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Abstract
[bookmark: OLE_LINK11]Hyperbolic phonon polaritons (HPhPs) are stimulated by coupling infrared (IR) photons with the polar lattice vibrations. Such HPhPs offer low-loss, highly confined light propagation at subwavelength scales with out-of-plane or in-plane hyperbolic wavefronts. For HPhPs, while a hyperbolic dispersion implies multiple propagating modes with a distribution of wavevectors at a given frequency, so far it has been challenging to experimentally launch and probe the higher-order modes that offer stronger wavelength compression, especially for in-plane HPhPs. In this work, we report the experimental observation of higher-order in-plane HPhP modes stimulated on a 3C-SiC nanowire (NW)/α-MoO3 heterostructure where leveraging both the low-dimensionality and low-loss nature of the polar NWs, higher-order HPhPs modes within two-dimensional α-MoO3 crystal are launched by the one-dimensional 3C-SiC NW. We further study the launching mechanism and determine the requirements for efficiently launching of such higher-order modes. In addition, by altering the geometric orientation between the 3C-SiC NW and α-MoO3 crystal, we demonstrate the manipulation of higher-order HPhP dispersions as a method of tuning. This work illustrates an extremely anisotropic low dimensional heterostructure platform to confine and configure electromagnetic waves at the deep-subwavelength scales for a range of infrared applications including sensing, nano-imaging, and on-chip photonics.
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Introduction
[bookmark: OLE_LINK1]In a hyperbolic medium[1-3] at least one of the principal components of the real part of the dielectric permittivity is opposite in sign with respect to the other two principal components. This distinctive optical property renders the dispersion in the isofrequency contour (IFC) to become hyperbolic, i.e., the IFCs are hyperboloids. The hyperbolic dispersion gives rise to a strong enhancement in the photonic density of states, allowing for observation of effects such as negative refraction and hyperlensing.[1-3] This expansion in the density of states is the result of multiple higher-order hyperbolic modes being supported at the same frequency.[4] Such extremely anisotropic optical properties are useful for a range of applications, such as subwavelength imaging,[5] focusing,[6] waveguiding,[7] and enhanced spontaneous[8] and thermal emission.[9] Metamaterials comprised of artificially layered metal-dielectric structures[5] and nanowire arrays within a dielectric host[10] were first employed to observe these hyperbolic optical responses. More recently, natural low-symmetry materials have been found to exhibit hyperbolic dispersions within the Reststrahlen bands of the polaritonic medium,[11-15] with this band referring to a spectral range bound by the transverse (TO) and longitudinal optic (LO) phonon frequencies of the polar materials in the infrared (IR).[16]
Within the Reststrahlen bands of low-symmetry polar crystals, hyperbolic phonon polaritons (HPhPs) are supported, offering highly confined, low-loss, and ray-like light propagation within the volume of the medium featuring wavelengths much shorter than the free-space wavelength at the same frequency.[17-19] HPhPs are induced through the coupling of IR light to oscillating polar charges (optic phonons) within the low-symmetry polar dielectric materials. HPhPs in natural materials were first reported in quartz[20, 21] and in the uniaxial medium hBN[22, 23]. In the case of the latter, the in-plane dielectric response is isotropic, resulting in two Reststrahlen bands with negative permittivity observed in-plane (out-of-plane) in the higher (lower) frequency regimes. Such uniaxial hyperbolicity results in polaritons propagating radially in plane.[4, 24-26] Very recently, in-plane hyperbolicity was reported within biaxial crystals, such as α-MoO3[27, 28] and V2O5[29], where the polariton propagation is restricted to the allowed in-plane direction according to the hyperbolic IFCs, with more exotic forms of in-plane hyperbolicity reported in lower symmetry crystals such as hyperbolic shear polaritons within monoclinic crystals.[30, 31] This extremely anisotropic response offers new opportunities for confining and configuring electromagnetic waves at deep-subwavelength scales, especially in localized energy confinement,[32-39] topological transitions,[40-46] and planar polariton optics.[47-54] In addition, through stacking the in-plane hyperbolic medium with another polaritonic medium to form heterostructures and twisting the heterostructures to a prescribed misorientation angle, recent studies have opened the door for the emerging field of twist-optics.[14, 19, 40-43, 55]
A hyperbolic dispersion implies multiple propagating HPhPs with different in-plane momenta being supported at a given frequency. These higher-order modes exhibit increased momenta, and significantly shorter wavelengths in their propagation direction. This means higher-order HPhPs modes can confine free-space IR light more strongly than the fundamental mode studied thus far. So far, experimentally launching and probing these higher-order modes has been challenging. Only very recently, higher-order out-of-plane HPhPs were observed near hBN flake edges[24] and in isotopically enriched hBN[56] in near-field experiments employing scattering-type scanning near-field optical microscopy (s-SNOM). However, to date there have been no experimental observations of higher order in-plane HPhPs in natural low-symmetry materials.
