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Fig. 1. Real-space imaging of graphene plasmons: (a) Near-field imaging of graphene plasmons on SiC substrate*!; (b) wavefront

mapping of graphene plasmons launched by metal antenna®”; (c) near-field images of the propagating graphene plasmons under dif-

ferent driving currents (top panel) and the corresponding line profiles (bottom panel) [*l; (d) nano-infrared images of WO,/graphene

heterostructures with a varied number of tungsten diselenide (WSe,) spacer layers!*!l.
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Fig. 2. Plasmon polaritons in one-dimensional nanostructures: (a) AFM topography image of an indium arsenide nanowire (top) and
corresponding nano-infrared image (bottom) 2 the incident frequency is 901 cm™!, scale bar, 1 um; (b) ultrafast near-field images
of the indium antimonide nanowire with pump-probe delays from 0—10 ps/*!, scale bar, 500 nm; (c) infrared amplitude spectra of
the indium arsenide twinning superlattice nanowire at different pump-probe delay times!*’); (d) near-field images of metallic
(M1 and M2) and semiconducting (S1 and S2) carbon nanotubes at different gate volrages —20 V (top panel) and 0 V (bottom

panel) 3],
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Fig. 3. Near-field optical study of hyperbolic phonon polaritons in boron nitride (hBN): (a) Near-field image of phonon polaritoins in
hBN (thickness 256 nm), the incident frequency is 1560 cm . Scale bar, 800 nm (left); wavelength of phonon polaritons probed at
1560 cm ! for hBN with different thicknesses (right)%); (b) near-field image of phonon polaritons in hBN nanotubesP!, the incident
frequency is 1400 cm'; (c) near-field image of volume-confined (M0) and surface (SMO0) phonon polaritons of a 40 nm-thick hBN
flake at 1420 cm (2, the black and white arrows indicate the periods of near-field oscillations on the flake and its edge, correspond-
ing to half the wavelength of MO and SMO modes, respectively, scale bar, 2 pm; (d) phonon polariton canalization in a hBN meta-
surfacel; (e) optical topological transition of phonon polaritons in a hBN metasurface: concave wavefronts (top panel) and convex

wavefronts (bottom panel)P4.
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Fig. 4. Near-field imaging of anisotropic polaritons in molybdenum trioxide (a-MoQOj): (a) Near-field images of elliptical and hyper-
bolic phonon polaritons in o -MoQj at incident frequencies at 990 cm! (top panel) and 900 cm ! (bottom panel) 58], Scale bars, 2 um;
(b) silver antenna-launched hyperbolic phonon polaritons in a o -MoOj flake recorded at 944 cm!, revealing concave wavefronts®;
(c) anomalous refraction of hyperbolic polaritons at Ag = 11.3 pm, the substrates inside and outside of the white dashed lines are
air and silicon dioxide, respectivelyl®); (d) negative reflection of heperbolic poalritonsl®!l, the incident frequency is 881 cm™; (e) uni-

directional propagation of phonon polaritons in grating o -MoOj crystal at frequency 904 cm 1 62,
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Fig. 5. Near-field imaging of phonon polaritons in bulk materials: (a) Near-field image of antenna-launched ghost hepebolic phonon

polaritons at the surface of bulk calcite at the illuminating frequency 1460 cm !, generating diffraction-free propagation with a dis-

tance up to 20 pm/%

I: (b) real-space imaging of symmetry-broken hyperbolic shear phonon polaritons in monoclinic cadmium

tungstate (CAWO,) at frequemcy 875 cm ™ [ ; (c) hyperspectral far-infrared imaging of surface phonon polaritons in strontium ti-

tanatel6s,
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Fig. 6. Near-field optical study of exciton polaritons in two-dimensional semiconductors: (a) Near-field image of exciton polaritons in
a WSe, flake taken at Ao = 900 nm ™ scale bar, 1 pm; (b) ultrafast near-field imaging of exciton polaritons in WSe,[™],
Ao = (760 £ 5) nm, scale bars, 2 pm; (c) near-field phase images of transient hyperbolic exciton polaritons for a series of time
delays taken at 910 cm ! [™; (d) polarization-dependent near-field images of exciton polaritons in a 9-nm-thick WSe, sample taken
at an excitation energy of 1.44 eVI™l scale bar, 1 pm; (e) near-field image of exciton polaritons in molybdenum selenide (MoSe,)

taken at excitation energy of 1.35 eVl
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Fig. 7. Near-field optical study of polaritons in heterostructures: (a) Near-field imaging of ultra low-loss graphene plasmons in
hBN/graphene/hBN heterostructures with a propagation lifetime of up to 500 fs at a photon energy of fw = 116 meV [™¥; (b) gate-
dependence of the hybrid polariton (coupling between plasmons and phonon polaritons) wavelength in a graphene/hBN heterostruc-
ture while the wavelength of hBN phonon polaritons is nearly independent with gate voltagel™); (c) the hybrid polariton wavefronts
in graphene/ o -MoO3 heterostructures at different graphene Fermi energies”™; (d) near-field amplitude images of hyperbolic phonon
polaritons in graphene/4H-SiC heterostructures at different illuminating frequencies™; (e) ultrafast near-field imaging of polaritons
in a Si0,/black phosphorus/SiO, heterostructure at different delay times between the pump and probe pulses®!, scale bar, 1 pm.
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Fig. 8. Manipulation of polaritons based on dielectric environment: (a) Real-space imaging of refraction of hBN phonon polaritons
at the dielectric-metallic vanadium dioxide domain boundary with polariton wavelengths of 550 nm and 362 nm[¥l, respectively;
(b) manipulation of hBN phonon polariton propagation based on patterning of the phase change material GegSby,Teg at an incident
frequency of 1455 cm '8, scale bars, 5 pm; (¢) manipulation of hBN phonon polaritons by an anisotropic substrate (black phosphorus)
with a maximum value of anisotropy (& = b/a) amax = 1.25 at 1420 cm™, i.e., originally isotropically propagating poalritons have
different wavelengths along different direcitons®, scale bar, 2 pm; (d) manipulation of graphene plasmon propagation loss by air

