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Materials and Methods

Preparation and characterization of hBN crystals

Microcrystals of hBN were exfoliated from bulk samples and then transferred to Si wafers
capped with 300 nm-thick SiO, layer. We explored bulk hBN samples from two different
sources including commercially available samples (www.momentive.com) and also specimens
synthesized by means of high pressure techniques as described in Ref. (31). We observed
reproducible polaritonic effects irrespective of the origin of our microcrystals. Raman
spectroscopy was applied to characterize the hBN crystals. (Fig. S1B). These Raman spectra
were in accord with the literature data for high-quality hBN specimens (32). We note that one
can easily distinguish hBN crystals of different thickness by their color under the optical
microscope (Fig. S1A) (33).

Infrared nano-imaging and nano-FTIR

The nano-imaging and Fourier transform infrared nano-spectroscopy (nano-FTIR) data
were obtained using a commercial scattering-type scanning near-field optical microscope (s-
SNOM) (www.neaspec.com) based on a tapping-mode atomic force microscope (AFM). The
tapping frequency and amplitude of the AFM are about 250 kHz and 70 nm, respectively. In Fig.
S2, we show schematics of our infrared (IR) sources and of the s-SNOM system. These IR
sources include tunable quantum cascade lasers (QCLs) (www.daylightsolutions.com) and a
broad-band source based on a difference frequency generation (DFG) system (www.lasnix.com).
In combination, these sources cover a broad frequency range from 700 to 2300 cm™ (Fig. S2).
By focusing the IR beam onto the metalized AFM tip, we were able to probe the polaritonic
effects of hBN. The back-scattered signal by the tip is registered by pseudoheterodyne
interferometric detection and then demodulated at the n-th harmonics of the tapping frequency
yielding background free images. In this work, we chose n = 3 or 4.

Supplementary Text

Modeling near field spectra and images due to phonon polariton waves in hBN

1. Tip-launched surface waves

We start with describing a model that captures the essence of the observed real-space patterns in
Figs. 1-3 on purely phenomenological grounds. This model assumes that the near-field contrast
detected by the s-SNOM is in the linear response regime and is purely local. In other words, the
deviation of the s-SNOM signal from the area average is given by some linear functional E(r) of
the electric potential ¢(r) directly underneath the tip. The qualitative aspects of the results do not
depend on the precise relation between ¢(r) and E(r) as long as this relation is linear. For
definiteness, one can think that E(r) represents the deviation of the z-component of the local
electric field from its average value, so we use the term “field” to refer to it from now on. We
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further assume that tip-launched polaritons are characterized by the radially symmetric field
distribution (r=|r|)
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where we take ro = Ap/4 (the diffraction limit), A, is the phonon polariton wavelength. Eq. S1 is

designed to have the property that E(r) goes to a constant underneath the tip (r —0) and

behaves as an outgoing cylindrical wave at large distances. The momentum of this wave is a

complex number
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where ¥ =« /q is the loss factor defined in the main text.

2. Near-field images of phonon polaritons

The observed polariton interference fringes (Figs. 1-3) originate from the superposition of
tip-launched polariton waves with those reflected back from the edges of the hBN crystals. The
edge-reflected waves can be approximately calculated using the method of images. For a single
edge (Fig. S3A), the total field under the tip (solid red arrow) is given by E;x: = E(0) + E(2L)rsp,
where L is the tip-edge distance, rs, is the complex coefficient of reflection off the edge, and
function E(r) is given by Eqg. S1.

For the tapered hBN crystal (Fig. 1), the polariton waves launched by the tip may
experience multiple reflections. Therefore, we introduce the index m =1, 2, ... to label the waves
that are reflected m times by the edges before arriving back to the tip; we refer to them as the m-
th order waves. The locations of the corresponding image sources are obtained by m consecutive
mirror reflections of the tip across the alternate edges. We refer to them as the m-th order images.
In Fig. S3B we show these multiple tip images (hollow dots) for one representative tip position
(solid green dot). We use the double index “m,n” to label the n-th (n = 1 or 2) possible position
of the m-th order images. Let dn , be the distance between the n-th position of the m-th order
images and the tip. The total polaritonic field underneath the tip can be expressed as:

Etot = ZZ E(dm,n)rsr; ' (83)

Using this formula we computed Eq; for every position within a triangular area representing the
tapered hBN crystal in Fig. 1 of the main text. For this particular sample geometry only m<3
images contribute to the formation of the interference patterns in the field of view.

