = 100 nm, the edge
mode transforms into the fundamental dipolar mode (e1), resulting
in the resonance peak at d = 75 nm (Fig. 1h,j) and a bright ring dec-
orating the graphene edge that can be seen in both experiment and
simulation (Fig. 1c,d). These results provide direct evidence that the
tip can efficiently excite and probe both plasmonic sheet and edge
modes in graphene nanoresonators.

Surprisingly, we find in both experiment and theory that the disk
edge appears darker than the substrate for all diameters d > 100
(referred to as negative near-field contrast), although edge plasmons
are excited (see e4 in Fig. 1f for an example). Similarly, the excitation
of the breathing mode (c1, Fig. 1f) yields negative contrasts for disk
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Figure 1 | GP modes in graphene disk nanoresonators on an SiO2 substrate. a,b, Schematics of the experiment (a) and simulation model (b).
c,d, Experimental (c) and simulated (d) near-field images at the wavelengths λ0,1 = 11.06 μm and λ0,2 = 11.31 μm. e, Schematics illustrating the constructive
and destructive interference of the dipole’s near field (Esub) and the GP field (EGP), respectively, yielding the peak c1 in i, and peak e2 in j. f, Near-field
distributions 15 nm above the graphene disks induced by the dipole located at either the centre (denoted by c1, c2) or the edge (denoted by e1, e2, e3 and
e4). The dipole locations are marked by green dots. They correspond to the modes c1, c2 and e1–e4 marked by black dots in i and j. g–j, Measured and
calculated near-field magnitude in the disk centre and at the edge for λ0,1 and λ0,2. Simulations assume EF = 0.33 eV and τ =0.1 ps.
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diameters larger than 300 nm (that is, the disk centre is darker than
the substrate). Considering that the tip-induced GP excitation in the
nanoresonators is a resonant process, we can assume that Ez,GP is
phase-shifted compared with the dipole’s near field above the sub-
strate, Ez,sub. This phase shift depends on the disk size relative to
the resonant disk size, and can lead to constructive or destructive
interference, yielding positive or negative near-field contrast, respect-
ively. To corroborate the phase shift and interference effects, we calcu-
lated both Ez,sub and Ez,GP (see Supplementary Section A). The results
obtained for both e2 and c1 modes are illustrated (for clarity, not
quantitatively) in the complex plane (Fig. 1e). We find that small
phase shifts between Ez,sub and Ez,GP (breathing mode c1, upper
panel of Fig. 1e) increase the amplitude (length of the arrows) of
the total near field above graphene, Ez = Ez,sub + Ez,GP. Conversely,
for strong phase shifts (edge mode e2, lower panel of Fig. 1e) the
total near-field amplitude is reduced, which shows that interference
of Ez,sub and Ez,GP can make plasmon patterns appear in negative
contrast in the near-field images. This effect can be interpreted as a
Fano-like resonance30, where a non-resonant scattering process
(Ez,sub) interferes with a resonant scattering process (Ez,GP). The
Fano-like resonance can be appreciated by the asymmetric line
shapes in Fig. 1g,i. On the basis of this new understanding of the
GP near-field contrasts, we are able to properly recognize the specific
GPs modes comprising the near-field images. More specifically, our
analysis explains that the edges of large graphene flakes can appear
dark in near-field images (as experimentally observed in Fig. 1c and
in refs 8–10) owing to the excitation of edge modes and their

destructive interference with the dipole’s near field (Supplementary
Fig. 1b in Supplementary Section A).

We further studied GP modes in graphene rectangles, constituting
another canonical and important plasmonic resonator structure31. The
experimental near-field images, |Es|, for three rectangles of different
widths w but approximately equal lengths (400 nm) are shown in
Fig. 2a–c (top right), all recorded at λ0 = 11.31 μm. We observe a
rich variety of bright and dark features, including black dots decorating
the edges, that are well reproduced by simulations (Fig. 2a–c, middle
right, |Ez|) based on the model described above. We analyse the
near-field images by calculating the near field below the dipole as a
function of λ0 for different dipole positions (marked by green dots
and labeled A–F in Fig. 2). In the resulting spectra (Fig. 2d–f) we
find several peaks close to the imaging wavelength (λ0, marked by ver-
tical lines in Fig. 2d–f), indicating the resonant excitation of different
GPmodes. Because of their spectral overlap, the monochromatic near-
field images exhibit complex GP interference patterns. As before in
Fig. 1, the asymmetric line shape of the peaks can be explained by
the Fano-like interference between the tip-induced GPs, Ez,GP, and
the field below the dipole, Ez,sub (see discussion above).

