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Direct observation of highly confined phonon
polaritons in suspended monolayer hexagonal
boron nitride
Ning Li1,2,3,4,13, Xiangdong Guo1,4,5,6,13, Xiaoxia Yang 1,5 ✉, Ruishi Qi2, Tianyu Qiao2, Yifei Li7,
Ruochen Shi2,3, Yuehui Li2,3, Kaihui Liu 6,8, Zhi Xu9, Lei Liu 7, F. Javier García de Abajo 10,11,
Qing Dai 1,5 ✉, En-Ge Wang2,8,9,12 and Peng Gao 2,3,4,8 ✉
Phonon polaritons enable light confinement at deep subwavelength scales, with potential technological applications, such as
subdiffraction imaging, sensing and engineering of spontaneous emission. However, the trade-off between the degree of confinement and the excitation efficiency of phonon polaritons prevents direct observation of these modes in monolayer hexagonal
boron nitride (h-BN), where they are expected to reach ultrahigh confinement. Here, we use monochromatic electron energy-loss
spectroscopy (about 7.5 meV energy resolution) in a scanning transmission electron microscope to measure phonon polaritons
in monolayer h-BN, directly demonstrating the existence of these modes as the phonon Reststrahlen band (RS) disappears. We
find phonon polaritons in monolayer h-BN to exhibit high confinement (>487 times smaller wavelength than that of light in
free space) and ultraslow group velocity down to about 10−5c. The large momentum compensation provided by electron beams
additionally allows us to excite phonon polaritons over nearly the entire RS band of multilayer h-BN. These results open up a
broad range of opportunities for the engineering of metasurfaces and strongly enhanced light–matter interactions.

H

yperbolic phonon polaritons (HPhPs) in two-dimensional
(2D) van der Waals materials, such as hexagonal boron
nitride (h-BN), can be used to confine and manipulate light
at deep subwavelength nanoscales1–3, where they find important
applications in subdiffraction imaging4,5, surface-enhanced infrared
spectroscopy6–8, nanoscale lasing3 and integrated optical circuits1,9,
among other applications10. HPhPs in monolayer h-BN are expected
to reach ultrahigh confinement11. Additionally, the Reststrahlen (RS)
band in monolayer h-BN disappears at the Γ point, which implies
totally different properties from those of HPhPs in multilayer h-BN12.
However, a quantitative measurement of the pristine HPhPs in
monolayer h-BN still remains elusive due to the large light–polariton wave vector mismatch, as well as the effects of the supporting
substrate13–16. Although a weak HPhP signal in monolayer h-BN supported on SiO2 substrate was recently reported from a scattering-type
scanning near-field optical microscopy (s-SNOM) study17, the measured HPhP frequency17 was much lower than the theoretically calculated transverse optical (TO) phonon frequency in free-standing
monolayer h-BN12. Besides, the corresponding theoretical modelling
has encountered difficulties in calculating the optical properties of
monolayer h-BN12. It is therefore important to detect HPhPs directly
in suspended monolayer h-BN to unveil their intrinsic properties.
To excite HPhPs in monolayer h-BN, momentum compensation should be above 106 cm−1 (refs. 11,12). While methods based on
s-SNOM are widely used to probe 2D polaritons because they have