In this work, we experimentally demonstrate efficient launching and precise manipulation of higher-order in-plane HPhP modes. This is realized by scattering free-space light off of a 3C-SiC nanowire (NW) transferred onto an α-MoO3 flake. In the spectral region where α-MoO3 exhibits in-plane hyperbolicity, a 3C-SiC NW supports non-hyperbolic surface phonon polaritons within its own Reststrahlen band, with characteristic wavelengths far below that of free-space light. As a result, high-wavevector evanescent fields and strong near-field resonances are introduced. By utilizing these excitations, the 3C-SiC NW is able to bridge the wavevector mismatch between free-space light and the higher-order, high momenta HPhPs modes within the α-MoO3. The higher-order in-plane hyperbolic modes are directly imagined using s-SNOM, with the resulting near-field maps being in excellent agreement with our theoretical calculations and electromagnetic simulations. We further study the launching mechanism and determine the requirements for efficiently launching such higher-order modes: a low-loss, highly reflective and resonant scatterer with a size smaller or comparable to the polariton wavelength. Therefore, our choice of one-dimensional 3C-SiC NW is ideal for such applications, and by changing the size of NW, the specific higher-order branches of HPhPs can be selectively stimulated. Furthermore, the energy-momenta HPhP dispersion can be precisely controlled via controlling the misorientation angle between the 3C-SiC NW long axis and α-MoO3 principal crystal axes, which is unambiguously revealed by our near-field experiments and theoretical calculations. In addition, by rotating 3C-SiC NW, the polariton wavelength can be further compressed, with up to 127 times increased compression of the wavelength with respect to free-space IR photon for higher-order HPhP modes. This also provides an opportunity to tune the in-plane HPhPs without the restrictions and additional losses induced via nanofabrication. Therefore, we present a novel low dimensional heterostructure platform to explore extremely anisotropic light-matter interactions with ultrahigh photon confinement at the nanoscale, which can also be extended to other emerging material systems hosting ghost and shear polaritons[30, 57], with immense potential in IR sensing, routing, nano-imaging, and on-chip photonics.
