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ABSTRACT
Strongly coupled phonon polaritons in patterned polar dielectric nano-resonators give rise to the formation of hybridized energy states with intriguing properties. However, direct observation of mode coupling in these periodic nanostructures is still challenging for momentum-matching-required far-field spectroscopies. Here, we explore the near-field response of strong coupling between propagating and localized polariton modes sustained in SiC phonon polaritonic crystals (PhPCs), to reveal the evolution of Rabi splittings with the change of lattice constant in the near-field perspective. The near-field nano-spectra of PhPCs show distinct Rabi splitting near the forbidden bands of ~ 16 cm-1 in the band structures. In particular, an exotic three-polariton-coupling effect is observed with three splitting peaks in the nano-spectra, induced by the interaction between local monopolar modes in nano-pillars and zone-folded phonon polaritons. Furthermore, sharp dips indicating weak near-field scatterings appear in nano-spectra at the intrinsic frequencies of the monopolar modes with strong local-field enhancement, which are estimated to be bright scattering peaks intuitively. These results would inspire the dispersion engineering and characterization of coupled phononic nano-resonators for diverse nanophotonic applications.


INTRODUCTION
Phonon polaritons (PhPs) are collective oscillations of ions with infrared photons bounded at surfaces of polar crystals in the Reststrahlen bands.1 Owing to the intrinsically low damping rate of phonon scattering and the ultrastrong light confinement, PhP modes exhibit much higher Q-factors and Purcell enhancements in comparison with plasmonic polaritons.2-6 These virtues provide new opportunities to explore the coupling dynamics between PhP modes and other collective oscillations, where the prolonged dephasing time even makes weakly coupled states detectable at low photon energy levels.7, 8 Especially in nanophotonic systems, the mode interaction and energy exchange are universal within the nano-patterned structures, such as the strong coupling of PhPs with localized modes,9 zone-folded longitudinal phonons,10, 11 epsilon-near-zero modes,12 surface plasmon polaritons,13, 14 quantum emitters,15 molecular vibrations,16-18 and nano-antenna dipoles.19 These couplings can stimulate hybridized energy states altered from the constituent eigenmodes, inducing exotic properties like Rabi splitting,18 dispersion engineering,11 and energy-level shifts.20 By manipulating the mode interaction, the advantages of different modes can be merged and exploited, inspiring many applications in biosensors,21, 22 thermal emitter,11 quantum information,23 metamaterials,24 nonlinear optics,25, 26 etc.
The introduction of strong mode coupling offers the possibility for on-demand engineering of artificial photonic nanostructures. A simple case is the phonon polaritonic crystal (PhPC) that comprises periodic lattices of polar dielectric nano-resonators sustaining propagative and localized PhP modes.27-29 Different from normal photonic crystals, the bandgaps of PhPCs result from mode hybridization and dispersion anticrossing, rather than the Brillouin scattering. Their bandstructures can be effectively tuned by the hybridization of PhP modes, even if the lattice constants are not comparable to the PhP wavelengths. The modified dispersion relations of surface waves propagating in PhPCs induced by the strong coupling are of special interest for enhancing light-matter interaction in infrared and terahertz regimes.30, 31 However, the probing of strong PhP couplings is still challenging by conventional far-field spectroscopies for the PhPCs. Due to the limitation of the momentum-matching condition, far-field spectra of phonon polaritonic crystals only exhibit Rabi-splitting peaks at the specific lattice constants, which conceals many exotic strong-coupling effects that happen at other special periodicities. In addition, small spectral Rabi splittings are difficult to be identified due to the limited angular resolution of far-field spectroscopies. To avoid these constraints, near-field spectroscopies are applied for the investigation of mode interactions in recent years, which can excite and probe the surface evanescent waves simultaneously with ~ 10 nm resolution.32-34 By the near-field Fourier-transform infrared nano-spectroscopy (nano-FTIR), the real-space and momentum-space (k-space) imaging of the propagating PhP waves coupled with molecular vibrations,17 and waveguide modes with exciton polaritons,35 have been revealed. As to nano-patterned PhPCs, correlations between near-field scattering spectra and bandstructures of PhPCs have been established, projecting features in k-space to the real-space tip-scattering spectral peaks.36 Therefore, the optical nano-spectroscopy could unveil the mode-coupling dynamics in different nanostructures that are beyond the reach of far-field methods.