Our simulation results are shown in Fig. 1C of the main text. We find a good qualitative
agreement with the actual data (Fig. 1B) using the parameters y = 0.055 and rs, = —0.2 + 0.3i,
which are in accord with the phonon polariton line profiles (Fig. 3A). Simulation images for the
different choices of yvalue along with the experimental data are shown in Fig. S4. The fact that
the absolute value of rg, is smaller than unity suggests that either the reflection has a strong
diffuse component or a significant amount of energy is dissipated into degrees of freedom other
than the principal polariton branch (I = 0 in the main text). Among the dominant factors reducing
the reflectivity of polaritons are the roughness as well as canted nature of the edges.

Besides analyzing the two-dimensional interference patterns, we also examined the line
profiles (Fig. 3A). Noticing a marked resemblance between the observed phonon polariton



fringes and the plasmonic interference fringes in graphene (20, 21), we attempted to roughly
estimate the former using the simulation developed previously for the latter. In this way, we
again arrived at the estimated range y~ 0.04—0.07.

3. Optical constants and infrared reflectivity of hBN

The infrared reflectivity of boron nitride (BN) has been investigated by several groups (26,
34-36). A consensus is that both the in-plane and the out-of-plane dielectric function can each be
described by a single Lorentzian:
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with nearly the same values of the optical phonon frequencies wro, , and a0, , reported by all the
groups. These values are also in a good agreement with the results of ab initio calculations (37,
38). However, we met some difficulty finding reliable experimental data in the literature for
limiting high-frequency values ¢, and especially the optical phonon broadening I',.. The
aforementioned experiments studied boron nitride samples obtained by pyrolysis (26), chemical-
vapor-deposition (CVD) (34), and magnetron sputtering (35, 36). All of these materials were
composed of misoriented (angle spread &~ +30°) grains of sub-10 nm size. For such small grain
sizes, the linewidth broadening of the phonons can be considerably larger than what is expected
in single-crystals, as was shown by Raman studies (39, 40). On the other hand, I",, as small as a
few cm™ was estimated for the CVD-grown rhombohedral boron nitride. This material has the
same in-plane layer structure and nearly the same phonon frequencies as CVD hBN but a much
higher degree of crystallographic order (34). For all of the above reasons, in our calculations we
used the parameters of Cai et al. (37) with the broadening I’y =4 cm™ and T', =5 cm™ in order

to reproduce the observed loss factor y~ 0.055 at 1550cm™ (see Fig. 3F of the main text).

The dielectric function of Eq. S4 serves as input into the calculation of the complex
reflectivity ry(q, @) and therefore of the phonon polariton dispersion. Although our system
consisted of three layers: hBN, SiO,, and Si, at large g relevant for our experiments, the electric
field of the polaritons is mostly confined in the first two layers. Therefore, it is legitimate to
approximate rp(q, ) by the reflectivity of a simpler hBN/SiO; structure. The rp(q, ®) can be
derived from the Fresnel equations for a three-layer structure shown in Fig. S5:
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where the subscripts “a”, L and “s” refer to air, hBN (the component normal to the c-axis),
and SiO,, respectively. Functions r, and rs have the meaning of the reflectivity of the air/hBN
and hBN/SiO, interfaces, d is the thickness of the hBN crystal and k;* represents the z-axis



2
momentum of the photon in layer i. For i =aand s, it is given by k. 24"% a)—z—q2 with & being
C

the dielectric function. The subscript “e” stands for “extraordinary ray”’ of hBN, which has

uniaxial anisotropy. The corresponding momentum is k.’ =\/gL(a)/c)2 —j—iqz (41).
11