For identifying the GP modes and recognizing them within the
near-field images, we calculated the spatial near-field distributions
above the resonators that are generated by the dipole located at pos-
itions A–F. To isolate the modes, the calculations were performed at
the individual peak wavelengths. The near-field distributions
(labelled w1, s1–s3 and e1–e4 in Fig. 2) clearly reveal the typical
pattern of fundamental and higher-order resonator modes. Similar
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Figure 2 | GP modes in rectangular graphene nanoresonators on a 5-nm-thick SiO2 film on a CaF2 substrate. a–c, Topography (top left), experimental
near-field image (|Es|, top right), calculated near-field image (|Ez|, middle right) and calculated near-field distributions when the dipole is placed at positions
marked by green dot for different resonator sizes: 394 × 73 nm (a), 360 × 180 nm (b) and 400× 450 nm (c). λ0 = 11.31 μm (marked by the vertical green
line in d–f). w1 marks the fundamental waveguiding mode, s1–s3 mark the first-order to third-order transversal sheet mode and e1–e4 mark the first-order to
fourth-order edge modes. d–f, Corresponding near-field spectra calculated at the points A–F (marked by green dots in the near-field distributions) for the
resonators shown in a–c. To provide the closest match between the experimental and simulated near-field images we used Fermi energies of EF = 0.30 eV
(a,d), EF = 0.28 eV (b,e) and EF = 0.31 eV (c,f). Relaxation time τ =0.1 ps.
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to the disk resonators, we find direct evidence for sheet modes (s1–s3),
edge modes (e1–e4) and the fundamental waveguiding mode w1 (the
numbers indicate the order of the mode).

In the near-field images |Ez| of the large resonators (Fig. 2b,c) we
recognize the edge modes as rows of black dots decorating the edges.
Indeed, comparison with the edge mode patterns (near-field distri-
butions e3 and e4 in Fig. 2a) shows that the near-field maxima and
minima in e3 and e4 agree well with the black dots in |Ez| (see
dashed green lines). We explain the appearance of the black dots
(near-field signal oscillations revealing a standing wave pattern)
by Fabry–Perot resonances of edge modes being launched by the
tip and reflected at the corners of the graphene rectangles.

The smallest low-energy GP mode is found at the termination of
the thin nanoresonator shown in Fig. 2a. It corresponds to the fun-
damental dipolar edge-plasmon resonance (near-field distribution
e1 in Fig. 2a). In the near-field images it manifests as a bowtie-
like bright pattern close to the resonator termination. The length
of the resonant linear dipole is given by the ribbon width and is
only w = 70 nm. This results in a deep subwavelength-scale field
confinement of better than λ0/160 in all three dimensions, yielding
an ultra-small mode volume of the order of 10−8λ30.

A particularly interesting near-field distribution (w1 in Fig. 2a) is
found when the tip dipole is placed at the centre (D) of the thinnest
rectangle (Fig. 2a, middle left). The mode homogeneously extends
over the whole resonator width. We explain it by the hybridization
of the opposing edge modes e3 (Fig. 2b,c), which spatially overlap
when the resonator width becomes smaller than the diameter of
the edge modes24. In the calculated and experimental near-field
images (Fig. 2a, middle right and top right) we recognize this
mode by the row of black dots along the centre of the rectangle.
Note that the w1 mode corresponds to the fundamental waveguide
mode in graphene ribbons with widths w < λp/2, which can be seen,
for the first time, in an experimental image (Fig. 2a, top right). This

sub-λp waveguiding mode could be exploited for the future develop-
ment of extremely compact subwavelength-scale graphene-plasmo-
nic circuits, such as plasmon interferometers, for sensing and
modulator applications.

Besides GP edge modes, we also recognize sheet modes. The
transversal fundamental dipolar sheet mode (near-field distribution
s1 in Fig. 2a) is recognized in the near-field images of the narrowest
rectangle (Fig. 2a). Similar to the near-field images of the smallest
disk resonators (Fig. 1b,d), the fundamental dipolar resonance
makes the graphene edges appear bright (positive contrast), indicat-
ing that the phase shift between the fundamental dipolar GP sheet
mode s1 and the tip–substrate near-field interaction is small. With
increasing resonator width we observe the evolution to the
higher-order sheet modes (near-field distributions s2 and s3),
which manifest as bright fringes in the near-field images.