Results
[bookmark: _Int_RVOMxP8n][bookmark: _Int_XJNL7VHF][bookmark: _Int_9RNDiyIa][bookmark: _Int_IHR1iY3H][bookmark: _Int_8RE4gQEo][bookmark: OLE_LINK8]The biaxial crystal α-MoO3 can support low-loss HPhPs in three partially overlapping Reststrahlen bands, with the lower (RB1,  is negative in 545-851 cm-1) and middle Reststrahlen bands (RB2,  is negative in 822-962 cm-1) exhibiting in-plane hyperbolic response, while the upper Reststrahlen band hosting out-of-plane hyperbolic behavior (RB3,  is negative in 957-1007 cm-1).[58] Within the two in-plane hyperbolic regions, the propagation of polaritons is only allowed in the direction exhibiting a negative real part of the dielectric permittivity following the IFCs, i.e. hyperboloid opening is in [100] (y) direction for RB1 and hyperboloid opening is in [001] (x) direction for RB2 (Figure. S1). In this work, we focus on the middle Reststrahlen band, as this spectral region (RB2) overlaps with the Reststrahlen band of another polar material, SiC (797-973 cm-1 for 3C-SiC, cubic polytype of SiC). SiC is also a well-studied polar material for low-loss IR nanophotonics,[59] exhibiting exemplary results in chemical sensing,[60, 61] nonlinear optics,[62, 63] and thermal emission applications.[64, 65] By placing an individual 3C-SiC NW (diameter: 100 nm) on top of the α-MoO3 flake (thickness: 120 nm) to form a low-loss one-dimensional/two-dimensional heterostructure (methods), we can directly nano-image in-plane HPhPs launched in the α-MoO3 crystal by the 3C-SiC NW using the s-SNOM setup (Figure. 1a, methods). Simultaneously, we can compare those results with polaritons stimulated in the same α-MoO3 flake scattered off of the edge away from the NW, which is a widely used method to launch in-plane HPhPs.[27, 28] For simplicity, we first investigate the case where a 3C-SiC NW is placed perpendicular to the allowed [001] (x) direction so that the in-plane wavevector direction is normal to the 3C-SiC NW (Figure. 1a).
[bookmark: _Int_2uqUqtBa][bookmark: _Int_bRuxhoi5][bookmark: _Int_SjPWCwDn][bookmark: _Int_nBI1STCs][bookmark: OLE_LINK3]Near-field real-space mapping of HPhPs reveals the different behaviors between polaritons stimulated from 3C-SiC NW and α-MoO3 flake edge. From the s-SNOM mapping recorded at 900 cm-1, parallel polariton fringes are observed near both the long edge of 3C-SiC NW and α-MoO3 flake edge in the allowed [001] (x) direction, with hyperbolic wavefronts exhibited near the 3C-SiC NW ends (Figure. 1b). The hyperbolic wavefronts with the opening direction of the hyperboloid along the [001] (x) direction are the signatures of in-plane HPhPs. However, in the regions near 3C-SiC NW long edge, the observed polaritons have much shorter periodicities compared to that near the α-MoO3 flake edge. This is more apparent in the extracted line profiles provided in Figure. 1d, with extracted polariton wavelengths of 874 nm for modes launched by the s-SNOM tip and reflected by the α-MoO3 flake edge (half polariton wavelength, , exhibited in the observed polariton fringes) and a much shorter polariton wavelength of 168 nm for the modes launched by the NW (full polariton wavelength, , exhibited in the observed polariton fringes). We note that the designation of the half and full polariton wavelengths agree with previous studies[28, 66]: one running trip for polaritons near the 3C-SiC NW that are directly launched by NW and probed by the oscillating metallic AFM tip (See SI Figure. S2a), and two running trips for polaritons near the α-MoO3 flake edge that are launched by the tip and reflected back by the α-MoO3 flake edge (See SI Figure. S2b). We attribute the mode at 900 cm-1 reflected by the α-MoO3 flake edge as the fundamental in-plane HPhPs mode (), and the mode with a much shorter polariton wavelength launched from the 3C-SiC NW as the higher-order in-plane HPhP mode (). We should note that we also observe the fundamental HPhPs () launched from 3C-SiC NW (Figure. S3). Therefore, we report the experimental observation of the propagation of higher-order in-plane hyperbolic modes with much stronger light confinement, which have not been previously reported in investigations of this low-loss material. Interestingly, only the fundamental mode is observed for HPhPs launched from the 3C-SiC NW at higher frequencies, such as 930 cm-1 (Figure. 1c). This is presumed to be the result of the maximum momenta imparted by the metallic tip used in our current study being on the order of  (about , where  is the radius of metallic tip used in our experiments, which is about 20 nm), which makes the observation of polariton modes with larger momenta difficult.[22]