4. Derivation of Eg. 1 and the origin of the multiple polariton branches

At large g we can make the approximation k,* ~k.* ~iq and

kez =iq\/g=ﬂ’ (87)
& v

in the preceding formulas, which enables us to further simplify the expression for rp,. Using
straightforward algebraic manipulations, one is led to the analytic solution for the poles of rp,
Eqg. 1 of the main text. Alternatively, a more physical derivation can be offered as follows. If

dissipation is neglected, so that both &, and ¢, are real, the admissible value of momentum k_*
obey the Fabry-Perot quantization condition

2k,"d +2¢, +2¢, =27zm, (S8)
where 2¢, and 24, are the phases of the reflection coefficients r, and —rs, i.e.,. the phase shifts

for (inner) reflection of the extraordinary ray at the hBN-air and hBN-substrate interfaces. From
Eq. S5 and Eg. S6 we find

ey

¢, :arctan( i j , j=a5s. (S9)
Combining Eqg. S7-S9 we arrive at
q=-"(-am+4,+4,). (S10)

It is convenient to define | =—m =0, 1, ... to ensure that Re g > 0. If the losses are now included,
the in-plane momentum would acquire an imaginary part q — g+ ix . After these substitutions
Eqg. S10 becomes the same as the desired result, Eq. 1.

According to Eqg. 1, the 0 < y< 1 condition can be satisfied within the Reststrahlen bands of
hBN confined within the transverse oo and longitudinal .o phonon frequencies (Fig. 3D). Our

imaging data probe mainly the band due to the upper Reststrahlen band, from @, , = 1367 cm™
to @, , =1610 cm™ (26) where £, Isreal and negative, whereas gy is almost real and positive.
The polariton branches all start at @y, , at low g and disperse with the positive slope (o= +)

towards the limiting value of @, , = 1610 cm™ at large g.

Instead of looking for the poles of r, in the complex plane, one can determine the polariton
dispersion from the maxima of Im ry at real momenta. This numerical method gives results that
closely agree with our analytical Eq. 1 at large g where the latter equation is valid, see Fig. 2E.
The positions of high-intensity lines in this plot give q , while their apparent widths characterize
the dissipation x (10).



Let us now briefly discuss the multiple branches of the polariton dispersion. As explained
above, the | > 0 branches have a simple interpretation as the Fabry-Perot resonances confined
between the two interfaces of the hBN crystal. The same phenomenon occurs in planar
waveguides, so these modes can be termed “waveguide modes” (29). In our case the polariton

branches are separated from one another by equal increments Z—W in the momentum space. It is
unusual however that this number is real while g itself is much larger than the photon momentum.
In other words, it is unusual to have propagating modes far outside the light-cone. This fact can
be traced to parameter y (defined in Eq. 1 or Eq. S7) being real, which is unique to hyperbolic

materials such as hBN. Unfortunately, none of the | > 0 modes has shown evident features in the
experiments so far. Observation of these “waveguide” modes may have been inhibited by
imperfections of the sample edges and the current signal/noise ratio limitation.

Finally, it may be worth commenting on applicability of our continuum-medium approach
to hBN crystals with just a few atomic layers N. Experimentally, our Eq. 1 is seen to be in
quantitative agreement with the measurements even in the thinnest samples reported here, N = 3.
On the theory side, the answer can be gleaned from the theoretical calculations of Michel and
Verberck (42). They suggest that a qualitatively new effect caused by decrease in the number of
layers is the character of yet unobserved high-order polariton branches. These authors find that
the total number of all branches is finite and equal to N in each Reststrahlen band. Thus, in
monolayer hBN there should be only one and in bilayer only two polariton branches in each
band. Since we do not see high-order branches even in thick crystals, this distinction cannot yet
be verified.

