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ABSTRACT: Polaritons in two-dimensional (2D) materials have
shown their unique capabilities to concentrate light into deep
subwavelength scales. Precise control of the excitation and
propagation of 2D polaritons has remained a central challenge
for future on-chip nanophotonic devices and circuits. To solve this
issue, we exploit Cherenkov radiation, a classic physical
phenomenon that occurs when a charged particle moves at a
velocity greater than the phase velocity of light in that medium, in
low-dimensional material heterostructures. Here, we report an
experimental observation of Cherenkov phonon polariton wakes
emitted by superluminal one-dimensional plasmon polaritons in a
silver nanowire and hexagonal boron nitride heterostructure using near-field infrared nanoscopy. The observed Cherenkov radiation
direction and radiation rate exhibit large tunability through varying the excitation frequency. Such tunable Cherenkov phonon
polaritons provide opportunities for novel deep subwavelength-scale manipulation of light and nanoscale control of energy flow in
low-dimensional material heterostructures.
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I ow-dimensional material heterostructures assembled from materials and photonic crystals. However, generating
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graphene, hexagonal boron nitride (hBN), nanowires and
other nanoscale components are an emergent class of material
building blocks that have attracted much research interest.' "'
These heterostructures can exhibit completely new electronic
and optical phenomena, such as the emergence of superlattice
Dirac points,' > Hofstadter’s butterfly,” * tunable Mott
insulator,”” unconventional superconductor® and moiré
excitons,” " which demonstrate that low-dimensional material
heterostructures are ideal platforms for exploring novel physics
phenomena.

Specifically, in low-dimensional materials, the light—matter
interactions endow polaritons with largely reduced phase
velocities and strong coupling,'”~"” both of which are key
characteristics for Cherenkov radiation. Classic Cherenkov
radiation describes the emission of light wakes by a charged
particle moving with a speed exceeding the phase velocity of
light in that medium. This phenomenon was first exper-
imentally discovered more than 80 years ago by Cherenkov’’
and later theoretically explained by Tamm and Frank,”" who
showed that both the energy and the momentum can be
conserved simultaneously in a radiation process for a particle
moving at a superluminal speed. Even today, interest in
Cherenkov radiation continues, especially in the study of how
moving charged particles interact with sophisticated meta-
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Cherenkov radiation at the nanometer scale with large
tunability remains an outstanding challenge. Realizing
Cherenkov radiation in a simple heterostructure of low-
dimensional materials, where highly confined polaritons mimic
the interaction between a charged particle and dielectric
medium, may resolve this issue and provide precise control of
polariton launching and propagation as well.

Here, we report experimental observation of Cherenkov
radiation of phonon polariton wakes emitted by propagating
one-dimensional (1D) plasmon polaritons in a silver nanowire
(SNW)/hBN heterostructure using scanning near-field optical
microscopy (SNOM). Cherenkov radiation can be switched on
and off by tuning the polarization of the excitation laser, which
controls the plasmon modes in the SNW. In addition, the
Cherenkov angle between the wavefront of phonon polaritons
and the SNW is adjustable through varying the excitation
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Figure 1. Infrared nanoimaging of Cherenkov phonon polaritons in a silver nanowire (SNW) and hexagonal boron nitride (hBN) heterostructure.
(A) A schematic diagram of Cherenkov radiation of phonon polaritons from 1D plasmons. (B) Illustration of near-field infrared nanoimaging. The
SNW is illuminated by a laser beam with electric field E, parallel to the nanowire. Such illumination excites longitudinal plasmons at the end of the
nanowire. The propagating 1D plasmon generates Cherenkov phonon polariton wakes in hBN. (C) An infrared nanoimage of Cherenkov phonon
polaritons at excitation of 6.55 pm in a typical SNW/hBN heterostructure. The plasmon-launched phonon polariton wavefronts form a nonzero
angle relative to the SNW. Inset, AFM topography image of the heterostructure. Scale bars: 2 ym.
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Figure 2. Dependence of Cherenkov phonon polaritons on excitation polarization. (A,D) Near-field infrared images of phonon polaritons in an
SNW/hBN heterostructure with 6.55 ym excitation at two representative polarization angles & ~ 0° (A) and 90° (D). The orientations of the
phonon polariton wavefronts show large distinctions for the two excitation polarizations. (B,E) Numerical simulations of the near-field distribution
of phonon polaritons in the SNW/hBN heterostructure with the excitation light polarized along (B) and perpendicular to (E) the nanowire. (C,F)
Simulated corresponding longitudinal (C) and transverse (F) plasmon modes on the SNW. Scale bars: 2 ym.

wavelength or the thickness of hBN. The observed Cherenkov
radiation angle and wavelength agree quantitatively with
Cherenkov physics. Moreover, the radiation rate also shows
a strong dependence on the excitation wavelength. Thus,
Cherenkov radiation with high controllability holds great
potential for novel nanophotonic devices requiring polar-
ization- and wavelength-controlled directionality and intensity
of light. Furthermore, the observed Cherenkov launching of
phonon polaritons offers fundamental insight into the coupling
between polaritons of different dimensionalities.