In this work, we explore the strong couplings between propagating and localized PhP modes supported SiC nano-pillar lattices by near-field nano-FTIR spectroscopy, revealing the evolution of mode hybridizations with lattice constants. From the near-field spectra acquired at local spots in nano-pillar lattices, spectral Rabi splittings are observed with a distinct energy splitting gap. In particular, at the resonant frequencies of localized monopolar modes, sharp dips indicating the weak near-field scatterings appear in the nano-spectra acquired on the interpillar substrate. Moreover, an exotic three-polariton coupling phenomenon is unveiled by the near-field nano-spectra, related to the dispersion anti-crossing between localized monopolar modes and counter-propagative PhP waves, which are folded into the first Brillouin zone. Our results reveal the strong coupling phenomena manifested in the near-field spectra and inspire the explorations of photonic properties of artificial nanostructures by nano-spectroscopy.

RESULTS AND DISCUSSION
Strongly coupled modes in phonon polaritonic crystals
The near-field nano-FTIR characterization of PhPCs consisting of SiC nano-pillars is schematically shown in Figs. 1(a) and 1(b). The near-field infrared nano-spectroscopy integrates an atomic force microscope (AFM) and an asymmetric Michelson interferometer for measuring the local spectra of samples with the nanoscale resolution. A broadband mid-infrared laser is illuminated at the apex of the AFM tip to produce a local “hot spot” that enhances tip scattering. From the back-scattered fields, the near-field Ez(ω) spectra are extracted by signal demodulation to high-harmonics of the AFM tapping frequency Ω. The SiC nano-pillar lattices were fabricated on an isotropic 10-μm-thick 3C-SiC film grown over Si wafers. As illustrated by the SEM morphologies in Fig. 1(c), the height and diameter of nano-pillars are fixed at h ~ 740 nm and D = 1 μm, respectively, while the lattice constants vary from 2 to 6 μm.
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FIG. 1. Near-field nano-spectroscopy of phonon polaritonic crystals. (a-b) Schematic diagrams of nano-FTIR measurement of PhPCs and interferometer. (c) SEM images of the SiC nano-pillars with the height of h ~ 740 nm and the diameter of D = 1 μm, where the interpillar spacings L vary from 2 to 6 μm. (d-e) Electric-field distributions of the monopolar (M) mode and the transverse dipolar (TD) mode sustained in the nano-pillars. (f) Far-field reflection spectra of PhPCs at different lattice constants measured by far-field FTIR spectroscopy (the light incident angle β ~ 25°). (g) The dispersion anti-crossing of the M mode (green dashed line) and the propagating PhPs (black dashed line) in the PhPCs, supposing their coupling strength g = 15 cm-1. The resonant peaks (M and TD) appear in the (f) far-field reflection spectra result from the dispersion intersection between incident light (ω = k0sinβ) and hybrid modes.