To further justify the assignment of the much shorter wavelength mode as a higher-order in-plane HPhP launched directly by scattering off of the 3C-SiC NW, we extracted the in-plane wavevectors from the measured polariton fringes as a function of incident frequency following standard procedures for extracting the polariton dispersion (Figure. S3 in SI). The extracted in-plane HPhPs reflected from the α-MoO3 flake edge and launched from the 3C-SiC NW are also compared with the calculated phonon polariton dispersion along [001] (x) direction of α-MoO3 crystal (Figure. 1e and Figure. 1f). The theoretical dispersion is reported as the calculated reflection coefficient for 120 nm thick α-MoO3 slab on 300 nm thick SiO2 layer on Si substrate (same geometry as the actual device used in our experiments) using transfer matrix method (TMM). The experimental dispersion of in-plane HPhPs reflected from the α-MoO3 flake edge agree well with our calculated fundamental mode (the first branch in the hyperbolic dispersions, ), which also coincides with the previous studies where only the fundamental mode was experimentally observed.[27, 28] Furthermore, the extracted dispersions for HPhPs launched from the 3C-SiC NW agree with our calculated dispersions of both fundamental () and higher-order modes (), confirming our assignment. Compared to the fundamental HPhPs at 900 cm-1, the higher-order mode exhibits about five times higher free-space photon confinement (about five times shorter polariton wavelength), coinciding with one of the primary goals of nanophotonics, i.e., concentrating light on the scale much shorter than the free-space wavelength. In addition, the SiC NW/α-MoO3 heterostructure provides an opportunity for tuning of such deeply subwavelength polariton modes via the misorientation angle between the one-dimensional NW and two-dimensional material, which will be further below.
[image: ]
[bookmark: _Int_KBhyqkKf][bookmark: _Int_atwCpLpB]Figure 1. In-plane hyperbolic phonon polaritons (HPhPs) launched from the flake edge and nanowire. (a) 3C-SiC nanowire (NW)/ α-MoO3 device schematic in a scattering-type scanning near-field optical microscope (s-SNOM). Note the free-space IR beam and the oscillating metallic AFM tip are artistically showing in the schematic. In practice, the IR beam has a beam spot on the order of the measured α-MoO3 flake at the laser working frequency. 3C-SiC NW is placed in the direction along [100] (x) direction of α-MoO3. Red arrow represents the fundamental HPhPs mode (), which is reflected from the α-MoO3 flake edge and is only allowed along [001] direction in the spectral region of interest. Green arrow represents the fundamental HPhPs mode launched from the 3C-SiC NW in the allowed [001] direction. Magenta arrow represents the higher-order HPhPs mode () launched from the NW with much shorter in-plane polariton wavelength compared with the fundamental mode. (b) s-SNOM mapping of 3C-SiC NW (diameter: 100 nm)/ α-MoO3 (thickness: 120 nm) sample at 900 cm-1. (c) s-SNOM mapping of the same 3C-SiC NW/ α-MoO3 sample at 930 cm-1. Third-harmonic amplitude channel (S3) from s-SNOM mappings is shown in (b) and (c), and scale bar in (b) and (c) is 1 μm. (d) Near-field line profiles extracted from (b) and (c) show polaritons launched from the NW and reflected from flake edge.  is the polariton wavelength. Full polariton wavelength is exhibiting in the observed polariton fringes for NW launched HPhPs, while half polariton wavelength is exhibiting in the observed polariton fringes for flake edge reflected HPhPs. Line profiles in (d) are normalized and shifted for clarity. (e) Phonon polariton dispersion along [001] direction calculated from the imaginary part of the p-polarized reflection coefficient with the experimental data for HPhPs from flake edge (only fundamental mode observed, ). (f) Calculated phonon polariton dispersion with the experimental data for NW launched HPhPs (both fundamental and higher-order modes observed,  and ).