SNWs with diameters ranging from 100 to 150 nm and
lengths over 30 ym in ethanol solutions were spin-coated onto
thin hBN flakes on SiO,/Si substrates to create SNW/hBN
heterostructures. Direct experimental probe of the Cherenkov
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phonon polaritons in the SNW/hBN system was provided by
infrared nanoimaging via a home-built SNOM setup (see
Methods for more details). As shown in Figure 1B, an s-
polarized single-wavelength laser beam with tunable wave-
length from 6.3 to 7.0 yum was focused onto the end of an
SNW. The laser beam direction was perpendicular to the
nanowire, and the polarization of the light was parallel to the
nanowire. Such illumination excites plasmons at the end of the
nanowire, where momentum matching can be fulfilled by the
abrupt change of the structure. The excited plasmons
propagate longitudinally along the nanowire and couple to
the phonon polariton modes in hBN. The plasmon wavelength
in SNW is typically much longer than the phonon polariton
wavelength in hBN, meaning that the plasmons propagate
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Figure 3. Steering of Cherenkov phonon polaritons by varying the excitation wavelength. (A—D) Experimental Cherenkov radiation of phonon
polaritons with excitation wavelengths 4y of 6.45 ym (A), 6.51 ym (B), 6.55 pm (C) and 6.60 ym (D). The Cherenkov angle 0 increases with
increasing excitation wavelength 4, as predicted by eq 1. (E—H) Simulated near-field distribution images of the corresponding excitation
wavelengths. Scale bars: 2 ym. (I—N) Plasmon oscillations along the SNW at different excitation wavelengths: 6.30 um (I), 6.40 ym (J), 6.4S ym
(K), 6.51 um (L), 6.55 um (M), and 6.60 um (N). Scale bars: 1 ym. (O) Experimentally (red circles) and numerically (blue line) obtained
dependence of the phonon polariton wavelength on the excitation wavelength. (P) The extracted value of the plasmon wavelength A, as a function
of the excitation wavelength. A, can sometimes even exceed the free-space photon wavelength A,. (Q) The relation between the Cherenkov angles
and the excitation wavelengths. The Cherenkov angle and the phonon polariton wavelength have similar increasing dependence on the excitation
wavelength. (R) The value of sin 6/ (lph//lp) for different excitation wavelengths. All the data collapse toward the constant line sin 8/ (zlph/ ﬂp) =1.

much faster than the phonon polaritons. Therefore, the
propagating 1D plasmon, a dynamic charge density wave,
excites the Cherenkov radiation of phonon polariton wake in
hBN, which is analogous to a superluminal charged particle
that generates Cherenkov radiation of light.””*" A schematic
diagram of plasmons launching Cherenkov phonon polaritons
is shown in Figure 1A. The emitted phonon polaritons are then
probed and mapped by a scanning metallic atomic force
microscope (AFM) tip. Note that the period of phonon
polariton fringes extracted near the nanowire is twice that of
the period extracted near the hBN edge (see Supporting
Information S3) and is equal to the phonon polariton
wavelength 4. Figure 1C presents a representative infrared
nanoimage of an SNW/hBN heterostructure at 6.55 pum
excitation, and prominent phonon polaritons are observed.
Interestingly, a nonzero angle between the phonon polariton
wavefronts and the SNW shows up, and consequently the
phonon polariton wavefronts form wakes. This can be
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understood quantitatively using Cherenkov physics, which is
discussed later in more detail.

To confirm that the Cherenkov phonon polariton wakes are
indeed launched by propagating longitudinal plasmons, we
systematically investigated phonon polariton generation under
different excitation polarizations. Previous studies have shown
that plasmons of different modes in SNW can be excited by
light with different polarization directions:'® parallel polar-
ization can excite longitudinal plasmon modes with periodi-
cally distributed charges along the nanowire, whereas
perpendicular polarization will produce transverse plasmon
modes with local charges distributed uniformly on the two
sides of the nanowire. If the Cherenkov phonon polariton
wakes are indeed launched by longitudinal plasmons, one
should observe the wakes only when parallel-polarized light is
illuminated on the nanowire. Experimentally, we rotated the
laser polarization from near parallel (o =~ 0°, Figure 2A) to
perpendicular (a = 90°, Figure 2D) relative to the nanowire
while keeping the incident laser beam always normal to the
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nanowire and investigated the excitation of phonon polaritons.
As expected, the orientation of the excited wavefronts shows a
large distinction for the two polarizations: for polarization
parallel to the nanowire, the excited phonon polariton
wavefronts feature a hallmark V-shaped pattern of Cherenkov
radiation, whereas for perpendicular polarization, the excited
wavefronts are simply parallel to the nanowire and much
weaker. The numerical simulation results in Figure 2B (a = 0°)
and Figure 2E (a = 90°) illustrate this phenomenon more
clearly.