In the PhPCs, individual SiC nano-pillars (nano-resonators) support localized modes and the planar interpillar substrate sustains evanescently propagating PhPs in the Restrahlen band of SiC, kPhP = k0, where ε is the permittivity and k0 is free-space wavevector. The fundamental localized modes are the monopolar (M) modes and the transverse dipolar (TD) modes in the nano-pillars exhibiting the axis-symmetric and mirror-symmetric modal profiles (Figs. 1(d) and 1(e)), respectively. We firstly performed nano-FTIR measurements at different positions on the substrates of the PhPCs to investigate their near-field responses. Figure 2(a) illustrates the third-order near-field scattering spectra (Es3(ω)) acquired near the diagonal center on the interpillar substrates, where samples are placed at the orientation angle φ = 0°. In all PhPCs with different lattice constants, the near-field nano-spectra show two distinct dispersive peaks (termed Pm1 and Pm2) near the resonant bands of M modes. Interestingly, the resonant frequencies of the valleys or dips (termed Vm), intermediated between Pm1 and Pm2 peaks, are almost equal to the intrinsic frequencies of M modes manifested in the far-field FTIR spectra (Fig. 1(f) and 2(b)). The Pm1 (Pm2) peaks have a red-shift (blue-shift) from the frequencies of M modes, similar to the Rabi-splittings of coupled M-PhP modes observed in far-field spectra.37 The strong coupling between M modes and propagating PhPs is possible for all periodic PhPCs, because the PhP propagation length is much longer than the interpillar spacing of the lattice, allowing energy to be coherently passed across the sample.
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FIG. 2. Nano-FTIR spectra of phonon polaritonic crystals. (a) Near-field nano-spectra of third-order scattering amplitude collected near the diagonal center between nano-pillars. (b) Comparison of resonant frequencies of distinct peaks or dips manifested in the near-field and far-field spectra. Symbol lines with red, blue, and cyan squares represent the resonant frequencies of peaks Vm, Pm1 and Pm2, respectively. The black cross symbols represent the resonant frequencies of M and TD modes manifested in FTIR reflection spectra. The green stars represent the exotic Pm3 peaks that appeared in the nano-spectra of the PhPCs at L = 5.5 μm and 6 μm. (c) Near-field nanospectra collected at ten different positions shown in the inset in the PhPCs of L = 3 μm and 5.5 μm.
In the far-field reflection spectra (Fig. 1(f)), the fundamental TD modes have a strong resonance with incident light, since they are bright modes with a large transverse dipole moment. However, in the near-field spectra collected on the inter-pillar substrate, only weak fluctuations (Ptd) can be observed near the frequency of TD modes (ω ~ 918 cm-1) for all PhPCs (Fig. 2(a)). This indicates a huge difference between the near-field and far-field pathways of mode excitation. The scattering fields to the far-field are dominant by near-field excitations from the tip apex, whereas localized modes excited by the incident light have little contribution. In addition to the normal resonant peaks (Pm1, Pm2, and Ptd) near the M and TD modes, a strange peak (termed Pm3) suddenly emerges in the near-field spectral line at L = 5.5 μm, which has a frequency between the peaks Pm2 and Ptm. The exotic peak Pm3 then red-shifts at L = 6 μm, as depicted by the green stars in Fig. 2(b). The intricate evolution of Pm3 peaks is beyond the general understanding of the Rabi splitting. 

Due to the intricate background electromagnetic fields around the AFM tip within the PhPCs, near-field spectra should be position-dependent. We collected the nano-FTIR spectra at positions scanning across the interpillar substrates with samples placed at the orientation angles φ = 0° and 45° (Fig. S1), respectively. The profiles of near-field spectra have a negligible variation at small lattice constants (L < 4 μm). Though the nano-spectra for the PhPCs of L ≥ 4.5 μm change remarkably, the peak frequencies discussed above are almost invariant. As an example, near-field spectra collected at ten inter-pillar locations in the PhPC of L = 3 μm and 5.5 μm are illustrated in Fig. 2(c).

