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Mid-infrared analogue polaritonic reversed
Cherenkov radiation in natural anisotropic
crystals

Xiangdong Guo1,2,7, Chenchen Wu1,2,7, Shu Zhang1,2, Debo Hu 1,2,   

Shunping Zhang 3, Qiao Jiang4, Xiaokang Dai1, Yu Duan1           , Xiaoxia Yang 1,2 ,
Zhipei Sun 5, Shuang Zhang6, Hongxing Xu 3 & Qing Dai 1,2

Cherenkov radiation (CR) excited by fast charges can serve as on-chip light
sources with a nanoscale footprint and broad frequency range. The reversed
CR, which usually occurs in media with the negative refractive index or
negative group-velocity dispersion, is highly desired because it can effectively
separate the radiated light from fast charges thanks to the obtuse radiation
angle. However, reversed CR at the mid-infrared remains challenging due to
the significant loss of conventional artificial structures. Here we observe mid-
infrared analogue polaritonic reversed CR in a natural van der Waals (vdW)
material (i.e., α-MoO3), whose hyperbolic phonon polaritons exhibit negative
group velocity. Further, the real-space image results of analogue polaritonic
reversed CR indicate that the radiation distributions and angles are closely
related to the in-plane isofrequency contours of α-MoO3, which can be further
tuned in the heterostructures based on α-MoO3. This work demonstrates that
natural vdW heterostructures can be used as a promising platform of reversed
CR to design on-chip mid-infrared nano-light sources.

On-chip light sources far below the diffraction limit are largely antici-
pated for photonic integrated systems1–4. Cherenkov radiation (CR) is
the electromagnetic radiation emitted bymoving charges with a speed
faster than l ight phase velocity inside a dielectric medium, which i s a
promising l ight source solution due to i ts ultrabroad frequency cov-
erage from the microwave to ultraviolet ranges5,6. CR i s emitted i n a
cone facing the same forward direction as the fast-moving charges2,7,8.
To separate the generated l ight radiation from excited particles, sig-
nificant efforts have been devoted to using reversed CR (i.e., CR tra-
velling in an opposite direction of the moving charges2,9) by designing
artificial media with a negative r efractive i ndex or negative group-

velocity dispersion ( NGVD)10. I nitially, i t was t heoretically predicted
that r eversed CR could be obtained i n l eft-handed metamaterials
(LHM) with a negative refractive i ndex (i.e., simultaneously negative
permittivity and permeability)11,12. Then reversed CR in the microwave
band was e xperimentally demonstrated i n a rtificial L HM13–15, b ut
the large lossof exquisite artificial structures for optical frequency (i.e.,
∼10 cm−1−106     c m−1) makes it difficult to realize reversed CR at this fre-
quency range9.

The recent emergence of two-dimensional van der Waals (vdW)
materials (e.g., birefringent crystals)16, which have low-loss hyperbolic
phonon polaritons with NGVD i n the mid-infrared range, provides a
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competitive platform f or r eversed CR at t he optical f requency17–20.
Reversed CRs have been t heoretically i nvestigated i n different vdW
materials with NGVD21. I n particular, i t has been shown that phonon
polaritons in α-MoO3 (MoO3), which have optical frequency response,
ultralow-loss, and superior anisotropy18,22,23, provide an ideal platform
for realizing reversed CR at the optical frequency and for achieving
multidimensional manipulation of the reversed CR (e.g., i n the Rest-
strahlen band of 820–972 cm−1)2 4. However, reversed CR in MoO3 has
not been observed experimentally due to the l arge momentum mis-
match between the fast-moving charges and phonon polaritons.

Here, we l everage t he plasmon supported by metal nanowires
(mimic f ast-moving charges) t o efficiently excite r eversed CR with
MoO3 phonon polariton at i ts type I hyperbolic band. The real-space
images of analogue polaritonic reversed CR indicate that changing the
direction of moving charges can reshape the radiation distribution of
these r eversed CRs asymmetrically. Furthermore, t he i sofrequency
contour ( IFC) i s modulated by stacking the hBN l ayer on the MoO3

surface, which increases both the radiation angle and the quality factor
of reversed CR. Therefore, our results i ndicate that the mid-infrared
analogue polaritonic r eversed CR of vdW materials could open an
avenue for designing on-chip nano-light sources.