the advantage of high-resolution imaging in real space, the momentum compensation of the s-SNOM typically reaches ~105 cm−1,
as determined by the size of the tip and the extension of the near
field11,18,19. Thus, only HPhPs in a narrow frequency window have
been measured using these optical methods4,5,11. As a complement
to optical excitation approaches, fast electrons can transfer much
larger momentum than photons20, therefore holding great potential
for the excitation of highly confined 2D polaritons.
Electron energy-loss spectroscopy (EELS) incorporated in a scanning transmission electron microscope (STEM–EELS) equipped
with a monochromator and aberration corrector offers combined
high spatial21 and energy22 resolutions, enabling measurements of
lattice vibrations, interband transitions and interactions mediated
by large-momenta exchanges in systems ranging from the nano to
the atomic scale. For example, the vibrational spectra of SiO2 and
h-BN were studied via STEM–EELS23, while a polariton-induced
shift of the resonance peak of thin h-BN was later probed when the
electron beam was placed at different positions24. Recently, the longitudinal optical (LO) phonon and the HPhPs were resolved as two
split peaks in h-BN thin films22, and the behaviour of phonon peaks
across the Brillouin zone (BZ) was also studied25. However, owing
to the insufficient energy resolution, these EELS spectra can only
qualitatively reflect the existence of propagating phonon polaritons
in h-BN, but not quantitatively study the dispersion of the HPhPs
in h-BN.
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Fig. 1 | Measurement of vibrational spectra of h-BN in a wide momentum range. a, Schematic of electron energy-loss spectroscopy incorporated in a
scanning transmission electron microscope. From top to bottom, the electron beam (indicated by the grey cone) is focused on the h-BN sample (the
orange thin flake), and the obtained diffraction plane of h-BN is displayed by yellow, light-green and blue hexagons, which correspond to the first- to
third-order BZs, respectively. The red arrows indicate Γ–M–Γ and Γ–K–M–K–Γ directions in the reciprocal space of h-BN; the spectrometer is simplified
as a curved pipe and an EELS spectrum is presented on the EELS detector. b, Atomically resolved HAADF image of a h-BN flake showing the high
quality of h-BN and the high spatial resolution at 60 kV (better than 1.07 Å). Scale bar, 0.5 nm. c, Phonon dispersion curve of an h-BN flake from Γ to M
in momentum space, the colour scale indicates the processed EELS intensity in arbitrary units (details in Methods). The grey curves are the calculated
phonon dispersion obtained through density functional theory.

Here, using STEM–EELS with an improved energy resolution
down to 7.5 meV, we experimentally measure HPhPs in suspended
monolayer h-BN and in sub-10-nm-thick h-BN flakes covering
nearly the whole upper RS band. The polariton dispersion can be
directly extracted from the EELS spectra, from which we identify a
surface HPhP mode in h-BN flakes. We find HPhPs in monolayer
h-BN to exhibit ultrahigh confinement (>487 times smaller wavelength relative to the wavelength of light in free space) and ultraslow
group velocity (~10−5 c). This work experimentally demonstrates
the existence of high-quality HPhPs when the RS band disappears
in monolayer h-BN, thus providing useful insights for the design of
optical integrated circuits and surface-enhanced infrared spectroscopy with enhanced light–matter interactions.

HPhPs in ultrathin h-BN flake

Figure 1a presents the schematic of STEM–EELS in our experiments. By using a fast electron beam, STEM–EELS can supply high
momentum compensation for the excitation of phonons or phonon
polaritons, covering the whole first and part of the second-order BZs,
as indicated in the diffraction plane of h-BN. As shown in Fig. 1b,
the high-angle annular dark field (HAADF) image with spatial resolution better than 1.07 Å recorded at 60 kV demonstrates superior
quality of the h-BN crystal. Figure 1c shows the as-measured phonon
dispersion of the h-BN in the first BZ (details in Methods), which
agrees well with first-principles calculations (grey curves). The
results demonstrate that an ultrahigh momentum compensation
(up to 1.4 × 108 cm−1) can be supplied in the EELS measurements.
In our STEM–EELS measurements, the high-quality h-BN flakes
are suspended on lacy carbon TEM grids (Methods). At first, we
measure an ~10-nm-thick h-BN nanoflake, whose morphology is
shown in the inset of Fig. 2a. The EELS experiments are operated
at 60 kV with an energy resolution of ~7.5 meV (see Supplementary
Fig. 1). Figure 2a presents two EELS spectra of the h-BN flake
acquired in aloof configuration (in vacuum, 10 nm away from a
h-BN edge) and bulk geometry (inside the flake, 20 nm away from
the edge). In the aloof configuration, only one peak at 173 meV is
observed, which is consistent with previous studies23,24, while the
bulk geometry spectrum reveals three peaks at 173 meV, 182 meV
and 196 meV, which have not been resolved in previous studies22–24.
To investigate these three peaks, the EELS spectra of the h-BN flake
are spatially mapped by a 2-Å-sized electron beam. Figure 2b shows