To visually reveal the modal properties of Rabi-splitting resonances illustrated in the near-field nano-spectra, we performed the nano-imaging of the surface Bloch modes in PhPCs by the scattering-type scanning near-field optical microscope (s-SNOM), illuminated with a monochromatic mid-infrared quantum cascading laser. A high-resolution (sharp) AFM probe, which has a thin layer of metal coating and shows much weaker tip-scattering intensity, was utilized for the nano-imaging to suppress the interference of the probe to local modes. The SNOM images of Bloch modes in the PhPC of L = 3 μm are depicted in Figs. 3(a-d), measuring at the frequencies of splitting peaks or dip (Pm1, Pm2, Vm) near M modes. At ω = 883 cm-1 (Vm dip), the Ez-field intensity is very weak near the interpillar diagonal center (Fig. 3(b)), while the Ez-field distribution on the pillar is similar to the simulated result of M mode (Fig. 1(c)). However, at ω = 877 cm-1 (Pm1 peak) and 893 cm-1 (Pm2 peak), Ez-field intensity on the interpillar substrate is considerably brighter than that on the top base of a pillar (Figs. 3(a) and 3(d)), and the Ez-field distributions on the nano-pillars also divert from the simulation results. Therefore, the near-field nano-imaging of surface modes also indicates that the valleys Vm in nano-FTIR spectra appear exactly at the intrinsic frequencies of M modes. The SNOM images of other PhPCs (L = 2 μm, 2.5 μm, and 3.5 μm) are provided in Fig. S3, where modal profiles near M modes are also similar to that of L = 3 μm. These mode distributions present a consistent conclusion with the nano-spectra shown by Fig. 2 and S1. However, for the PhPC of L = 5.5 μm, the SNOM images have a huge difference as shown in Figs. 3(e-f), where the Ez-fields near the nano-pillars are sort of asymmetric and irregular. As a consequence, the nano-spectra collected on the substrates have a significant change at different positions. The asymmetry of the near-field patterns in SiC nano-resonators may originate from the complex interference of tip-launched surface phonon polariton and spatial-light-excited surface phonon mode 38. The surface Bloch modes sustained in the lattices can be simultaneously stimulated by the tip and by far-field illumination, which unavoidably distorts s-SNOM patterns of the SiC PhPCs.
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FIG. 3. Nano-imaging of strongly coupled modes sustained in phonon polaritonic crystals. (a-d) The SNOM images of third-order Ez-fields (Es3) collected in the PhPC of L = 3 μm at the resonant frequencies, including the peaks Pm1 (ω = 877 cm-1), Vm (ω = 883 cm-1) and Pm2 (ω = 893 cm-1). (e-f) The SNOM images of Ez-fields in the PhPC of L = 5.5 μm near the resonant frequencies of peaks and dips.

Tip-sample scattering mechanisms in phonon polaritonic crystals
The observed Rabi splittings in near-field nano-spectra can be further interpreted by tip-sample scattering mechanisms. For flat semi-infinite or multilayer substrates, several theoretical models (point-dipole model,1, 39 finite dipole model,40, 41 generalized spectra method,42) and full-wave simulations (boundary element method,43, 44 and the method of moment45) ) have been proposed to reconstruct the nano-FTIR scattering spectra. Unfortunately, these analytical dipole models and simulations are still difficult to deal with nano-patterned surfaces. According to the theoretical framework describing the interaction of a quantum emitter (point dipole) with polarization lattice arrays,46, 47 the bandstructures of PhPCs play a decisive role in near-field dipole emission (or dipole scattering). Recently, F. J. Alfaro-Mozaz et al. propose rigorous formulas on the correlation between tip-scattering spectra and the local density of optical states (LDOS) for the hBN phonon polaritonic crystals,36 revealing that features in the bandstructures of PhPCs manifest as resonances in near-field nano-spectra. In this paper, we calculate the bandstructures and dipole-emission spectra rigorously to unveil their correlations.