We finally aimed to measure the wavelength and dispersion of the
GP edge modes in comparison to sheet modes. For that reason, we
study in Fig. 3 a large graphene structure (near-field image shown
in Fig. 3a), the size of which exceeds the GP propagation length,
thus avoiding Fabry–Perot resonances and sophisticated full spectral
analysis28. We find that the edge GPs launched by the tip predomi-
nately reflect at the corner, manifesting in the near-field image as a
black dot located exactly at the corner (Fig. 3a, Fig. 2a–c and
Supplementary Section B)11. This reflection yields interference pat-
terns in the near-field profiles (dashed curves in Fig. 3b, extracted
along the dashed white line in Fig. 3a) similar to those of the sheet
plasmons (solid curves in Fig. 3b, extracted along the solid vertical
white line in Fig. 3a). Interestingly, the distance Δe between the two
first minima of the edge profile is shorter than the distance Δs observed
in the sheet profile, indicating that the wavelength of edge plasmons is
shorter than that of sheet plasmons. Although both Δe and Δs decrease
for shorter illumination wavelengths λ0, their ratio is constant for all λ0
(symbols in Fig. 3c), in agreement with the quasi-static analytical
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approximation for the edge plasmon dispersion in 2D electron gas23.
For quantifying the wavelength of the edge plasmons, λe = λpΔe/Δs,
we measure the wavelength of the sheet plasmons, λp, according to pre-
vious works8,9. To that end, we measure the distance between the
second and third signal maxima of the sheet profiles, yielding λp/2
(as indicated in Fig. 3a,b). The wavelengths obtained for sheet and
edge plasmons are summarized in Fig. 3f (red and blue symbols,
respectively). A good agreement with theory (solid lines in Fig. 3f, cal-
culated with the help of the mode analysis) is found for a Fermi energy
EF = 0.33 eV and a relaxation time τ = 0.1 ps, verifying that with our
samples the wavelength scaling of edge plasmons equals that of sheet
plasmons. On the other hand, the wavelength of edge plasmons is
shorter by a factor of about 1.25, providing a superior field confinement
(∼λp/2.5π in all directions perpendicular to the edge) compared to
sheet plasmons (∼λp/2π, only in the vertical direction). We finally cor-
roborate and illustrate our results by calculating the distribution of the
near field above the graphene, which is generated when a dipole is
placed above the corner (marked by the green dot). The near-field dis-
tribution confirms that the wavelength of edge plasmons is shorter
than that of sheet plasmons (Fig. 3e). We further find an excellent
agreement between the calculated (Fig. 3d, employing the model
described above) and experimental (Fig. 3a) near-field images, particu-
larly confirming that the black dot at the corner is due to interference
of edge plasmons launched by the tip.

In conclusion, real-space imaging and in-depth analysis of res-
onant GP modes in nanopatterned graphene structures has revealed
a rich variety of plasmon modes that can be categorized as sheet and
edge modes. It enabled the observation of ultra-confined resonating
edge modes with mode volumes as small as 10−8λ30. We anticipate
that real-space analysis of GPs could be of great benefit for the devel-
opment and quality control of emerging graphene plasmonic tech-
nologies, particularly when new design concepts and 2D material
heterostructures have to be tested and verified. Further, we believe
that the developed understanding of graphene plasmonic near-
field contrasts is broadly applicable to other 2D materials. Near-
field microscopy could be applied for exploring polariton edge
modes in thin films of van der Waals crystals, plasmons in nanopat-
terned topological insulators, non-reciprocal 1D plasmons32,33 or
plasmons and phonons in mid-infrared and terahertz detectors
based on 2D materials and heterostructures, among others.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Fabrication of graphene resonators.Monolayer graphene samples were grown on a
25-µm-thick copper foil (Cu) catalyst surface within a 4″ chemical vapour
deposition (CVD) reactor AIXTRON BM and then transferred onto two different
substrates: commercial Si/SiO2 (300-nm-thick) and CaF2 onto which a 5-nm-thick-
SiO2 layer was sputtered before graphene transfer. Then graphene resonators of
different shapes and sizes were patterned via high-resolution electron beam
lithography using a thin PMMA layer, followed by a soft Ar-ion milling for 5 s and
resist removal in acetone. See also Supplementary Section C.