line profiles recorded as the electron beam is moved from aloof to
bulk positions (along the red arrow in the inset of Fig. 2a, with a
9-nm spacing between successive beam spots).
To understand the three modes, we perform finite-element
method (FEM) simulations that reproduce the EELS spectra
(Fig. 2c, see details in Methods and Supplementary Notes), which
are in excellent agreement with experimental spectra. The right peak
(brown curve) sits at a constant energy loss of 196 meV, which is
between the surface optical phonon (SO, 195 meV) and the LO phonon (200 meV). By comparing the simulated EELS spectra before
and after considering the zero-loss peak (ZLP) tail of the electron
beam, that is, performing Gaussian convolution by a peak with
7.5 meV full width at half maximum (FWHM), the 200-meV peak
redshifts to 196 meV (Fig. 2c and Supplementary Fig. 2a). Thus, the
experimentally observed 196-meV peak can be assigned to the LO
phonon. Moreover, the strength of this mode is evenly distributed
over the h-BN flake, which is a characteristic of the LO phonon.
In contrast, the SO phonon is mainly localized at the edge19,26,27, as
demonstrated in the FEM calculation (Supplementary Figs. 2 and
3). We expected to observe the SO phonon at a slightly lower energy
~195 meV. However, it is not observed in our experiments, a fact
that we attribute to the combination of strong localization at the
boundary (Supplementary Fig. 2a) and imperfections in the edge of
the h-BN flake (not sufficiently sharp).
The central peak shifts from ~195 meV to ~183 meV as the
electron-beam probe moves from the edge to inside the sample,
which is characteristic of phonon polaritons. This change is more
clearly visible when we plot the deconvoluted experimental spectra (see details in Methods) in a 2D map as a function of electron
beam position (Supplementary Fig. 4). The excited polaritons
propagate to, and are reflected by, the edge, and then interfere with
the excited polaritons. The maximum in the EELS signal happens
at 2q|d| + ϕrefl = 2π, where q is the momentum, d is the distance to
the edge boundary and ϕrefl is the phase change introduced by the
reflection19,28. We further extract the dispersion of HPhPs in h-BN
(Fig. 2d) from Supplementary Fig. 4 considering ϕrefl = π/4 (ref. 28).
This analysis clearly shows that STEM–EELS can supply ultrahigh
momentum compensation, so the resolved phonon polaritons
cover nearly the whole RS band. For comparison, we also plot the
momentum detection range of s-SNOM (purple dashed rectangle
in Fig. 2d), which is less than one-tenth of that provided by EELS.
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Fig. 2 | Electron energy-loss spectra of the h-BN flake with thickness of 10 nm. a, EELS spectra acquired at two positions inside (Sample, magenta dotted
line) and outside (Aloof, cyan dotted line) the h-BN flake. The inset shows the schematic of a 10-nm-thick suspended h-BN nanoflake. The electron beam
(black arrow) is incident perpendicularly on the h-BN plane and excites phonon polaritons propagating along the sample. b,c, Experimental (b) and simulated
(c) EELS data of the h-BN flake acquired at different positions. The magenta and cyan colours are used to distinguish spectra acquired inside and outside
the sample, respectively. The violet, red and brown dashed lines are guides for the eye for SM0-S (low q), SM0-S (high q) and LO modes, respectively. The
difference between the left and central peaks is schematically shown in the inset of a. d, Calculated dispersion relation of h-BN from b, with the colour scale
indicating the EELS intensity in arbitrary units. The green line is a FEM simulation. The typical wave vector detection range of scatting-type near-field optical
method (s-SNOM) is denoted by a violet dashed rectangle. The three white dashed lines indicate the energy of TO, LO and SO phonons of h-BN.