The polarization-dependent Cherenkov radiation of phonon
polaritons can be well understood by considering different
plasmon modes in the nanowire. For polarization parallel to
the nanowire (a = 0°), plasmons are excited at the end of the
nanowire and propagate longitudinally along the nanowire with
a delayed phase at position away from the end. Because their
phase velocity is faster than the phase velocity of phonon
polaritons in hBN, such plasmons are always ahead of the
phonon polaritons that they emit, generating Cherenkov V-
shaped wave patterns around the nanowire. For polarization
perpendicular to the nanowire (@ = 90°), transverse local
plasmons with uniform phase along the nanowire are excited.
These local plasmons act as trivial launchers and produce
phonon polariton wavefronts parallel to the nanowire. Figure
2C,F presents the simulated corresponding longitudinal and
transverse plasmon modes on the SNW. For parallel
polarization, the phase evolution of plasmons and phonon
polaritons along the nanowire displays the same speed. The
coexistence of phonon polariton wakes and propagating
longitudinal plasmons as well as the consistency in their
phase evolution unambiguously confirms that Cherenkov
wakes are emitted by propagating longitudinal plasmons.
Experimental results for more excitation polarizations can be
found in Supporting Information S4, showing that the
Cherenkov radiation of phonon polaritons can be gradually
turned on or off by continuously rotating the excitation
polarization angle.

The Cherenkov radiation direction is controlled by the ratio
of the phase velocities between the 2D phonon polaritons and
the 1D plasmons. A longitudinal 1D plasmon is a running wave
along the nanowire with a phase velocity v, = 4,0,/27 and a
phase profile ¢ = 27x/4, — @, t, where wj is the excitation
frequency. As shown in Figure 2A—C, the plasmons excite
coherent phonon polaritons, which constructively interfere and
create wakes with an angle 6. The angle of the wakes can be
derived by imposing the condition that the propagation phase
shift (27Ax/4,) between two points on the nanowire separated
by a distance Ax is exactly compensated by the phase shift
(27Ax sin 6/4,,) between phonon polariton wakes propagat-
ing out of those points. This condition yields

sing = 2 = th
P % (1)
where v, = A, @o/27 is the phase velocity of the phonon

polaritons. Note that to generate Cherenkov phonon polar-
itons, the condition v, > v, needs to be satisfied.

We would like to point out that hBN provides a particularly
suitable platform to study Cherenkov physics. First, it holds
high-quality and long-lifetime phonon polaritons due to the
absence of electronic losses.'” Second, the phase velocity of the
phonon polaritons is tunable in a wide range by changing the
excitation in the spectral range from transverse optical (TO) to
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longitudinal optical (LO) phonon frequencies;'”"> on the

other hand, the phase velocity of the plasmons in the SNW
varies very slowly with the excitation wavelength. Thus,
according to eq 1, the angle 8 of the wakes is excitation-
dependent, leading to in situ tunable Cherenkov radiation.

Next, we illustrate that the Cherenkov radiation direction is
tunable by varying the excitation wavelengths. Figure 3A—D
shows the experimental Cherenkov radiation of phonon
polaritons in a 63 nm-thick hBN flake with excitation
wavelength A, changing from 6.45 to 6.60 um (more data on
a wider range of excitation wavelengths can be found in
Supporting Information SS5). The fringe period of phonon
polaritons increases significantly from Figure 3A to Figure 3D.
Additionally, the orientation of the phonon polariton fringes
also varies, indicating a change in the Cherenkov radiation
angle. The Cherenkov radiation at different excitations is also
simulated using finite element analysis, the results of which are
shown in Figure 3E—H. The simulated Cherenkov profiles
match quite well with the experimental observations. Both the
experiment and the simulation clearly reveal that the emission
direction of the Cherenkov phonon polaritons can be
controlled by varying the excitation wavelength. Figure 3I-N
shows the plasmon oscillations along the SNW with excitation
wavelength changing from 6.30 to 6.60 pm. Plasmon
wavelength /, is equal to twice the period of plasmon fringes
along the SNW.

