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Supplementary Text 
Near-field probing of HIP in very thin hBN 
s-SNOM imaging of HPP in mono- and bi-layer hBN on SiO2 has been reported by S. Dai et al. 
(36). However, this study demonstrated only a single (rather a half of) near-field interference 
fringe at the edge of the hBN flake. Furthermore, HPP only at the lower end of the Reststrahlen 
band (at 1370–1385 cm–1) was detected, because the mode confinement at higher frequencies 
was prohibitively large (effective mode index > 60). If such thin hBN is placed on gold, the HIP 
wavenumber at low frequencies would almost triple, leading to a much larger effective mode 
index of > 200 (λHIP < 40 nm), as theoretically predicted by Z. Yuan et al. (20). Therefore, 
SNOM detection of HIP would be extremely challenging, mostly limited by the in-plane spatial 
resolution of s-SNOM (~30 nm due to the nano-tip radius) and the small penetration depth of the 
evanescent field above the sample insufficient for out-coupling by the nano-tip. The calculated 
field penetration depth as a function of the hBN thickness (between 1 to 30 nm) and excitation 
frequency is shown in Fig. S2. This data shows that the image mode in hBN thinner than 10 nm 
would be difficult to detect in near-field, at least in the middle of the Reststrahlen band where 
FOM is maximal.  
 
Dispersion of phonon-polaritons in hBN 
In order to analytically calculate dispersion of phonon-polaritons in hBN slab, we employ a 
universal approach to find eigenmodes in a uniform three-layer structure with semi-infinite top 
and bottom layers as shown in Fig. S3. In this model, Medium 2 has properties of hBN, and 
Medium 1 can be either gold for the HIP case, or dielectric substrate for the HPP case. Assuming 
the TM-polarized mode propagating in the x-direction, the ansatz is made that the magnetic field 
in each medium m = 1,2,3 takes the form 𝐇ሺ௠ሻ ൌ 𝐲ො𝐻ሺ௠ሻሺ𝑧ሻ𝑒௜ሾ௞ೣ௫ିఠ௧ሿ, where kx = 2π/λp is the 
polariton propagation constant, and λp is the polariton wavelength. Amplitude of the polaritons 
magnetic field 𝐻ሺ௠ሻ is assumed to exponentially decay in z-direction and having constant 
complex amplitudes Am and Bm: 

𝐻ሺଵሻሺ𝑧ሻ ൌ 𝐴ଵ𝑒௜௞೥
ሺభሻ௭ ൅ 𝐵ଵ𝑒ି௜௞೥

ሺభሻ௭, z < 0; 

𝐻ሺଶሻሺ𝑧ሻ ൌ 𝐴ଶ𝑒௜௞೥
ሺమሻሺ௭ି௧ሻ ൅ 𝐵ଶ𝑒ି௜௞೥

ሺమሻሺ௭ି௧ሻ, 0 < z < t; 

𝐻ሺଷሻሺ𝑧ሻ ൌ 𝐴ଷ𝑒௜௞೥
ሺయሻሺ௭ି௧ሻ ൅ 𝐵ଷ𝑒ି௜௞೥

ሺయሻሺ௭ି௧ሻ, z > t. 
 

In the above equations, 𝑘௭
ሺ௠ሻ ൌ ඥ𝑘଴

ଶ𝜀௠ െ 𝑘௫ଶ is the z-component of the polariton wavevector in 
medium m, k0 = ω/c is the free-space wavevector, and 𝜀௠ is the dielectric permittivity. Due to the 

anisotropy of hBN, the wavevector identity in Medium 2 takes the form 𝑘௭
ሺଶሻ ൌ ට𝑘଴

ଶ𝜀௫௬ െ 𝑘௫ଶ
ఌೣ೤
ఌ೥

 

where εxy and εz are the in-plane and out-of-plane hBN permittivity, respectively.  
 