By plotting the LO, SO and TO modes (horizontal dashed lines in
Fig. 2d) together with the HPhP dispersion, we find that it asymptotically approaches the SO phonon as the wave vector increases.
This implies that this peak should be assigned to the surface phonon polariton due to the small size of the h-BN flake (the minimum
width is 170 nm), where Fabry–Pérot cavity resonance takes place19.
The FEM calculations indicate that this peak is consistent with the
symmetric mode of the surface phonon polariton (SM0-S mode,
pink solid curve in Fig. 2d, details Supplementary Notes).
The left peak can be observed in both bulk and aloof measurements. It is close to the TO phonon, but is not the TO phonon because that cannot be electrically excited29. FEM calculations
(Supplementary Fig. 5) allow us to ascribe it to the SM0-S mode,
which is the same mode as the central peak30,31. The frequency difference between the left and central peaks is due to the different
wave vectors24. The central peak originates in the constructive interference of the HPhPs reflected by the edge and the excited HPhPs,
and its q depends on position (2q|d| + ϕrefl = 2π). The left peak has a
much lower and unchangeable q with position, since it arises due to
the excitation of HPhPs propagating along the direction perpendicular to the electron-beam line scan. The small blue shift of the left
peak as the beam approaches the edge suggests that it is the convolution of several peaks with different frequencies and that the peaks
with higher frequencies have larger spatial extension (as shown in
Supplementary Fig. 2a)24. Since the two peaks are essentially the
same, their frequencies become equal in the position far away from
the edge of h-BN (edge reflection is negligible). It should be pointed
out that the aloof excitation of polaritons cannot be achieved by
using external optical meathods32–34. Overall, the spatial distribution
of the three features observed through 2D EELS mapping further
supports their assignment as LO, SM0-S (low q) and SM0-S (high q)
modes, respectively (Supplementary Fig. 6 and related discussion in
Supplementary Information).
NatUre Materials | www.nature.com/naturematerials

Ultra-confined HPhPs in suspended h-BN monolayer

Following this approach, we measure the HPhPs of monolayer
h-BN. The waveguide modes of semi-infinite monolayer h-BN are
schematically presented in the upper-left inset in Fig. 3a. An atomically resolved image of the suspended monolayer h-BN displays the
typical different brightness of the B and N atoms (see upper-right
inset in Fig. 3a). Figure 3a shows a series of EELS spectra as the
electron beam moves from aloof to inside the monolayer h-BN. In
contrast to multilayer h-BN (Fig. 2b), there is only one resonance
peak observed in the monolayer sample (the vibrational signal of
amorphous carbon is removed as explained in Supplementary
Fig. 7; see Supplementary Fig. 7c for the original data). This peak
can exist in both aloof and in-sample geometries, thus demonstrating that HPhPs exist in monolayer h-BN.
We also perform FEM simulations to further understand EELS
in suspended monolayer h-BN (see details in Supplementary
Notes). Here, the monolayer h-BN is considered as a semi-infinite
film, rather than the actual microstructure, owing to the large suspended area (>2 × 2 μm2). The calculation uses the 2D conductivity
σ(ω) of monolayer h-BN, fitted to theory as follows12:
�4iϵ0 ϵenv ωωTO vg
ð1Þ
ω2TO � ω2 � iωτ�1
where ϵenv = 1, ωTO = 1,387 cm−1, τ−1 = 5 cm−1, vg = 1.2 × 10−4c and ϵ0
is the permittivity of free space. The dielectric function becomes
ϵQ2D ðωÞ ¼ ð^x  ^x þ ^y  ^y ÞϵQ2D;jj þ ^z  ^zϵQ2D;? (ref. 12), where
ϵIQ2D,⊥ = 1 and
σ ðωÞ ¼

ϵQ2D;jj ðωÞ ¼ 1 þ

4ϵenv ωTO vg
iσ
1
¼1þ
ϵ0 ωt
t ω2TO � ω2 � iωτ�1

ð2Þ

assuming a monolayer thickness t = 0.34 nm. Supplementary Fig. 8
shows the imaginary part of the dielectric function of monolayer
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Fig. 3 | EELS spectra of monolayer h-BN. a, EELS spectra acquired along a line normal to the sample edge. The upper-left inset shows the schematic of
waveguide modes in a semi-infinite monolayer h-BN. The black arrow represents the electron beam. Waveguide modes spread from the position of the
electron beam with a semicircular wavefront. The M0 and SM0 modes are denoted by red and violet arrows. The upper-right inset shows an atomic
HAADF image of the measured monolayer h-BN sample, in which bright N and dim B atoms are highlighted. Scale bar, 0.5 nm. b, Simulated EELS spectra
of the monolayer h-BN flake corresponding to a. Magenta and cyan colours are used to distinguish spectra acquired inside and outside the sample,
respectively.