Surface PhPs in the PhPCs are the quasi-normal modes which can be directly solved. As an example, the bandstructures for the PhPCs at L = 3 μm and 5.5 μm are illustrated in Fig. 4. In the PhPC of L = 3 μm, the coherent interaction between the propagating PhPs and localized M modes introduces the anti-crossing in the bandstructures (Fig. 4(b)), resulting in a wide forbidden band with the bandgap Δω ~ 16 cm-1 (from 865 cm-1 to 881 cm-1) near the frequency of M mode. Therefore, Rabi splitting happens in the bandstructure induced by strong M-PhP couplings, which is also located in the frequency bands of splitting peaks in the nano-FTIR spectra (Fig. 4(c)). The intrinsic resonant frequency of M mode (Γ point) in the bandstructure corresponds to a dip in the nano-spectra, which agrees with the conclusion drawn by comparing nano-FTIR spectra to far-field FTIR ones (Fig. 2(b)).
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FIG. 4. Comparison between near-field spectra and bandstructures of PhPCs. (a) The first Brillouin Zone, where the blue line (black dashed line) is the intersection between the M modes and PhPs (light cone). (b) The bandstructures of the PhPCs with L = 3 μm along the edges of the irreducible Brillouin zone. The white solid lines are the fitting curves by the two-oscillator coupling model. (c) The corresponding nano-FTIR spectra at L = 3 μm and the calculated emission spectra of an electrical dipole source (p0) placed in the center of PhPCs (30×30 pillars). (d) Dispersion anticrossing between surface PhPs (black solid line) and zone-folded PhPs (color solid line). The blue (red) dot line shows the dispersion of M modes at L = 3 μm (L = 5.5 μm). (e-f) The bandstructures of the PhPCs with L = 5.5 μm and the corresponding experimental and simulated nano-spectra.

At small lattice constants (L ≤ 4 μm), the dispersion anti-crossings in the bandstructures induced by the M-PhP interaction are clear and simple, since the intersection happens far from the band edge X (Fig. 4(d)). With the increase of L, the bandstructures become complicated. The evolution of bandstructures with the increase of lattice constant is shown in Fig. S5. Especially at L = 5.5 μm (Fig. 4(e)), the dispersion anti-crossing happens exactly at the X edge in the first Brillouin zone where two forbidden bands appear (Fig. 3(e)), which suspends in-plane propagation. The M mode has strong interaction with the PhPs and the zone-folded PhPs simultaneously, to form three branches of hybridized polaritonic modes. Noted that the high-frequency forbidden band is incomplete in k-space which only inhibits in-plane propagation in the Γ-X direction, whereas the low-frequency one consists of both an incomplete and a (narrow) complete forbidden band. The intricate dispersions of surface Bloch PhP waves in the PhPC of L = 5.5 μm may cause a three-peak Rabi splitting in the near-field spectra, which is probably the intrinsic reason for the emerging exotic Pm3 peaks (Figs. 2(a) and 2(d)).

For PhPCs with a short lattice constant, the mode coupling involves only two branches of eigenmodes. We can estimate the M-PhP coupling strength by a two-oscillator coupling model for the PhPC of L = 3 μm. The dispersion relations of intersected PhPs are formulated as 
 							(1)
where ωm is the dispersion of localized monopolar mode, ωs is the dispersion of surface propagating PhP modes, and g0 is the phenomenological Rabi frequency of two-oscillator coupling, respectively. By fitting the bandstructures (blue solid lines in Fig. 4(b)), we can calculate the coupling strength g0 ~ 32 cm-1, which is almost twice the energy splitting gap Δω~ 16 cm-1 between two splitting peaks. As to the PhPC of L = 5.5 μm, the couplings of M modes with complex Bloch waves in PhPCs is unable to be described by the two-oscillator coupling model, which needs future investigations.