[bookmark: OLE_LINK9][bookmark: _Int_suFJ63f3][bookmark: _Int_1YoOQ6JH]To further study the mechanism by which the higher-order mode can be stimulated and probed efficiently using a 3C-SiC NW launcher, we performed finite element method (FEM) simulations using the same geometry as our experiments (methods). The calculated out-of-plane electric field (Ez) at 900 cm-1 reveals the existence of both the fundamental () and high-order () HPhPs modes launched from the 3C-SiC NW, with ray-like light propagation within the α-MoO3 slab (Figure. 2a). By extracting the line profiles 60 nm above α-MoO3 slab at 900 cm-1 (blue line in Figure. 2c) and performing a FFT (Fast Fourier Transform) filter on the extracted line profile (similar procedure as in the previous studies[24, 67]), the polariton components from the fundamental (green line in Figure. 2c) and higher-order modes (magenta in Figure. 2c) are separated, further confirming our experimental observation of the higher order in-plane HPhPs. Similar to our experimental observations, at a higher frequency (930 cm-1), the simulated electric field primarily exhibits the fundamental mode (Figure. 2b). The one-dimensional NW we studied is a deeply subwavelength launcher; therefore, as discussed in the supplementary information, the cross-sectional shape does not play a significant role in the in-plane HPhPs launched.
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[bookmark: OLE_LINK12][bookmark: _Int_PFbBLjba][bookmark: _Int_gTLlM2oP]Figure 2. Higher-order in-plane HPhPs launched from 3C-SiC NW. Simulated field profile (Ez) of the same SiC NW/ α-MoO3 device as used in the experiments at 900 cm-1 (a) and 930 cm-1 (b). Scale bar in (a) and (b) is 500 nm. Coordinates in (a) and (b) are the same as in Figure 1. (c) Extracted line profiles from (a) and (b) at 60 nm above α-MoO3 surface (to mimic the actual s-SNOM measurements). FFT filter is used in the line profile at 900 cm-1 (blue line) to show the component of fundamental mode (, green line) and higher-order mode (, magenta line). Plots in (c) are shifted for clarity.
[bookmark: _Int_IPsIgnYk]As the momenta that can be officially launched in this approach is driven by the size of the 3C-SiC NW, we further explore the launching mechanism of the higher-order HPhPs by exploring the diameter dependence of modes excited (Figure. 3a). At 900 cm-1, by increasing the diameter of 3C-SiC NW, the higher-order mode () with the polariton wavelength of 151 nm gradually disappears and the diameter at which the polariton can no longer be stimulated occurs when it approaches the polariton wavelength. This transition of the higher-order HPhPs mode is also visible in reciprocal space (or momentum space) after FFT of the extracted field profiles (Figure. S5), which suggests that only a launcher with a comparable or smaller size than the polariton wavelength can efficiently stimulate the higher-order mode with increased momentum. Therefore, our choice of one-dimensional NW launcher is preferable for such applications. This also suggests an opportunity for selectively choosing which modes can be stimulated by altering the size of the 3C-SiC NW, i.e., higher-order modes can be turned on and off by changing the NW diameter. 