Results
Phonon polaritonic reversed CR in hyperbolic crystals
Like conventional CR, phonon polaritonic CR can be generated when
the velocity ðνeÞ of themoving charges (i.e., free electrons) exceeds the
phase velocity of the phonon polaritons (νph, i.e., the speed of light in

the medium). Figure 1a schematically compares the conventional (i.e.,
forward) a nd r eversed CR. Here, we observe phonon polaritonic
reversed CR in a natural hyperbolic crystal, MoO3. As shown in Fig. 1b,
it i s a t ype-I h yperbolic material22,23 i n t he f requency r ange o f
approximately 958–1010 cm−1 with a positive i n-plane dielectric con-
stant ε?>0 and a negative out-of-plane dielectric constant εk<0, hence
exhibiting in-plane NGVD, a necessary condition for achieving phonon
polaritonic reversed CR. Figure 1c shows the simulated reversed CR in
MoO3, i .e. electromagnetic field distribution (Re(Ez)) excited by f ast
charges (e.g., νe =0:2c) flying 10 nm above MoO3, and the wavefronts                 

aremarked with black dotted lines (details in Fig. S1 of Supplementary
Information). Due to the NGVD of MoO3, the direction of the phonon
polariton energy flow ( Poynting’s vector S) i s opposite t o t he wave
vector (kph) which can be derived from the wavefront. As seen, θRCR,
the angle between the moving charges and the radiation energy flow,
satisfies θRCR =θk + θS, where θk i s the angle between the wavefront
and the moving direction of the charges, and θS i s the angle between
the wavefront and the radiation energy flow. Based on the relationship
of phase difference (ΔΦ) i n triangle ABC, the phase difference of AB

(ΔΦAB= ke · ∣ AB
�!

∣) i  s e  qual t  o t  he p  hase d  ifference o  f C  B

(ΔΦCB=kph · ∣CB
�!

∣=kph · ∣AB∣ · sin(θk)). T herefore, w e o btain s in(θk)
=∣ke∣=∣kph∣. In addition, according to k � ν =ω, thus

θk = sin
�1 ∣νph∣

∣νe∣

� �   

= sin�1 ∣ke∣
∣kph∣

       !   

ð1Þ

Fig. 1 | Reversed CR of phonon polaritons. a Schematic representation of con-
ventional and reversedCR excited via amoving charge. Thewhite lines: direction of
the radiated wavefronts. The red arrows: direction of energy flow (e.g, Poynting’s
vector S). The black arrows: movement of electrons with a velocity ðνeÞ: b The
anomalous dispersion with negative group velocity to generate reversed CR. The
grey line is the dispersion of charged particles at νe (νe =0.1c, c is the vacuum
velocity of light). The shaded area represents the frequency range in which the
reversed CR is excited at this fixed-charged particle’s velocity. c Simulated

electromagnetic field of the phonon polaritonic reversed CR under moving
charged particle excitation ðνe =0:2cÞ: The black arrow and black dotted lines
represent the moving direction of the charged particles and the radiated electro-
magneticwaves, respectively. The red and orange arrows represent the direction of
S andwave vector ðkphÞ of phononpolaritons. Scale bar: 2μm.dThe IFC (red curve)
and fast Fourier transform (FFT) of the near field images (in (c)). The excitation
frequency is 977 cm−1.
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However, θS f or the anisotropic MoO3 cannot be quantitatively
determined in the real-space, but can only be extracted from the ani-
sotropy IFCs in the reciprocal space.

We perform a f ast Fourier t ransform ( FFT) on t he near-field
mapping obtained i n Fig. 1c, which i s consistent with the calculated
elliptical IFC (red line) in the reciprocal space (seeMethods, Fig. 1d and
Fig. S2a of Supplementary I nformation). According to the geometric
relationship in reciprocal space, θS satisfies: θS =π=2� θS0 , where θS0 i s
the angle between t he tangent of the I FC and t he wavefront. Thus,
θRCR =θk +θS = π=2 +θk           � θS     0 i n Fig. S2a and Fig. 1d. Therefore, θRCR i s
greater t han 90°, which means t hat t he r adiation e nergy flow i s
opposite to the direction of moving charged particles (i.e., reversed
CR)3,25.  This a nalysis in t he r eciprocal s pace not only s hows t he
momentum-matching relationshipof anisotropic reversedCR,but also
provides a probe to the properties of materials.