Substituting the equations for the magnetic field into the Maxwell’s curl equation                       
∇ ൈ 𝐇 െ 𝜀𝜀଴ 𝜕𝐄 𝜕𝑡⁄ ൌ 𝐉, we apply field continuity conditions for electric and magnetic fields at 

each interface: 𝐸௫
ሺ௠ାଵሻ െ 𝐸௫

ሺ௠ሻ ൌ 0 and 𝐻ሺ௠ାଵሻ െ 𝐻ሺ௠ሻ ൌ 0. Taking A1 = B3 = 0 (absence of 
reflected or incident waves in media “1” and “3”), we obtain a system of four linear equations for 
the four unknowns Am and Bm. By searching for all possible solutions of the system of equations 
(if any), exact value of the complex propagation constant for all polariton eigenmodes supported 
by the system can be found. This powerful approach can be used to evaluate eigenmodes of 
multilayer structures with an arbitrary number of layers, or to calculate complex reflection and 



 
 

 
 

transmission coefficients in the presence of an incident wave (e.g. when B3 = 1), as employed to 
calculate the lossy HIP and HPP dispersion in Fig. 3 in the main text. 
 
Type or paste text here. This should be additional explanatory text, such as: extended technical 
descriptions of results, full details of mathematical models, extended lists of acknowledgments, 
etc. It should not be additional discussion, analysis, interpretation, or critique.  
 
Recovered hBN dielectric function from material data 
Dielectric function of hBN is defined by its in-plane and out-of-plane optical phonon resonances, 
and its general TO-LO form for a given crystalline direction is given by:  

𝜀ሺ𝜔ሻ ൌ 𝜀ஶ ቆ
𝜔௅ை
ଶ െ 𝜔ଶ െ 𝑖Γ𝜔

𝜔்ை
ଶ െ 𝜔ଶ െ 𝑖Γ𝜔

ቇ, 

where 𝜔௅ை, 𝜔்ை, Γ and 𝜀ஶ are the LO and TO phonon frequencies, phonon damping, and the 
high-frequency permittivity, respectively. hBN crystals with different proportion of boron 
isotopes 11B and 10B have slightly different phonon frequencies, but significantly different 
phonon lifetimes (6). Furthermore, frequency of the Raman active in-plane TO phonon mode 
linearly depends on the concentration ratio of the two isotopes (6). This makes it possible to 
learn the isotopic composition from the Raman spectrum. Raman spectra of three different hBN 
flakes used in our experiments are shown in Fig. S3, all having the sharp in-plane TO phonon 
peak at 1388 cm–1, which gives the isotopic composition 10B:11B ≈ 80:20. 
 
According to the available experimental data from Ref. (6), provided for the full range of the 
isotopic ratio, we obtained parameters for the dielectric function of our samples, including 1 ps 
phonon lifetime which translates to Γ = 5.3 cm–1 for in-plane permittivity. Recovered parameters 
are given in the Table S1. 
 
These parameters have been used to calculate analytical dispersion and FOM in Fig. 3 in the 
main text. Isotope ratio-related variation of loss in the out-of-plane dielectric function is 
negligible in the second reststrahlen band, therefore we adapt Γ as in the naturally abundant 
hBN. 
 
Effect of air gap between gold and hBN 
Since we transferred hBN flakes on top of the gold crystals, there is possibility that narrow air 
gap exists between the gold and hBN. Given the small thickness of our hBN (< 100 nm) and 
large lateral size of ~10 μm, waviness of hBN is limited and formation of large air gaps is 
unlikely. However, we calculated the dispersion of HIP mode in a four-layer structure with an air 
gap. As shown in Fig. S8, a few-nm air gap leads to a slightly smaller wavenumber, but does not 
affect the FOM. However, perfect agreement between the experimental and calculated dispersion 
in Fig. 3B of the main text suggests that thickness of the air gap is negligibly small in the area of 
the near-field measurements. 
 
Reconstructing HIP dispersion from the near-field map of standing wave interference 
As discussed in the main text, we measured near-field interference fringes in hBN on evaporated 
gold, where HIP are launched and scattered by the same s-SNOM nano-tip. In this case, circular 
polariton waves propagate from the tip towards the hBN edge, and get reflected from it, forming 



 
 

 
 

a standing wave interference pattern (as shown in Fig. 4 of the main text). Figure S9 shows the 
full collection of near-field images of 22 and 66-nm thick hBN slabs on evaporated gold.  
 
