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Fig. 1. Schematic of near-field optics. (a) Comparison between far-field and near-field optics. The point spread function in far-field

optics is determined by the diffraction limit, while the spatial resolution in near-field optics is determined by the size of probe.

(b) Explanation of breaking the diffraction limit in near-field optics based on uncertainty principle.
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Fig. 2. Comparison of four classical sub-wavelength approaches, including photon emission electron microscopy (PEEM), cathode-

luminescence spectroscopy (CL), electron energy loss spectroscopy (EELS), and scanning near-field optical microscopy (SNOM).
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Fig. 3. Experimental scheme of SNOM: (a) The illumina-
tion scheme of a-SNOM; (b) the illumination scheme of

s-SNOM.
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Fig. 4. The influence of AFM tip in near-field measurement:
(a) Topography and near-field amplitude of a gold nanod-
isk obtained by carbon nanotube (CNT) tip and Pt-coated
Si tipl*7, the scale bar is 100 nm; (b) the numerical simula-
tion of local electric field between AFM tip and substrate.
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Fig. 5. Polaritons in low-dimensional materials. Polaritons are collective excitation from coupling photons with other quasiparticles,

such as plasmons in electron-rich systems, infrared-active phonons in polar insulators, excitons in semiconductors, cooper-pairs in

superconductors, spin resonances in (anti)-ferromagnets and hybrids in heterostructures.
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Fig. 6. Surface plasmon polaritons in monolayer graphene: (a) Near-field spectroscopic measurement and theoretically calculated dis-
persion of Dirac plasmons in monolayer graphenel®; (b) s-SNOM scheme (upper), experimental amplitude of graphene plasmons
(middle) and calculated local density of optical states (bottom)®, the incident wavelength is 9.7 pm; (c) nano-image of graphene
plasmons launched by gold antenna under liquid-nitrogen temperature, the incident wavelength is 11.28 pm(™); (d) plasmonic hot-
spots inside graphene nanobubbles on boron nitride substratel™], the incident frequency is 910 cm!; (e) asymmetric plasmonic
fringes induced by superposition of propagating and localized modes in graphene nanoribbons!™, the incident frequency is 1184 cm!;
(f) experimental (left) and calculated (right) near-field amplitude of graphene rectangle resonators, representing 1D edge mode and
2D sheet mode™, the incident wavelength is 11.31 pm; (g) edge plasmons at the top boundary of graphene nanoribbons!™, the in-

cident frequency is 1160 cm . Scale bars in all panels represent 200 nm, except for 1 pm in (c).
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Fig. 7. Plasmon polaritons in bilayer graphene: (a) Left panel: experimental measurement of voltage-dependent plasmonic
wavelength in monolayer (SLG) and bilayer (BLG) graphene. Right panel: Theoretical calculation of voltage- and frequency-de-
pendent imaginary part of the optical conductivity. The double-headed arrows indicate plasmon-off region of bilayer graphenel™;
(b) near-field study of interaction between plasmons and intrinsic phonons in highly doped double-layer (left) and bilayer graphene
(right)". The dispersed symbols represent experimental data and background color indicates the imaginary part of the calculated
Fresnel reflection coefficient. Inset: representative near-field images of graphene plasmons and corresponding symmetry of phonon-
induced charge densities.
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Fig. 8. The applications of graphene plasmons: (a) Phase control of infrared light by gate-tunable graphene plasmons/™

. Upper pan-

el: schematic of experimental configuration. Bottom panel: Theoretical (solid lines) and experimental (dispersed circles) phase shift,

which can be changed from 0 to 2m; (b) hybridized polaritons in graphene/hBN heterostructures™. Upper panel: With monolayer

graphene, both amplitude and wavelength of phonon polaritons in pristine hBN increase. Bottom panel: The gate-tunable hyperbol-

ic phonon-plasmon polaritons (HP?) in graphene/hBN and un-tunable hyperbolic phonon polaritons (HP?) in hBN. The incident fre-

quency is 1495 cm!. Scale bar, 300 nm.
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Fig. 9. Hyperbolic phonon polaritons (HPPs) in boron nitride: (a) Hyperbolic behavior of natural hBN crystal, which gives two sep-
arate spectral bands called lower and upper Reststrahlen bands with opposite-signed in-plane (e / /) and out-of-plane (e ) dielec-
tric permittivity™), the corresponding hyperboloid-type dispersion of polaritons is shown in left (type 1) and right (type 2) panels;
(b) nano-infrared images of HPPs in a tapered hBN crystall®. The incident frequency is 1550 cm!, scale bar, 800 nm; (c) in-plane
hyperbolic phonon polaritons in nano-patterning boron nitride crystall®®), left panel: near-field image of concave wavefront of phon-
on polaritons in boron nitride metasurfaces, right panel: schematic of the experiment; (d) volume-confined polaritons (M0) and sur-
face polaritons (SMO) near the edge of hBN crystal®l, the incident frequency is 1420 cm . Scale bar, 2 pm; (e) manipulation of hy-
perbolic surface polaritons with corner angle of hBN crystals®. Left panel: representative near-field image with crystal angle of
120°. Right panel: simulated reflected (R), transmitted (T) and scattered (S) fractions of polaritons as a function of crystal angles.
Red squares are experimental data.
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Fig. 10. The applications of hyperbolic phonon polaritons:
(a) Near-field imaging and nano-focusing realized by hBN-
HPPs?2. Upper panel: simulated perfect imaging (wy="761cm 1)
and enlarged imaging (wy = 778.2 cm ') of gold nanodisk
beneath the hBN crystal. Bottom panel: experimental nano-
infrared images of gold nanodisk beneath hBN with the
broadband incident laser; (b) sub-wavelength focusing of
mid-infrared light through an hBN crystal®l. Left panel:
AFM image of gold disks on SiO,/Si substrate before hBN
transfer. Right panel: near-field amplitude on the top of
hBN crystal with incident frequency at 1515 c¢cm™. Scale
bar, 1 pm; (c) linear hBN dielectric antenna with different
lengths, 1327 nm in upper panel and 1713 nm in bottom
panel. The incident frequency is 1432 cm L.
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Fig. 11. Near-field studies of exciton polaritons in semiconductors: (a) Representative near-field image of a WSe, flake, whose edges