We must point out that the flat dispersion band in the low-wavevector region of bandstructure corresponds to a sharp dip in near-field scattering spectra, rather than a resonant peak with bright scattering intensity shown in the nano-spectra of hBN PhPCs.36 In our samples, tip scattering occurs from the near-field region around the tip to the extended polaritonic modes. This scattering is particularly strong in the spectrally flat-band regions that occupy a large fraction of the first Brillouin zone, where the PhP group velocity is low and the effective oscillation strength for interaction with M modes is large. The result is that the continuum signal scattered from the tip is depleted by the polariton modes as energy scatters into modal states near the light-line. To mimic 
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FIG. 5. Propagation of dipole-excited PhPs sustained in PhPCs. (a) The schematic diagram of the dipole excitations of surface PhP waves. (b, d, f) The Ez-field distributions of PhP propagation from the point dipole in the PhPC (30×30 pillars) of L = 3 μm, at the frequencies dipicted by the dashed line in Fig. 4(c). (c, e, g) The Ez-field distributions of PhP propagation in the PhPC of L = 5.5 μm, at the frequencies dipicted by the dashed line in Fig. 4(f).

this scattering process, we simplified the AFM tip as a point dipole polarized vertically and calculated the emission intensity of the point dipole placed at the center of the PhPCs consisting of 30×30 pillars. The simulated spectra of scattering cross-sections show distinct valleys near the intrinsic frequencies of M modes as well (Figs. 4(c), 4(f), and S6). The dynamics of surface-wave propagation discussed above can be revealed by the in-plane Ez-field distributions (Fig. 5). For the PhPC of L = 3 μm, dipole-emitting fields are not allowed long-distance propagation in the forbidden band under the dispersion curve of M mode, resulting in local-field confinement and enhancement around the tip, thus scattering peaks show in nano-spectra. Nevertheless, at the flat band of detuned M mode, the dipole-emitting energy can be transported radically over many pillars, leading to the depletion of local field intensity around dipoles that indicates weak scattering at the dips of nano-spectra. Interestingly, due to the anisotropic PhP dispersions in the incomplete forbidden bands at L = 5.5 μm, the surface PhP waves propagate non-radically, which also presents anisotropic real-space patterns. More detailed series of dipole-excited surface-wave propagation are listed in Fig. S7 and S8. In summary, near-field nano-spectra also manifest resonant splittings induced by modal coupling, similar to far-field spectra of Rabi splitting. The advantages of nano-spectroscopy on stimulating and probing the local modes can unveil some special phenomena of strong coupling which is not observable in far-field approaches.
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FIG. 6. Near-field scattering spectra collected on the pillars of PhPCs. (a) The near-field scattering spectra collected near the central positions on the top base of SiC nano-pillars for all periodic PhPCs. (b-c) The s-SNOM nano-imaging of TD modes for the PhPC of L = 2 μm, performed by a metal tip and a high-resolution tip at the laser frequency ω = 920 cm-1. The high-resolution tip is coated with a thin layer of PtIr that has much weaker near-field scattering amplitudes than normal metal tips. (d) The resonant peaks appeared in the near-field spectra lines (Fig. S3 and S4). Peaks depicted by blue circles, cyan circles, and red squares are similar to peaks Pm1, Pm2, and Vm in Fig. 2(b), with some shift at small lattices constants (L ≤ 3 μm). Green stars represent high-frequency resonances that are sort of randomly distributed. Scale bars in (b-c) represent 1 μm.