Interference fringes shown in Fig. S9 were integrated in a similar manner as those obtained at the 
crystalline gold. The amplitude of the near-field signal is proportional to the amplitude of the 
electric field, s ∝ |Ez|, where Ez is the vertical component of the electric field under the tip. In 
order to compensate the energy dissipation in a diverging wavefront of polaritons, electric field 
amplitude is adjusted as Ez ∝ r–0.5, where r is the propagation distance from the excitation point. 
For simplicity, we assumed a 100% reflection of HIP at the hBN edge. Figure S10 shows the 
process of the fringes “reconstruction” by this approach for the near-field map on 66 nm-thick 
slab at 1480 cm–1. First, integrated fringes (grey) were cleared of the background (red), so that 
their median is zero (black). We assume that the edge position coincides with the first bright 
maximum, so that remaining fringes can be adjusted for the distance r/2 between the tip and the 
edge. Reconstructed fringes are shown by green line. The Fourier spectrum of the reconstructed 
interference pattern is shown on the right panel, providing a good fit by the Lorentzian peak 
shape (red). When calculating the polariton wavenumber, the peak frequency was halved. In this 
way, we calculated the approximate FOM for HIP in hBN on evaporated gold shown in Fig. 4E 
in the main text. 
 
HIP and HPP reflection at crystalline gold edge 
Near-field interference fringes demonstrated in Fig. 3 and Fig. S4 show negligible contribution 
from the tip-launched modes that form a standing wave interference pattern with double spatial 
frequency. We suggest that, along with the more efficient polariton excitation by the gold edge, 
such purely edge-associated interference is due to a very weak reflection of the tip-launched 
modes at the gold edge when hBN slab is continuous. Numerical full-wave simulations provide 
the reflection coefficient R < 0.3 for the HPP, and R < 0.2 for the HIP near the frequency of the 
maximal FOM (Fig. S11b). Therefore, reflected diverging modes launched by the nano-tip form 
a very weak interference pattern, which is evident from the Fourier analysis of the interference 
fringes. The low reflection coefficient of the hyperbolic phonon-polaritons in hBN slab can be 
explained by the restricted propagation direction (31), so only a fraction of the scattered field 
couples to the backward-propagating polaritons. This is visible in the near-field amplitude profile 
of the reflected HPP and HIP modes (Fig. S11a) which propagate as a beam originating at the 
sharp gold edge, visualizing the only polariton wavevector direction available for the coupling to 
the scattered field. The similar picture is visible in the forward scattering direction. 
 
 
  



 
 

 
 

 

Fig. S1. Roughness of the monocrystalline gold flake and evaporated gold.  

Left: SEM image of the hexagonal gold crystal. Center: AFM surface topography of the gold 
crystal with RMS roughness of ~0.2 nm. Right: AFM surface topography of ≈100 nm-thick 
evaporated gold deposited on Si/SiO2 wafer with RMS roughness of ~2.3 nm. 
  



 
 

 
 

 

Fig. S2. Field penetration depth of the first-order HIP mode.  

Left: definition of the penetration depth of the electric field Ez above the hBN. Right: map of its 
value calculated for the HIP1 mode in the hBN of different thickness for frequencies within the 
second Reststrahlen band. 
 
 
  



 
 

 

 

 

Fig. S3. Schematics of a three-layer structure used in analytical model. 

Arrows indicate the direction of exponential decay of the polariton mode magnetic field H(z) 
having complex amplitudes Am and Bm. 
  



 
 

 
 

 

Fig. S4. Results of near-field probing of HIP and HPP and corresponding Fourier spectra.  

The black arrow in the Fourier spectra indicates the double-frequency signal from the tip-
launched modes; the blue arrow indicates the analytically predicted frequency of the HIP2 mode. 
HIP are measured in area “2” shown in Fig. 1D in the main text, and HPP are measured in area 
“3”. 



 
 

 
 

  
 

 

Fig. S5. Background removal procedure for near-field interference fringes.  