are marked by white dashed lines!l; (b) near-field image of exciton polaritons in planar MoSe, waveguide at laser energy of

1.41 eVP7. Scale bar is 1 pm.
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Fig. 12. Polaritons in van der Waals heterostructures: (a) Near-field image of low-loss graphene plasmons in hBN/Graphene/hBN

heterostructures®. Upper panel: Side-view sketch of near-field measurement of back-gate graphene encapsulated by hBN layers.

Bottom panel: representative near-field image with incident wavelength at 10.6 pm. The graphene edge is marked as black dashed

line. (b) Hybridized plasmon-phonon polaritons in graphene/hBN heterostructures®. Upper panel: experimentally extracted

wavelength of plasmon-phonon polaritons. Bottom panel: representative near-field images of polaritons. The graphene edge is

marked by red dashed lines. The incident frequency is 950 cm™ and 970 cm, respectively. Scale bar is 500 nm.
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Fig. 13. Ultrafast near-field optics. (a) The experimentally extracted propagation of type-1 HPPs in the space-time domain/'”l. The
yellow region represents the gold antenna launching polaritons. The inset shows zoom into the fringe patterns. Right panel: the line
profiles for different time delays. The black and green solid lines show the envelope of the fringe patterns (group velocity) and in-
trinsic fringe patterns (phase velocity), respectively. (b) Near-infrared (NIR) pump-induced changes in the near-field amplitude of
graphene for different pump-probe time delays(!). The pump and probe lasers are 1.56 pm and broadband mid-infrared pulses, re-
spectively. The dark region in near-field images represents SiO, substrate. Different optical contrast is caused by different layered
graphene. Scale bar, 1 pm. (c) Ultrafast controlling of photo-induced plasmon polaritons in graphene encapsulated by two hBN lay-
ers'", Left panel: the schematic of pump-probe s-SNOM set-up. Right panel: the two-dimensional hyperspectral map of photo-in-
duced plasmons in hBN/graphene/hBN device. The black solid line gives the edge of device. The pump laser is at 1.56 pm. The

probe beam spans frequencies from 830-1000 cm .
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Fig. 14. Development in near-field optics. (a) Chemical identification of nanoscale sample contaminations with nano-FTIR, which is
combination of s-SNOM and Fourier transform infrared spectrum (FTIR)!'!. Left panel: Topography image of poly-(methyl
methacrylate) thin film (PMMA, marked as A on silicon substrate, with a contaminated particle of polydimethylsiloxane (PDMS,
marked as B. Right panel: corresponding absorption spectra of PMMA (taken from spot A) and PDMS (taken from spot B).
(b) Near-field imaging of plasmonic wavefront launched by gold antenna, instead of AFM tipl''?. Upper panel: AFM topography im-
ages of fabricated gold antenna. Bottom panel: representative near-field image of plasmonic wavefront with incident wavelength at

11.06 pm. (c) Near-field imaging of wavefront of hBN-HPPs launched by gold antennal''’l. The brighter region represents gold an-

tenna, encapsulated between hBN and SiO, substrate. Scale bar is 1 pm.
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Fig. 15. The perspective of near-field optics: (a) Chemically fabricated carbon nanotube cup, whose properties can be effectively
controlled by chemical component!"¥); (b) split-ring probe is sensitive to both in-plane (H, or H,) and out-of-plane (H,) component
of near-field magnetic field®!, scale bar, 500 nm; (c) the combination of near-field optics and mass spectroscopy for highly chemical

resolution and spatial resolution, simultaneously; (d) the developed s-SNOM in extreme environment, including ultralow temperat-

ure, strong magnetic field and ultrahigh vacuum.
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Abstract

Due to the capability of nanoscale manipulation of photons and tunability of light-matter interaction,
polaritonics has attracted much attention in the modern physics. Compared with traditional noble metals, two-
dimensional van der Waals materials provide an ideal platform for polaritons with high confinement and
tunability. Recently, the development of scanning near-field optical microscopy has revealed various polaritons,
thereby paving the way for further studying the quantum physics and nano-photonics. In this review paper, we
summarize the new developments in two-dimensional polaritonics by near-field optical approach. According to
the introduction of near-field optics and its basic principle, we show several important directions in near-field
developments of two-dimensional polaritonics, including plasmon polaritons, phonon polaritons, exciton
polaritons, hybridized polaritons, etc. In the final part, we give the perspectives in development of near-field

optics.

Keywords: near-field optics, polaritons, two-dimensional materials
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