Near-field spectra measured on nano-pillars
The near-field spectra collected on the top base of a SiC nano-pillar in PhPCs are illustrated in Fig. S2. Unlike the spectra measured on the substrate, the on-pillar spectra are sort of position-dependent and irregular. However, we can carefully select some spectra acquired near the center of pillars, which exhibit a similar trend of resonance dispersion presented in the off-pillar spectra (Fig. 6(a)). The valleys near the resonant frequencies of M modes (the black dashed line), originating from the Rabi splitting, can be observed as well, though the two neighbor resonant peaks are much weaker. The TD modes are still indistinctive in the on-pillar spectra, which are expected to induce sharp peaks as the strong local field enhancement on the top of the nano-pillar. We summarized the peaks and valleys near the M modes and other high-frequency resonances that occurred in all the on-pillar spectra shown in Fig. S2. The dispersion of valleys with the increase of lattice constant L is approximately overlapped with that illustrated far-field spectra (Fig. 6(d)), where a huge discrepancy exists for L < 3 μm. Nevertheless, the higher-frequency resonances (the green stars in Fig. 6(d)) are randomly distributed in the band of ω = 900 ~ 920 cm-1. These phenomena presented in the on-pillar nano-spectra are attributed to the strong disturbance of the metal-coated AFM tip. During the nano-FTIR measurements, metal tips are preferable due to the weak laser power (< 1 mW), which will bring much stronger distortions to localized modes.31, 48 We compared the SNOM nano-imaging of TD modes at ω = 918 cm-1 performed by the strong-scattering and weak-scattering tips (high resolution and thin metal coating), respectively. The obtained SNOM images of the localized TD mode are remarkably different for the two types of tips (Figs. 6(b) and 6(c)), where breathing modes are excited by the metal tip with the hotspots located at the center of SiC nano-pillars.49, 50 In the SNOM images performed by the weak-scattering probes, the hotspots are near the edge of pillars like a dipole.

CONCLUSIONS AND PERSPECTIVES
The near-field nano-spectroscopy can break through the constraints of momentum-matching conditions and effectively stimulate the strong coupling between propagating and localized PhP modes sustained in SiC PhPCs. Therefore, the collected nano-spectra provide much information on spectral Rabi splitting and exotic field distributions. A special modal splitting with three branches of polaritons is observed in the near-field spectra, resulted from the modal coupling between localized monopolar modes and zone-folded PhP Bloch waves. Moreover, the interaction between nano-FTIR probes and the Bloch waves in PhPCs is greatly enhanced in unconfined interpillar areas within the SiC lattices. On the contrary, at the electromagnetic hotspots of nano-resonators, the tip-sample scattering is suppressed due to the intrusion of metal probes. This inspires a new pathway to the design and characterization of strong coupled resonant systems for the near-field enhancement of light-matter interaction. 

The versatile nano-spectroscopy can perform the hyperspectral imaging of nanostructures with an ultrahigh spatial resolution, revealing the properties of surface waves in both real and momentum space. In many flat substrates that support slab waveguide modes, the dispersion relations of surface waves can be derived from the position-dependent nano-spectra near the boundaries after Fourier transformations.17, 35 However, it is still unknown how to reconstruct the dispersion branches in the band structures of photonic lattices by the nano-FTIR spectra. A recent work introduces the modified finite-dipole model to establish the correlations between band structures and resonant-peak features in nano-spectra of h-BN PhPCs.36 They find that the flat bands are the dominant reasons for the peaks within the nano-spectra, while we draw an opposite conclusion according to our experimental results of the SiC nano-resonator lattices. This is possibly caused by the complex and multiple background fields that can influence the near-field scatterings of AFM tips placed near lattice surfaces. In summary, the physical foundation of the correlations between the near-field Ez(ω, x, y) and the partial LDOS ρ(ω, kx, ky) in lattices needs further investigations.

METHODS
Sample fabrication and characterization
The PhPCs composed of SiC nano-pillars were fabricated on a thick 3C-SiC film (thickness ~ 10 μm) grown over Si substrate by chemical vapor deposition. The nano-structures were prepared by a series of nano-fabrication processes. To perform the deep etching of SiC, a metal hard mask was deposited on the SiC substrate firstly as the resist layer, defined by the e-beam lithography (EBL, Raith ELPHY Quantum), electron-beam evaporation of Al/Cr (home-built facility), and the metal lift-off immersed in the acetone solution. SiC nano-pillar arrays were then fabricated by inductively coupled plasma etching. Finally, the metal hard mask was removed in chemical etchants. The scanning electron microscopy (SEM, Zeiss Sigma 300) was used for the morphology characterization of fabricated PhPCs.