To further demonstrate that the efficient launching of higher-order HPhPs is a result of the low-loss Reststrahlen response of the 3C-SiC NW, we explored other low-dimensional heterostructures by changing the NW material to gold and silicon in our simulations. We tracked the cut-off diameter for the higher-order HPhP modes stimulated by other NW materials, taking into account the previous discussion of the 3C-SiC NW size effects (Figure. 3b-c). As gold is essentially a lossy metal in the IR region, although it can also scatter free-space light to overcome the momentum mismatch for higher-order HPhPs, the gold NW primarily expels the incident electric field in a non-resonant manner. As a result, only gold NWs with diameters much smaller than the polariton wavelength, and therefore much smaller than the corresponding cut-off diameter for 3C-SiC NW, can efficiently launch higher-order HPhPs. The transition diameter for the gold NWs (40 nm) was found to be far below that of 3C-SiC NW as illustrated in Figure. S5. Similarly, the silicon NW fails to efficiently launch the higher-order HPhPs. This is because silicon exhibits a positive dielectric permittivity in this spectral range and does not provide sub-diffractional confinement, leading to a significantly reduced capability to match the momenta of such sub-diffractional modes. As a result, the cut-off diameter of the silicon NW is also much smaller than that of 3C-SiC. However, the silicon NW performs better than gold NW as its cut-off diameter is about twice that of gold NW, which is also illustrated in Figure. S5. This is due to the fact that the silicon NW used in our simulation is a lossless material, while gold is a lossy metal (Figure. S4). Therefore, our choice of 3C-SiC NW, a one-dimensional, low-loss polar material featuring a Reststrahlen band overlapping with that of the in-plane hyperbolic band of α-MoO3, fulfills the requirements for efficiently launching the higher-order HPhPs with much shorter wavelengths.
[image: ]
[bookmark: _Int_P7Yjr8s6]Figure 3. Higher-order in-plane HPhPs launched from NWs with different diameters and materials. Simulated field profile (Ez) of the NW/ α-MoO3 heterostructures at 900 cm-1 with different NW diameters for 3C-SiC (a), gold (b), and silicon (c). Except the NW material and diameter, other geometries used in the simulations are the same as that in Figure. 2. 
Based on our understanding of the higher-order in-plane HPhPs launched by the 3C-SiC NW within the α-MoO3, we further perform precise manipulation of the higher-order in-plane hyperbolic modes via changing the geometric orientation within the heterostructures. To do so, we alter the angle between the 3C-SiC NW and the [100] (x) direction of α-MoO3 crystal by a misorientation angle , which also represents the angle between the in-plane propagation direction of HPhPs with respect to the allowed [001] direction (x axis). The direction-dependent phonon polariton dispersion is governed by

[bookmark: _Int_goL3hKe2][bookmark: _Int_TEqnJauR]where ,  is the thickness of α-MoO3 flake,  is the order of mode,  and are the permittivity of the surrounding medium (top and bottom medium respectively).[68] Furthermore, in the spectral region of interest, directionally dependent HPhP propagation is only supported when  based on Eq. 1. We record the s-SNOM mapping of the same 3C-SiC NW and the same α-MoO3 flake for different geometric orientations (Figure. 4, ), which unambiguously reveals the direction-dependent properties of the propagating HPhPs launched from the 3C-SiC NW. This dependence was made possible within the same heterostructure by employing a home-built micromanipulator to rotate the 3C-SiC NW on the α-MoO3 flake following the completion of the s-SNOM measurements. As expected, higher-order in-plane HPhPs modes were also launched from the 3C-SiC NW when rotating the 3C-SiC NW, with changes of propagation direction and the polariton wavelength observed as a function of the misorientation angle , as can be seen in the near-field mapping recorded at 900 cm-1. Furthermore, only certain misorientation angles can support HPhPs based on Eq. 1, even for the fundamental mode, as is highlighted in the real-space mapping at higher frequency 930 cm-1, showing that no polariton fringes are observed when . This observation provides an opportunity to tune the in-plane HPhPs without requiring nanofabrication, which usually restricts the ability to tune the response once the structure is made, while also inducing additional loss into the material.
[image: ]
[bookmark: OLE_LINK6][bookmark: _Int_3iUS5NVc][bookmark: _Int_ldRDxMsp]Figure 4. Manipulate higher-order in-plane hyperbolic modes via geometric orientation. s-SNOM mapping of 3C-SiC NW/ α-MoO3 device for different geometric orientation and frequencies: (a) θ=0° at 900 cm-1, (b) θ=0° at 930 cm-1, (c) θ=15° at 900 cm-1, (d) θ=15° at 930 cm-1, (e) θ=30° at 900 cm-1, (f) θ=30° at 930 cm-1, (g) θ=45° at 900 cm-1, (h) θ=45° at 930 cm-1, (i) θ=90° at 900 cm-1, (j) θ=90° at 930 cm-1. The angle θ specifies the angle between the SiC NW and [100] direction of α-MoO3 crystal (schematic in the bottom). Third-harmonic amplitude channel (S3) from s-SNOM mappings is showing in (a-j), and scale bar is 2 μm in (a-j). All the measurements are performed on the same α-MoO3 and 3C-SiC NW (note the dusts on the right of the flake).