To quantitatively examine the Cherenkov radiation, we
extracted the phonon polariton wavelengths 4, plasmon
wavelengths 4,, and Cherenkov angle @ (see Supporting
Information S9 for the determination of &) both exper-
imentally and numerically for a series of excitation wave-
lengths. Figure 30 presents the experimental (red circles) and
numerical (blue line) results for phonon polariton wavelengths.
In the spectral region from 6.40 to 6.75 pim, a small variation in
the excitation wavelength leads to a significant change in the
phonon polariton wavelength from 0.2 to 1.0 gm. On the other
hand, the change in the plasmon wavelength 4, is relatively
small within 15%, as shown in Figure 3P. We note that the
plasmon wavelength 4, can sometimes even exceed the free-
space photon wavelength 4, (gray dashed line), implying a
plasmon phase velocity faster than the speed of light c."” Figure
3Q displays the evolution of the Cherenkov angle 6 from 2° at
6.40 pum excitation to 8° at 6.75 ym excitation. The Cherenkov
angle and the phonon polariton wavelength have similar
dependence on the excitation wavelength, which implies the
dominant role of the phonon polariton wavelength in
determining the Cherenkov angle # in SNW/hBN hetero-
structures.

Continuing with verifying the Cherenkov angle predicted by
eq 1, we compared the sine value of the angle € with the ratio
of the two wavelengths A,/4,. Figure 3R plots sin 6/(4,,/4,)
for different excitation wavelengths. We found that all data
collapse toward the constant line sin 6/(4,,/4,) = 1. In other
words, sin 6 is exactly equal to the phase velocity of phonon
polaritons vy, divided by the phase velocity of plasmons v,
indicating that the observed emission direction of phonon
polaritons is well described by Cherenkov physics.

We further show that the Cherenkov radiation angle is also
tunable by changing the hBN flake thickness. Owing to the
unique properties of 2D hyperbolic phonon polaritons, the
phase velocity and wavelength of 1phonon polariton scale
linearly with the hBN thickness d."”'°> Therefore, we can
deduce a simple relation between the Cherenkov angle and the

https://dx.doi.org/10.1021/acs.nanolett.0c00419
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Figure 4. Thickness-dependent Cherenkov radiation and Cherenkov radiation-induced damping of 1D plasmons. (A—C) Numerical simulations of
Cherenkov phonon polaritons in hBN with thickness of 63 nm (A), 100 nm (B), and 150 nm (C) at 6.60 ym excitation. (D) Experimentally (red
circles) and numerically (blue crosses) obtained dependence of the Cherenkov angle on the hBN thickness. All the data match well with sin 6 o d
(gray line). (E,F) The decay of the simulated plasmons and phonon polaritons at two representative excitation wavelengths 4y = 6.55 ym (E) and
6.80 um (F). Scale bars: S ym. (G) Line profile of damping of plasmon oscillations along the silver nanowire extracted from (E); the damping of
plasmons is due to the Cherenkov radiation loss and a damping ratio y, = 0.105 is extracted. (H) The extracted values of the plasmon damping
ratio 7, and k,/(k,, — k,) as a function of the excitation wavelength. The inset shows 7, & k,/(ky, — k).

hBN thickness for a given excitation, sin 6 o d (details in
Supporting Information S$10). Figure 4A—C shows the
simulation results for hBN with a thickness range from 63 to
150 nm at 6.60 um excitation. Both the experimental and
numerical results match well with this relation, as shown in
Figure 4D.

The emission direction can also be understood from the
view of momentum matching. Along the nanowire, transla-
tional symmetry protects the conservation of momentum. The
steering of the radiated phonon polaritons is ruled by such
momentum conservation, that is, k, = k,;, sin 6, where k is the
wave vector. Note that this is a special case of Snell’s law at
grazing incidence.