5. Near field spectra simulation

The near-field scattering amplitude s(w) shown in Fig. 2F (right) of the main text was
computed using the expression for the reflectivity, which accounted for all possible layers (hBN,
SiO;, and Si). It has the same form as Eq. S4 except rs is replaced by rg:
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where ds = 300 nm is the SiO, thickness and g, = 11.7 is the IR dielectric constant of Si. The tip-
sample interaction was treated within the quasi-static approximation in which the AFM tip was
modeled as a perfectly conducting prolate spheroid of total length 600 nm and the curvature
radius 30 nm, as described in our previous work (28). Figure 2F indicates that the modeling
captures all the main features of the observed spectrum. Two features arise due to two effects.
One is the behavior of the ordinary reflectivity r,, at nearly zero momentum, i.e., the photonic
response of our hBN/SiO,/Si system. The other ingredient is the o — dependence of r, at very
large momenta g ~ 10° cm™ set by the curvature radius of the tip and its typical distance from the
sample, i.e., the polaritonic effect. The photonic response causes the deep minima at 820 cm™



and 1625 cm™. These minima occur near the longitudinal optical (LO) phonon frequencies of
hBN, o, , and o, , at which the far-field reflectivity r, is close to -1, see Eq. S11), so that the

electric field at the surface, proportional to 1 + rp, vanishes. (Note that the far-field reflectivity is
a very sharp function of frequency near o, , . It rapidly changes from —1 to 0 as frequency

increases, giving the well-known reflectivity minimum.) The far-field reflectivity is also
responsible for the hump-dip structure near 1100 cm™, which comes from the optical phonon of
the SiO, substrate. On the other hand, the resonances centered around 760 cm™ and 1370 cm™
are to a large extent due to the high near-field reflectivity, the raison d’étre of the polaritons. The
combination of the far- and near-field response functions anchors these peaks at the transverse
optical (TO) frequencies.
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Fig. S1. Optical microscope image and Raman spectrum of hBN.
(A) hBN crystals of different thicknesses under the optical microscope. (B) Raman spectrum of
the hBN crystal displayed in the inset. Scale bar: 30pm.
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Fig. S2. Schematics of the UCSD s-SNOM for broad-band nano-imaging and nano-FTIR
experiments.

Single frequency IR light (black arrows) is generated by 5 QCLs with tunable frequency
indicated, in cm™. A broad-band beam (orange arrow) is generated by the DFG system with
frequency range indicated. The IR beam enters an asymmetric interferometer composed of the
elements: BS=ZnSe Beam Splitter, OM=0scillating Mirror, MCT=Mercury Cadmium Telluride
detector, PM=Parabolic Mirror, T=metallized Tip, S=Sample. Dashed box marks the s-SNOM
part.



Fig. S3. Polaritonic waves in tapered crystals.

(A) Tip (solid red arrow) and its mirror image (dashed red arrow) according to the single hBN
edge (grey dashed line). (B) A representative tip position (solid green dot, noted as “0) and its
images (hollow dots, labeled as “m,n”) for the simulation in Fig. 1C. Orange, red and purple dots
mark the 1-st, 2-nd and 3-rd order images of the tip, respectively. Solid grey lines track the hBN
crystal’s edges; their extensions are shown with dashed lines. Red and blue dashed lines
symmetrically connect the tip images with respect to the hBN edges. (C) The beam path (solid
lines with arrow) of the 1-st order polariton waves. (D) The beam path (solid lines with arrow) of
one representative 2-nd order polariton wave. L, to Lg represent the length of each part in the
solid (or dashed) blue line. Color map of (B-D): simulation results from Fig. 1C.
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Fig. S4. Near-field image and simulation results with different loss factors.
(A) Near-field image of phonon polaritons from Fig. 1B of the main text. (B) Simulation image
with the loss factor y=0.055 (Fig. 1C). (C) Simulation image with the loss factor y= 0.01. (D)
Simulation image with the loss factor = 0.13. Scale bar: 800 nm in all panels.
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Fig. S5. Layered structure for the Air-hBN-SiO, system of the dispersion model.
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