To corroborate our tuning of higher-order in-plane HPhPs, we calculated the direction-dependent phonon polariton dispersions based on Eq. 1 in Figure. 5a-d and compare the theoretical dispersion with our measured wavevectors (real part of k, which is ). Both the extracted fundamental () and higher-order () modes from the near-field measurements agree well with our theoretical calculations for different misoriented angles. Furthermore, by increasing the misorientation angle , the in-plane wavevector of HPhPs is further enhanced (or polariton wavelength is further reduced). At , we experimentally observed a free-space photon confinement ratio (, where  is the free-space wavelength) of up to 127 for the higher-order mode (). However, when increasing the misorientation angle  the spectral region where in-plane HPhPs are supported is also reduced, as is highlighted in Figure. 5a-d. Therefore, our theoretical calculations together with our experimental data clearly demonstrate the manipulation of in-plane HPhPs dispersions based on the misorientation angle of the low-loss low dimensional heterostructure.
[image: ]
[bookmark: _Int_cHlkU6af][bookmark: _Int_8AyItExz]Figure 5. Direction-dependent dispersions, isofrequency contours (IFCs), and figure of merit (FOM) for in-plane hyperbolic phonon polaritons. Calculated direction-dependent phonon polariton dispersions with experimental data extracted from NW launched modes for θ=0° (a), θ=15° (b), θ=30° (c), θ=45° (d). Calculated IFCs with experimental data extracted from NW launched modes at 900 cm-1 (e) and 920 cm-1 (f). (g) Re(kx) and Re(ky) are real parts of in-plane wavevectors. Calculated directional-dependent FOM for the fundamental mode (l=0), and (h) higher-order mode (l=1). The angle θ specifies the angle between the NW and [100] direction (inset in h), which is also the in-plane propagation direction with respect to the [001] direction of α-MoO3 crystal.
[bookmark: _Int_xnkAnPSc][bookmark: OLE_LINK7][bookmark: _Int_aUBQb6kh][bookmark: OLE_LINK4]To better illustrate the in-plane dispersions of HPhPs for both fundamental and higher-order modes, we plot the calculated IFCs with the measured in-plane wavevectors ( and ) for different misorientation angles  (Figure. 5e and Figure. 5f). At 900 cm-1, both the fundamental and higher-order modes launched from the 3C-SiC NW are observed, which agrees well with our theoretical calculations. The fundamental () and higher-order () modes follow different in-plane hyperbolic contours, with the higher-order modes exhibiting much higher in-plane wavevectors (Figure. 5e). At a higher frequency, only the fundamental mode is observed for the angle measured (Figure. 5f). Note we have plotted 920 cm-1 instead of 930 cm-1 in Figure. 5f because at 930 cm-1 for 45°, there are only hyperbolic wavefronts near the ends of the 3C-SiC NW, which are not the direction-dependent HPhPs excited from the long axis of the 3C-SiC NW that we focused on in this study. We also calculated the FOM (figure of merit, calculated as ), which offers an indication of the loss-induced limitations on the polariton propagation[19]) of different geometric orientations for both fundamental (Figure. 5g) and high-order (Figure. 5h) HPhPs. As can be seen in the calculations, the higher-order HPhP mode exhibits higher FOMs when compared to that of the fundamental mode at the same frequency and the same angle . This suggests the difference between the hyperbolic materials and non-hyperbolic materials in terms of polariton confinement: the free-space photon confinement comes at a cost for non-hyperbolic materials, which means the mode propagation will decay faster in non-hyperbolic materials. In contrast, the free-space photon confinement can be increased with better propagation lengths for higher-order modes in hyperbolic materials. In addition, in the spectral range of interest, there are peaks for FOMs of both the fundamental and higher-order modes, and the peaks will decrease their amplitude and move to lower frequency when increasing the misorientation angle . Therefore, our calculations reveal that even though a larger angle  will exhibit a shorter polariton wavelength, this will come at the sacrifice in the FOM of HPhPs.