Electromagnetic simulation and modal analysis
Numerical calculation of reflectivities and bandstructures of the PhPCs was performed by the finite-element electromagnetic solver (Comsol Multiphysics). The intrinsic bandstructures of Bloch surface waves in the PhPCs, induced by the coupling propagating PhPs and the quasi-normal modes (QNMs) sustained in SiC nano-pillars, i.e., the monopolar and transverse dipole modes, were calculated by the toolbox MAN.51, 52 The scattering fields Er(ω,q) were simulated by the finite-difference time-domain solver (Lumerical FDTD solutions). An electric dipole source was placed near the pillars vertically, and far-field scattered fields were normalized to the scattering field without the PhPCs. The dielectric permittivity of SiC was taken from the previous work,53

where the dielectric constant values are ε0 = 9.52, ε∞ = 6.38, the transverse optical phonon frequency is ωTO = 796.1 cm-1, and the damping rate is Γ = 1 cm-1, respectively.

Infrared nano-spectroscopy and nano-imaging measurements
We used a commercial scattering-type scanning near-field optical microscope (s-SNOM, Neaspec Gmbh) integrated with a Fourier-transform infrared nano-spectroscopy module (nano-FTIR), to perform the measurement of near-field spectra and modal distributions. The near-field scanning optical microscope comprises an atomic force microscope (AFM) with a focused laser illuminated at the apex of the AFM probe, recording the tip-sample scattering fields with morphologies when the tip scans over the sample surfaces. The collected scattering fields Es are the projection of the Ez-fields in the vicinity of sample surfaces. The AFM tip coated metals (Pt/Ir) can be simplified as a dipolar nano-antenna with a hotspot (ultrastrong light confinement) at the tip apex. Thus, the probe tapping at the frequency Ω has a strong interaction with the underneath dielectric, which triggers the evanescent surface waves and rhythmic far-field radiations. The background fields around the tip, the overlapping fields of the incident light, the reflected waves, and the stimulated local modes of nano-resonators, are well suppressed by the pseudo-heterodyne mechanism. High-order harmonics of scattering signals, Es(nΩ) for n ≥ 2, only reflect the tip-sample interaction. With the equipped Fourier-transform interferometer and broadband lasers, near-field spectra Ez(ω, nΩ) can be collected with a  nanoscale spatial resolution approximating the diameter of the tip apex (~ 20 nm).54 The s-SNOM and nano-FTIR are working on tapping mode at a frequency of Ω ~ 270 KHz. Metal (Pt/Ir) coated AFM tips (Arrow-NCPt, Nanoworld) were used for the nano-FTIR measurement to acquire strong scattering signals, while high-resolution probes (PR-EX-SNM-A-10, Anasys Instruments) with weak near-field scattering intensity were used for the mode nano-imaging by s-SNOM to minimize additional metallic-tip-induced local-field perturbation. Since the actual morphology of those two AFM-probes are different, it induces additional difference of near field pattern at the sharp edges of nanostructure. The IR broadband radiation was generated by a super-continuum laser (Femtofiber pro IR and SCIR; Toptica) with the total output power of ~ 1 mW covering the frequency range of 700~ 1100 cm-1. The spectral resolution of nano-FTIR was set to 4 cm-1 with an interferometer distance of 1250 μm. The near-field signal was demodulated at a series of frequency nΩ (n = 0, 1, 2, 3, ...), where the third and fourth orders of near-field spectra were taken to eliminate the background scattering fields from probe shaft and substrate. 

Reflectivity Measured by Fourier transform infrared spectroscopy
The mid-IR reflection spectra of the SiC lattices were recorded by the FTIR spectrometer (Bruker Vertex 70) equipped with an infrared microscope (Bruker Hyperion 2000). An IR objective of 15X magnification was utilized for the measurement, which has a cone-shape incident beam with an angle ~ 25°. 

SUPPLEMENTARY MATERIAL
See supplementary material for detailed descriptions of nanoFTIR spectra, SNOM images and the point-dipole simulations of the near-field scattering mechanism.
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