h-BN as Imf�1=ϵQ2D;jj g, which is proportional to the LO phonon
signal. The
I detection of no corresponding LO peak directly indicates that LO and TO are degenerated into one point.
Using this dielectric function, we calculate the EELS spectra (Fig. 3b,
details in Supplementary Fig. 9), which show good agreement with
the experimental data (Fig. 3a). The peak observed in the aloof
configuration corroborates that the HPhP modes can be detected
in monolayer h-BN and the excitation efficiency decreases as the
electron beam moves away from the edge. The simulation implies
that the detected single peak is actually the combination of two
peaks, that is, low-q and high-q HPhPs. There are two peaks in the
calculated pristine EELS spectra without convolution with the ZLP
(Supplementary Fig. 9a). However, they are too close to be resolved
after introducing the ZLP tail and broadening. The low-q HPhP feature is similar to the left peak in Fig. 2b, which occurs in the aloof
configuration and does not change with beam position. Thus, it can
be assigned to the SM0 mode propagating along the boundary of
the monolayer h-BN flake. The high-q HPhP feature is similar to
the central peak in Fig. 2b, mainly due to constructive interference
between incident and edge-reflected HPhPs, so it changes with d. As
the incident electron beam is inside, far away from the h-BN edge,
edge reflection becomes negligible, and, therefore, the frequency of
HPhPs reaches a steady value (Fig. 3b and Supplementary Fig. 10).
Figure 4a compares the dispersion of HPhP modes in h-BN
flakes with different thicknesses, ranging from monolayer to thin
(~3, 4 and 10 nm) and thick (~116 nm) samples. For the ultrathin
h-BN samples (~3, 4 and 7 nm, details in Supplementary Fig. 11),
the experimental dispersion agrees well with that of the calculated
SM0-S mode (solid curves), which further corroborates the mode
assignment. The difference between the experimental and calculated dispersion in monolayer h-BN could be attributed to the fact

that the former is not a pure fundamental mode, but a combination of the high- and low-q HPhPs, as discussed above. We extract
the peak values of the simulated high-q HPhPs as red squares,
which agree well with the theoretical dispersion. We want to stress
that thinner h-BN samples exhibit much flatter HPhP dispersion
curves, thus requiring higher momentum compensation to excite
their HPhPs. As shown, the phonon polaritons over nearly the
entire upper RS band on these thin h-BN samples can be detected
by STEM–EELS (corresponding to momentum compensation of
about 106 cm−1). Additionally, a field confinement (q/q0) of 300
can be easily achieved in sub-10-nm h-BN, and even much higher
confinement (>487) can also be observed in these thin samples
(Supplementary Fig. 12). In contrast, it is challenging to detect the
high-momentum HPhPs via optical characterization, as we confirm
by performing s-SNOM measurements in a 116-nm h-BN sample,
where HPhPs are observed only in a very limited momentum range
(for details see Supplementary Fig. 13).
HPhPs in monolayer and even sub-10-nm h-BN display ultrahigh wavelength confinement, which largely breaks the optical diffraction limit and enhances the interaction between light and matter,
further increased by the slow group velocity of these modes. In
Fig. 4b, we calculate the group velocity νg = ∂ω/∂q of h-BN phonon
polaritons from their dispersion relation observed in monolayer,
10-nm and 116-nm-thick samples. By resorting to electron-beam
excitation, we can achieve ultrahigh confinement in monolayer
h-BN. In addition, we can also resolve polariton group velocities
as low as 10−5c, which is one to two orders of magnitude lower than
previous observations of slow polaritons in h-BN by means of optical excitation techniques26. These ultraslow group velocities will
further enhance the light–matter interaction while reducing the
propagation length of phonon polaritons35.
NatUre Materials | www.nature.com/naturematerials
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Fig. 4 | Ultraslow group velocity in monolayer h-BN. a, Dispersion of phonon polaritons in h-BN flakes with different thicknesses. The dots with error bars
represent experimental data while the solid curves correspond to FEM simulations. The red squares of monolayer h-BN are extracted from M0 modes in
the unconvoluted simulation spectra (see Supplementary Fig. 9a). The red circles with error bars are extracted from the HPhPs in Fig. 3a. The error bars are
the extraction deviation of EELS experiment data. b, Calculated group velocities of the fundamental mode (that is, the M0 for the semi-infinite monolayer
and the 116-nm-thick h-BN film; SM0-S for the 10-nm-thick h-BN with the antenna structure) as obtained from the polariton dispersion in a using the
equation νg = ∂ω/∂q. The error bars in the y-axis direction are the same as in a. The error bars in the x-axis direction are calculated from the y-axis direction
using the error propagation rule.