Conclusion
In summary, we demonstrated the efficient launching and precise manipulation of highly confined, directionally dependent in-plane hyperbolic light propagation in a heterostructure composed of a 3C-SiC NW on α-MoO3 flake. These results provide the first experimental evidence of preferential and direct launching of higher-order in-plane HPhPs modes from the one-dimensional, low-loss 3C-SiC NW. By altering the geometrical orientation between the 3C-SiC NW and the α-MoO3 crystal on the same device, we demonstrate the directional dependence of in-plane HPhPs and a tuning method to modify both the fundamental and higher-order HPhPs modes. Furthermore, a free-space photon confinement ratio of up to 127 is experimentally observed for the higher-order HPhPs mode. Our work therefore showcases the efficient and precise manipulation of the extremely anisotropic light-matter interactions at the deeply subwavelength scale, opening opportunities for a wide range of IR applications.

Methods
Sample preparation
[bookmark: _Int_VGNNmFVi]First, we exfoliated α-MoO3 bulk crystals from 2D Semiconductors onto SiO2 (300 nm)/Si substrate. Uniform α-MoO3 flakes were examined under optical microscope and s-SNOW mappings. 3C-SiC NWs used in this study are commercially available (ACS Material). Power-form 3C-SiC NWs were dispersed in reagent alcohol then sonicated for about 5 minutes. Then 3C-SiC NWs dispersion was drop-casted onto polydimethylsiloxane (PDMS) surface. Individual 3C-SiC NW was picked up utilizing a built-in micromanipulator with a sharp tip (tip radius: 100 nm). 3C-SiC NW was carefully aligned with α-MoO3 flake axis under the optical microscope and repositioned after each s-SNOW measurement to explore the direction-dependent dispersions. The angle between the nanowire and [100] direction of MoO3 flake was measured from optical images as a reference and then confirmed by AFM scans performed simultaneous with s-SNOM measurements. 
Near-field characterization
For near-field characterization of the 3C-SiC NW/ α-MoO3 heterostructure, we used a commercial s-SNOM setup from Neaspec. Conventional metal-coated tip (Nanoworld) is used for the measurements. The tip tapping frequency is set to about 270 kHz and tip tapping amplitude is set to about 60 nm. For the nanoimaging (s-SNOM mapping) of 3C-SiC NW/ α-MoO3, the sample is illuminated by p-polarized quantum cascade laser (Daylight). We recorded the images with an integration time of 10 ms per pixel and the pixel size of the images is 20 nm. The detector signal is demodulated a frequency of 2Ω and above (3Ω are used for all the figures in the main text). 
Numerical simulation
[bookmark: OLE_LINK2]Finite element method (FEM) simulations were performed in CST Studio Suite 2018 using the structure mentioned in the main text. The unit-cell boundary conditions and a plane wave excitation are used in the simulations. To mimic the s-SNOM setup used in the experiments, the incident angle of the plane wave is chosen as 60°, and p-polarized light is used in the simulations. The dielectric function used for α-MoO3 was derived from that presented in Ref[58].
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Highly confined, directionally dependent in-plane hyperbolic light propagation is demonstrated in a heterostructure composed of a 3C-SiC NW on α-MoO3 flake. Such low-dimensional heterostructure showcases the efficient and precise manipulation of the extremely anisotropic light-matter interactions at the deeply subwavelength scale, opening opportunities for a wide range of IR applications.
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