(A) Near-field map of the HIP interference fringes in hBN on gold crystal measured at 1510 cm–

1. White dashed line shows the direction of fringes profile, which is integrated across the whole 
visible area. (B) As-measured profile of the near-field fringes (black), which is fitted with the 
sixth-order polynomial curve (red). The red curve (background signal) is subtracted from the 
measures fringes profile, resulting in the interference fringes with removed background (blue). 
(C) Fourier spectrum (black) of the “pure” interference fringes (blue curve in (B)) and its 
Lorentzian fit (red).   
 
 
 
 
  



 
 

 
 

 

Fig. S6. Near-field mapping for the second-order HIP mode. 

Near-field maps of the HIP interference fringes overlapped with their integrated profiles with 
removed background (blue curves) at several frequencies in the middle of the second 
Reststrahlen band; measured at the same area “3” Fig. 1D in the main text. All scale bars are 1 
μm. 
 
 
  



 
 

 
 

 

 

Fig. S7. Raman spectra of hBN. 

Raman spectra of three hBN flakes of different thickness, all showing phonon peak at 1388 cm–1. 
 
  



 
 

 
 

 

 

Fig. S8. Effect of the air gap thickness on HIP dispersion 

Calculated HIP dispersion (left) and FOM (right) with air gap between gold and hBN of 
thickness tair. Thickness of hBN corresponds to that of our sample thBN = 57 nm. 
  



 
 

 
 

 

Fig. S9. Near-field probing of HIP on evaporated gold. 

Near-field images of the hBN edge on evaporated gold for two samples of different thickness at 
the same frequencies.  
  



 
 

 
 

 

Fig. S10. Reconstruction of the interference fringes for the tip-launched HIP. 

(A) Near-field image of hBN edge on evaporated gold, t = 66 nm. (B) Integrated interference 
fringes (grey), the background (red), and the result of removing the background (black). Edge 
position is assumed to be at the first bright maximum, therefore fringes are truncated at the 
second maximum to allow for the correct compensation. Reconstructed fringes (green) are 
analyzed by the Fourier transform as shown in (C): Fourier spectrum of the reconstructed 
interference fringes (black) and its Lorentzian fit (red).    
  



 
 

 
 

 

Fig. S11. Numerical analysis of polaritons reflection at the gold edge. 

(A) Electric field amplitude profile calculated by the full-wave FEM simulations for HIP (top) 
and HPP (bottom) modes launched at the numerical port boundary condition (white dashed line 
with arrow; excitation frequency is 1510 cm–1) and propagating towards the gold edge. hBN slab 
of thickness 60 nm is considered to be in contact with gold and suspended in air when no gold 
substrate is present. (B) Reflection coefficient R = |rE|2 for HPP and HIP modes, where the 
complex field reflection coefficient rE is obtained from the full-wave simulations at different 
frequencies. 
  



 
 

 
 

 

Fig. S12. Polaritons lifetime analysis.  

Analytically calculated (curves) lifetimes of HIP in hBN on gold (red), HPP in hBN on BK7 
glass substrate (blue), and HPP in free-standing hBN (green); hBN thickness 57 nm. The lifetime 
is calculated as 𝜏 ൌ 𝐿୮ 𝑣୥⁄ , where 𝐿୮ ൌ 1 Imሼ𝑘௫ሽ⁄  is the propagation length, 𝑣୥ ൌ 𝜕𝜔 𝜕𝑘ୌ୍୔⁄  is 
the group velocity, and 𝑘ୌ୍୔ is the polariton momentum. For the experimental values (data points 
with error bars), group velocity is calculated analytically, and the propagation length is obtained 
from the near-field images. Error bars correspond to the 95% confidence interval for the 
Lorentzian fitting to the Fourier spectra. Note that the analytically predicted lifetimes of the HIP 
and the HPP in free-standing hBN are very similar, while the experimental HIP lifetime is close 
to the theoretical limit, indicating the negligible external loss from scattering and absorption in 
the substrate.  
  



 
 

 
 

 𝜔௅ை, cm–1 𝜔்ை, cm–1 Γ, cm–1 𝜀ஶ 
In-plane 1641.7 1387.6 5.3 5.1 
Out-of-plane 838.8 779.0 3 2.95 

 

Table S1. Parameters of the hBN dielectric function. 

Extracted parameters of the hBN dielectric function used for analytical and numerical modeling.  
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