Discussion and outlook

We want to stress that ultra-confined polaritons enable the design
of ultra-compact optical devices, and lead to strong light–matter
interaction and intriguing quantum phenomena36–38. To date, the
highest observed confinement was realized by compressing graphene plasmons in a graphene/h-BN/Au heterostructure, which is
limited to below 300 because the effective gap is actually 3 nm due
to the nonlocal field penetration38. In contrast, free electrons bear an
inherent advantage by supplying high momentum because of their
finite mass. As one is interested in accessing polariton wave vectors
as large as 2q|d| + ϕrefl = 2π, the detection of electronic excitations
highly depends on the spatial resolution of EELS. STEM–EELS
has highest spatial resolution, 0.2 nm in our case, which involves a
momentum compensation up to 108 cm−1. On the basis of this powerful technique, we probe HPhPs covering nearly the entire upper
RS band and the whole phonon dispersion in free-standing sub10-nm-thick h-BN flakes (3 , 4 , 7 and 10 nm). More importantly, we
have revealed polaritons in monolayer h-BN.
Phonon polaritons are expected to exist in the RS bands, but
these bands disappear in monolayer h-BN, since the LO and TO
phonons are degenerate at the Γ point. This raises the intriguing
question of what the phonon polaritons should be like under this
condition. By the direct observation of phonon polaritons in suspended monolayer h-BN, we prove that these HPhPs can exist in a
spectral range above the TO frequency and exhibit ultrahigh confinement even at low wave vector. These highly confined HPhPs in
monolayer h-BN are substantially different from the ultra-confined
graphene plasmons in the graphene/h-BN/Au heterostructure38.
When the plasmon velocity of the latter was down to about c/250
(that is, ~250 confinement), it approached the Fermi velocity of
graphene, such that quantum nonlocal effects become appreciable
and change the dispersion37. In contrast, the dispersion of HPhPs in
dielectric h-BN can be well described by classical electromagnetic
theory, which implies that quantum effects can be neglected since
no Landau damping is at work.
By using the STEM–EELS technique with sub-10-meV energy
resolution and sub-nanometre spatial resolution, we reveal HPhPs
in monolayer h-BN with high confinement (>487) and ultraslow
NatUre Materials | www.nature.com/naturematerials