substrate (suspension), i.e., reduction of the propagation loss®l.
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Fig. 9. Study on the manipulation of polaritons based on physical field: (a) Low-loss propagation of graphene plasmons at liquid-ni-
trogen temperature (7 = 60 K) with propagation lifetime up to 1.6 ps®”; (b) temperature dependence of hBN phonon polariton
propagation loss, with lifetimes exceeding 5 ps when closing to liquild-nitrogen temperatures®); (c) the onset frequency of phonon
polaritons as a function of temperature in strontium titanate (STO) and lanthanum aluminate/strontium titanate (LAO/STO) het-
erostructures?’; (d) refraction phenomenon of gate-tunable negative refraction of polaritons from hyperbolic «-MoOs to elliptic
graphene/ a -MoQ3, scale bar, 1 um; (e) near-field optical measurments of the residual strain field around the nanoindent in a sil-
icon carbide crystal®, topography image (left panel), s-SNOM image (right panel); (f) near-field images of magenetic field-depend-

ent Dirac magnetoexcitons in graphenel®).
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Fig. 10. Study on the manipulation of polaritons based on material components: (a) Near-field images of phonon polaritons in iso-
topically enriched hBN (top panel) and natural hBN (bottom panel) at incident frequencies of 1510 cm™! and 1480 cm ! 7} respec-
tively; (b) near-field images of phonon polaritons in natural a-MoOj; (left panel) and isotopically enriched o -MoOjs (right panel) at
incident frequencies of 994 cm™ and 990 cm ! % respectively; (c) nano-spectroscopy of vanadium pentoxide (a-V,035) (left panel)
and Na-intercalated o -V,05 (o -(Na)V,0;) (right panel) flakes®, solid horizontal lines mark the approximate transversal optic
(TO) phonon modes in a-Vy05 (TO; 975 cm™; TO,, 770 cm™) and o -(Na)V,05 (TO, 950 cm™); (d) optical micrographs and
near-field images of a MoQOj flake at 890 cm ! before intercaltion, after intercalation (10 s) and after deintercalation!'""].
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Fig. 11. Manipulation of polaritons in two-dimensional twist systems: (a) Near-field imaging (left) and dark-field TEM visualization
(right) of twist bilayer graphene nano-light photonic crystal!®; (b) photocurrent map of minimally twisted bilayer graphene in the
presence of electron and hole distributions!!?!; scale bar, 500 nm; (c) near-field amplitude images of twisted a-MoQs at an incident
wavelength of 11 pm for different rotation angles, a clear optical topological transition is observed, where polaritons propagate
highly oriented along a certain direction at the critical angle of 6 = 54° [1%9]; (d) near-field amplitude images of trilayer «-MoOy at
an illuminating wavelength of 10.9 pm for different rotation angles!'%l, demonstrating that in-plane full-angle manipulation of polari-

ton diffraction-free propagation can be achieved.
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Fig. 12. Excitation source-based manipulation of phonon polaritons in calcite: (a) Infrared nano-imaging of phonon polaritons in cal-

cite at different polarization angles at an incident frequency of 1470 cm ! % (b) near-field amplitude profiles extracted along

dashed line in Fig.(a)"0,
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Fig. 13. Applications of polaritons: (a) Super-resolution imaging via phonon polaritons in hBN"!l upper panel is the sketch of the
experimental setup, middle panel is the AFM topography of the hBN flake, bottom panel is the near-field images of gold nanodisks
beneath hBN taken with the broadband laser. Scale bars, 0.5 pm; (b) sub-diffractional focusing based on refraction of phonon po-
laritons in a-MoOjg at an illuminating wavelength of 11.16 pm%; (c) optical switching of graphene plasmons based on the photo-
generated carrier doping in a graphene/MoS, heterostructure. Dashed lines indicate the graphene edgel''?; (d) near-field image of
the hBN slab revealing concealed inner defects at an incident frequency of 1541 em ' [''3); (e) hyperspectral line scan map of hBN
containg organic molecules!"'¥; (f) infrared transmission spectra of bare molecular layer, hBN ribbons and hBN ribbons covered with
molecules, demonstrating molecular detection using phonon polaritons in hBN!15),
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Abstract

Polaritons, as hybrid excitations of light and matter, are important for miniaturizing the integrated nano-
optoelectronic devices due to their capability of manipulating nanolight. Recently, the state-of-the-art nano-
imaging technique (e.g. scattering-type scanning near-field optical microscope) has visualized various types of
polaritons and revealed the physical mechanism behind them. The nanometer-resolution imaging not only
deepens our understanding of fundamentals of polaritons but also promotes the studies of polariton
manipulation and applications. In this review paper, we systematically summarize the recent near-field study of
polaritons. Rather than other previous reviews focusing on polaritons in two-dimensional materials, our review
extends the polaritonic systems to multiple dimensions (3D/2D/1D), at the same time we also collect the latest
progress of polaritons in anisotropic systems. Moreover, we show the recent study of polariton manipulation and
their corresponding applications, e.g. sub-diffractional imaging, focusing, optical modulator, nanostructure
diagnosis and molecular sensing. Our review also look forward to future opportunities of polaritonics and its
nanophotonic applications.

Keywords: near-field imaging, polaritons, anisotropy, manipulation and application
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