Near-field microscopy. Our commercially available s-SNOM (Neaspec, Munich)
is based on an atomic force microscope (AFM). The vertically oscillating tip
(Ω = 250 kHz, NCSTPt, Nanosensors, Switzerland) acts as a scattering near-field
probe. The oscillation amplitude was about 100 nm. P-polarized infrared light from
a grating tunable CO2 laser was focused via a parabolic mirror onto both the tip and
sample at an angle of 60° to the surface normal. The tip-scattered light of field Es was
recorded with a pseudo-heterodyne interferometer29. To suppress the background
scattering from the tip shaft and sample, the detector signal was demodulated at a
frequency 3Ω. With this technique we recorded both the amplitude and phase of Es.
All figures show the magnitude of Es.

Simulation model. The numerical calculations were done using the finite boundary
elements method (Comsol). The graphene was modelled as a homogenous 2D
conducting layer with the conductivity given by the random-phase approximation13–17.
The conductivity jumps abruptly to zero at the graphene edge, thus breaking the
translation symmetry. We completely neglect contributions from modifications of the
electronic spectrum associated with the edge (for example, the electronic edge states
and electrostatic effects). This treatment is justified because of the large Fermi energy,
yielding large plasmon wavelengths (in the hundred nanometre range) compared with
the localization length of electronic edge states (less than one nanometre). The edge
plasmons are thus electromagnetic modes based exclusively on collective carrier
oscillations. They are confined to the edge, owing to the broken translation symmetry of
the conducting 2D sheet. Because of their strong confinement, the edge plasmons
exhibit higher momenta than sheet plasmons. Consequently, the dispersions of edge
and sheet plasmons are well separated from each other.

The tip was modelled by a vertically (z-) oriented point dipole source to take
into account that the experimental tip is an elongated pyramid oriented
perpendicular (vertical) to the sample and is illuminated by p-polarized light.
Note that the scattering of such a tip can be approximated by an effective dipole of
vertical orientation. The scattering of a vertical dipole is proportional to the
z component of the electric field below the dipole (note that horizontal fields
do not couple to the vertically oriented dipole). We thus simulated the near-field
images by calculating the vertical component of the near field below the dipole
as a function of the dipole position, scanning the dipole parallel to the
substrate above the graphene resonators. This approach is significantly different
from previous simulations, where the local density of optical states was
calculated8. We take into account the phase of the near fields. We are thus able to
reproduce both the negative and positive contrast features observed in the
experimental near-field images, which have been observed previously but not
explained until now.

In the calculations of Fig. 2 we had to vary the Fermi energy in the calculations
slightly (EF = 0.30 eV in Fig. 2a, EF = 0.28 eV in Fig. 2b and EF = 0.31 eV in Fig. 2c) to
obtain the best agreement with the experimental and calculated near-field images,
|Es| and |Ez|, respectively. We explain this need by an inhomogeneous spatial doping
of the graphene sheet.

For calculations of the spectra in Fig. 2d–f, the dipole was placed at a fixed
position above the resonator, and the near field below the dipole was calculated as a
function of λ0. The spatial near-field distribution of the modes in Fig. 2 were
obtained at the following wavelengths λ0: Fig. 2a: e1 at 11.08 μm, w1 at 11.64 μm, s1
at 10.44 μm; Fig. 2b: e2 at 11.31 μm, e3 at 11.80 μm, s2 at 10.56 μm; Fig. 2c: e4 at
11.32 μm, e3 11.92 μm, s3 at 11.12 μm. They correspond to the peak values found in
the spectra of the GP field, obtained by calculating Ez,GP = Ez–Ez,sub. For further
details see Supplementary Section A.

We note that the excitation of edge modes by the dipole source can yield
plasmon fields inside the resonators, as can be seen for example in the near-field
distributions e3 and e4 in Fig. 2c. One explanation for this observation could be the
direct coupling of the dipole fields to sheet modes, owing the partial spatial and
spectral overlap of edge and sheet modes. Another explanation could be the
scattering of edge modes at the corners of the resonators, providing the necessary
momentum for coupling edge and sheet modes.
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