group velocity (down to about 10−5c). These results can find applications in ultrathin metasurfaces and enhanced light–matter interactions for sensing and spontaneous emission engineering. The
observed high-momentum polaritons also open the field to the use
of electron excitation as a source for investigating ultra-confined
polaritons and their associated quantum phenomena, especially for
the abundant but relatively unexplored polaritons in van der Waals
materials.
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Sample preparation and treatment for TEM experiments. Hexagonal boron
nitride flakes were prepared by exfoliating BN particles in N-methyl-2-pyrrolidone
(NMP), following a published procedure39,40. The BN powders (~500 mg) were
exfoliated by NMP (1,000 ml) in a low-power sonic bath for 1 h. The supernatant
after centrifugation was dispersed in 50 ml of ultrapure water and then filtered
against a polytetrafluoroethylene membrane (0.45 µm) ten times41. The final filter
cake was dispersed in pure ethanol in an ultrasonic oscillator for 10 min, and then
three droplets of the solution were transferred onto the 3-mm lacy carbon TEM
grid. The monolayer samples were prepared by atmospheric pressure chemical
vapour deposition with BH3NH3 powder as the precursor. The commercial Cu
foils (25 μm thick, Alfa Aesar) were first treated with diluted nitric acid, and then
annealed at 1,000 °C in the forming gas for 10 min. The growth was initialized by
heating the precursor at 120 °C and the growth duration was typically 10–30 min,
followed by fast cooling. Before the TEM experiments, the samples were annealed
at 160 °C for 8 h to remove any hydroxide contamination.
EELS and imaging experiments. EELS experiments were carried out at a
monochromatic Nion U-HERMES200 electron microscope operated at 60 kV with
a convergence semi-angle α = 15 mrad and a collection semi-angle β = 24.9 mrad.
Since the momentum transfer required to excite polaritons is very small (~1/200
of the first Brillouin zone of h-BN), they can always be excited during practical
operations regardless of the magnitude of the convergence angle. During
experiment, once we centred the (000) diffraction spot in the EELS aperture, a
larger collection angle than the convergence angle ensured that all the polariton
signals were collected. The typical beam current was ~12 pA. The spectral sampling
was chosen as 0.466 meV per channel (2,048 channels in total) to reduce the
ZLP tail42. The EELS data of Fig. 2a were acquired over a 300-nm-long rectangle
of 100 × 100 pixels, namely, using spatial steps of 3 nm per pixel in the map.
Considering the balance between the scanning region and signal-to-noise ratio
for each pixel during mapping, we found that 3 nm per pixel was a good choice
to extract the polariton features of h-BN, although in principle we can achieve
a spatial resolution down to 0.1 nm at 60 kV by adjusting the convergence angle
and scanning region. Each spectrum in Fig. 2a was accumulated during 40
acquisitions at points parallel to the edge. The ZLP is slightly saturated (dwell
time 100 ms per pixel) to optimize the signal-to-noise ratio of the phonon. For the
momentum-resolved EELS experiments, a convergence semi-angle α = 1.5 mrad
was used, while the collection angle was specified by the slot aperture to
β1 × β2 ~ 3 × 50 mrad, which is different from the set-up reported recently43.
The beam current was also ~11 pA. HAADF images in Fig. 1b and the inset of
Fig. 3a were both acquired at the conditions of α = 35 mrad and β = (80, 210) mrad
operated at 60 kV. These images were further denoised by the block-matching and
3D filtering (BM3D) method44.
EELS data processing. Preprocessing. Raw data were first aligned by ZLP correction
method using the Gatan Digital Micrograph Suite (GMS, v.2.32.888.0). Then, we
normalized the spectra using the left part of the ZLP45 (its integral in the range
from −200 meV to −5 meV) and found that this method worked well for saturated
spectra. We subsequently used a power-law method to remove the background,
with two windows of ~0.13–0.15 eV and ~0.22–0.25 eV, to extract phonon signals
over the range ~0.17–0.20 eV .
Gaussian peak fit. We used a multi-Gaussian peak-fitting method to extract the
three polariton peaks from the composed signal. The experimental spectra were
first deconvoluted with a Gaussian peak to eliminate the effects of the ZLP tail of
the electron beam42. Then we used one peak to fit the signals in vacuum, and three
peaks to fit the signals in the bulk region. Every single spectrum from the 100 × 100
pixel EELS mapping was processed individually using the above method (see
Supplementary Fig. 6 for an example of the fitting results).
ω–q data processing. To determine the full dispersion curve of the h-BN phonon,
we used 10 s acquisition time per frame and accumulated 180 frames. Thus, the
total acquisition time was 30 min. Alignment between frames and signals on each
map were performed on the dataset. The ω–q map was then processed by the
second-derivative method, which is conventionally used for EELS signals46,47.
Thickness determination. The thickness of the h-BN flake was calculated using the
log-ratio method48 (that is, from the intensity ratio of plasmon losses to the ZLP).
To increase the accuracy of calculation, the ZLP was unsaturated and the spectrum
included as much plasma signal as possible. Thus, we acquired EELS spectra from
−5 to ~ 95 eV, and processed them in the GMS (v.2.32.888.0) with the built-in
log-ratio function to calculate the thickness.
Theoretical calculations. FEM simulations. The lower RS band covers the
frequency range of two A2u phonon modes ðωTO ¼ 97 meV; ωLO ¼ 103 meVÞ,
which have type-I hyperbolicity (ϵ∥ < 0, ϵ⊥ >I0). The upper RS band lies in the
spectral range between two E1u phonon modes ðωTO ¼ 170 meV; ωLO ¼ 200 meVÞ,
which show type-II hyperbolicity (ϵ⊥ < 0, ϵ∥ > 0).I The h-BN permittivity can be
approximated by9,49
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ϵm ¼ ϵm;1 1 þ