Momentum matching also controls the radiation rate of
Cherenkov phonon polaritons. Plasmons excite and transfer
energy and momentum to Cherenkov phonon polaritons. As a
result, the plasmons lose energy, leading to a prominent decay
in plasmon amplitude along the nanowire. Accordingly, the
plasmon-excited phonon polaritons also show a decay along
the nanowire with the same rate. The decay rate is largely
determined by the Cherenkov radiation rate, considering that
the Cherenkov radiation is the main decay channel of
plasmons in the strong coupling region. Figure 4E,F presents
the decay of the simulated plasmons and phonon polaritons at
two representative excitation wavelengths 4y = 6.55 and 6.80
um for a 63 nm thick hBN. The phonon polaritons show a
lower decay rate at the excitation of 6.55 ym and a higher
decay rate at 6.80 ym, reflecting a higher radiation rate at 6.80
pum than that at 6.55 um. Figure 4G shows a representative
plasmon damping profile along the SNW at excitation
wavelength 4y = 6.55 pm. The quantitative decay rate can be
extracted by fitting the oscillating profile of plasmons along the
nanowire with an exponential decay form e>7+*/* sin(27x/1,),
where x is the distance to the terminal of the nanowire and y,
is the damping ratio of plasmons. Figure 4H shows a dramatic
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growth of y, with increasing wavelength. We attribute the
growth of y, to the increase of coupling strength between the
1D plasmons and the phonon polaritons. When the excitation
wavelength increases, both the magnitude and the direction of
the phonon polariton momentum approach those of the
plasmon momentum. Therefore, the coupling between
plasmons and phonon polaritons increases, which makes it
easier for plasmons to transfer energy and momentum to
phonon polaritons and leads to a higher Cherenkov radiation
rate. A phenomenological relation between the relative
momentum mismatch (k,;, — k,)/k, and the plasmon damping
ratio y, is found over a spectral range from 6.55 to 6.90 ym

n—kp @)

The damping ratio is inversely proportional to the relative
momentum mismatch (inset of Figure 4H), which reveals a
unique Cherenkov coupling between 1D plasmon polaritons
and 2D phonon polaritons. This relation makes intuitive sense
in terms of that the energy conversion from plasmons to
phonon polaritons becomes more difficult and the plasmon
damping ratio decreases accordingly when the momentum
mismatch increases. Further theoretical studies need to be
carried out to quantitatively describe the radiation rate of the
Cherenkov phonon polaritons.

To conclude, we report the observation of Cherenkov
radiation of phonon polaritons in a heterostructure of SNW/
hBN, where phonon polariton wakes are emitted by 1D
propagating plasmons with a phase velocity greater than that of
phonon polaritons. Moreover, the observed Cherenkov
radiation of phonon polaritons is tunable in both the radiation
direction and radiation rate by varying the excitation frequency
or changing the hBN thickness. Our observation represents the
first example of Cherenkov-type coupling between 1D plasmon
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polaritons and 2D phonon polaritons in low-dimensional
material heterostructures and provides a new avenue to launch
2D phonon polaritons and control their propagation at a deep
subwavelength scale. The results provide deep insight into the
interactions between polaritons of different dimensionality and
hold great potential for novel polaritonic and nanophotonic
devices and circuits based on low-dimensional material
heterostructures.

B METHODS

Near-Field Infrared Nanoimaging. A home-built SNOM
composed of a Bruker Innova AFM and a Daylight Solution
quantum cascade laser (QCL) was used for near-field infrared
nanoimaging. A mid-infrared light (1370—-1610 cm™)
generated by the QCL laser was focused onto the apex of a
conductive AFM tip. The enhanced optical field at the tip apex
interacted with the sample underneath the tip. The scattered
light, carrying the local optical information of the sample, was
collected by an MCT detector (KLD-0.1-J1, Kolmar) placed in
the far field. Near-field optical images with spatial resolution
better than 20 nm can be achieved with sharp AFM tips. Such
near-field infrared images were recorded simultaneously with
the topography information during our measurements. The
polarization of infrared light was tuned using wire grid
polarizers.

Numerical Simulation. Numerical simulations were
conducted using the 3D wave optics module of the commercial
software package COMSOL. In all simulations, the electric
field component normal to the surface of the sample (E,) was
monitored. For Figure 2C,F and Figure 4EJF, to detect the
plasmon electric field distribution on the SNW the electric field
monitor was 100 nm above the hBN slab, whereas the distance
was equal to 50 nm for all the other simulations. More
simulation details can be found in Supporting Information S1
and S2.

B ASSOCIATED CONTENT

® Supporting Information
The Supporting Information is available free of charge at
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(1) Numerical simulation, (2) infrared permittivity of
hBN, (3) edge-reflected phonon polaritons and nano-
wire-launched phonon polaritons, (4) detailed depend-
ence of Cherenkov phonon polaritons on excitation
polarization, (S) detailed steering of Cherenkov phonon
polaritons by varying the excitation wavelength, (6)
excitation wavelength dependence of Cherenkov pho-
non polaritons in sample 2, (7) quantitative analysis of
the Cherenkov behavior in sample 2, (8) simulated
Cherenkov phonon polaritons in sample 2, (9) precise
measurement of Cherenkov angle 6 by 2D fast Fourier
transform filtering, (10) derivation of linear relationship
between Cherenkov angle 6 and thickness of hBN
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