#
ω2LO;m � ω2TO;m
;
ω2TO;m � ωðω þ iγ m Þ

ð3Þ

where the labels m = ⊥ and || refer to out-of-plane and in-plane polarization
directions, respectively, whereas the other parameters in this expression are
ϵ⊥,∞ = 4.87, ϵ||,∞ = 2.95, γ⊥ = 0.6 meV, γ|| = 0.5 meV, ωLO,⊥ = 103 meV, ωTO,⊥ = 97 meV,
ωLO,|| = 200 meV and ωTO,|| = 170 meV.
Following a well-established procedure20, the electron beam is treated as a line
current perpendicular to the sample surface27,50,51,
jðr; t Þ ¼ �e^vδ½r � re ðt Þ;

ð4Þ

describing a point charge –e (the electron) moving with constant velocity v along
a linear trajectory re ðtÞ ¼ R0 þ vt^z, where R0 = (x0, y0) defines the position of the
I sample plane. To analyse electron spectra, we performed
electron beam on the
the Fourier transform on this current, which reads jðr; ωÞ ¼ �e^zδ½R � R0 eiωz=v
in frequency space ω. The fast electron introduces anI external evanescent field
E0(r,t) as it moves in vacuum. When it strikes on the h-BN sample, an induced field
Eind(r,t) = E(r,t) − E0(r,t) is generated, where E(r,t) is the total field, as determined
by the optical response of the h-BN film. This field acts back on the electron and
produces a total energy loss
Z
Q ¼ e v  Eind ½re ðt Þ; t dt:
ð5Þ
Expressing the field in equation (5)
R as a function of its time-Fourier transform,
we can write the energy loss as Q ¼ ℏωΓEELS ðωÞdω, where20,24
Z
I
n iωz
o
ev
Re e� v Eind
Γ EELS ðωÞ ¼
ð6Þ
z ðz; ωÞ dz
2πℏω

is the probability per unit frequency that the electron experiences an energy loss
ℏω. EELS spectra simulated according to equation (6) for electrons passing near
I linear edge of a 10-nm h-BN flake are presented in Supplementary Fig. 2a.
the
For a quantitative comparison between theoretical results and experimental data,
the former (Supplementary Fig. 2a) were convolved with a Gaussian of 7.5-meV
FWHM (Supplementary Fig. 2b).

Boundary element method simulations. We used the MATLAB toolbox MBPBEM to
solve Maxwell’s equations based on the local continuum dielectric model52. About
3,400 boundary elements were used in the calculation.
Density functional theory ab initio calculations. Structural and electronic
properties of bulk h-BN were performed using the Vienna ab initio Simulation
Package (VASP)53 within the projector augmented-wave54 approach with
LDA pseudopotentials55 for dealing with the h-BN interlayer van der Waals
interaction15,56,57. A Γ-centred mesh of k-point sampling within the tetrahedron
scheme with Blöchl corrections and a plane-wave cut-off of 520 eV were used
for the primitive unit cell. The phonon dispersions and vibrational modes were
evaluated within the frozen-phonon method from the conjunction of VASP and
the open source Phonopy58 package, using a 5 × 5 × 2 supercell and a 6 × 6 × 6
k-mesh for force-constant calculations. A density functional perturbation theory59
calculation was performed to obtain optical properties for the non-analytical
correction and LO–TO splitting.

Data availability

The data presented in Figs. 1–4 are provided with the paper as source data.
Any other relevant data are also available from the corresponding author upon
reasonable request.
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