Demonstration of phonon polaritonic reversed CR in MoO3

The CR effect i s electromagnetic radiation emitted when a charged
particle passes through adielectricmediumat a speed greater than the
phase velocity of l ight i n the medium. Due to the challenges of com-
bining a dielectric medium with f ast-moving charged particles i n a
vacuumenvironment14,15,26, anoptical analog ofCRhasbeendeveloped
as an ingeniousway to study the physical effects of CR in depth1,13,25,27,28.
Based on the above theoretical analysis, we exhibit the imaging of in-
plane reversed CR in MoO3 in real space via scattering scanning near-
fieldmicroscopy (s-SNOM), as illustrated in Fig. 2a. Comparedwith the
far-field method of measuring CR13–15, this near-field method can pro-
vide polaritonic reversed CR distribution with approximately 10 nm
spatial resolution, such as the radiation wavefront and radiation angle
of CR. In order to excite the polaritonic reversed CR, plasmon (i.e., a
dynamic charge density wave), which i s analogous to a superluminal
charge, propagating i n a one-dimensional metal nanowire, serves as

the radiation emitter. I t i s noted that i n the mid-infrared, the phase
velocity (νpe) of the plasmon along an Au/Ag nanowire is close to the
free-space light velocity (c) and ismuch larger than that of the phonon
polaritons4,29,30.

In the s-SNOM measurement, an obliquely incident infrared light
forming an angle of approximately 38° with the sample surface is used
to excite the plasmons on the Ag nanowire for visualizing the wave-
front of t he analogue polaritonic reversed CR. Two typical s-SNOM
images of the MoO3 with different polarizations of the i ncident l ight
are i llustrated, which correspond t o t he excitation of r eversed CR
(Fig. 2b), and t he ordinary phonon polariton without CR ( Fig. 2c),
respectively. There exist obvious differences i n the direction of the
measured f ringes between t wo different i ncident polarizations ( red
dashed arrows, details i n Fig. S2b, c of Supplementary I nformation).
The V-shaped (parallel) bright fringes originate from the constructive
interference between the polaritonic CR excited by the plasmon in the
metal nanowire and the tip-reflected l ight, and the observed forward
V-shaped wake at 971 cm−1 i s i ndicative of a reversed CR (Fig. 2b). By
extracting the i nterference fringes of phonon polaritons for reversed
CR and no CR at t he s ame position, we find t hat t he s trength of
interference fringes with reversed CR is approximately 6 times higher
than that of without CR, as i ndicated i n Fig. 2d. This i s because the
polaritonic reversed CR is excited by the propagating plasmons in the
Au/Ag nanowire. I n addition, polaritonic reversed CR maintains t he
coherent performance of phonon polaritons4,31,32.

To f urther quantify the analogue polaritonic reversed CR, θk i s
obtained to determine the direction of the reversed CR from Eq. (1),
which depends on ∣ kph∣ and ∣ ke∣ i n the IFCs. It i s noted that the wave
vector o f g old o r s ilver p lasmons i n t he mid-infrared r ange i s
approximately equal to free-space light k0 (e.g.,∣ke∣≈∣k0∣, see details in
Fig. S3 of Supplementary Information). The IFC shrinks as the excita-
tion frequency increases due to the negative group-velocity dispersion
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Fig. 2 | Tunablepolaritonic reversedCR. a Experimental setup for scattering near-
fieldmicroscopy, where infrared light (polarization field E0) is shining on the metal
nanowire in a controlled direction. b Experimental MoO3 phonon polaritons with
reversed CR (polarization field E0 is along the x-axis), and c, no CR (polarization
field E0 is along the y-axis) with an excitation frequency of 971 cm−1, respectively.
The red dashed arrows are guidelines. The thickness ofMoO3 is about 380 nm. θk i s
equal to the angle between the longitudinal axis ofmetal nanowire and interference
fringes of phonon polariton in MoO3. SA is the near-field amplitude. Scale bars:
0.5μm. d Extracted interference fringes of phonon polaritons at the same position

(1.6 μm from the top of Ag nanowire) from b, and c. e The theoretically calculated
IFCs ofMoO3 show that thewave vectorsof polariton are shrunkenas the excitation
frequency increases (i.e., increased θk). f The summarized experimental and
simulated extracted θk of MoO3 phonon polariton at different excitation fre-
quencies. Experiment: red points. Simulation: grey line. Each error bar corresponds
to a different line profile within a single scan image. Note: In the rectangular
coordinate system, the x direction is the direction of the nanowire, and [1 0 0] of
MoO3 in Fig. 2 is parallel to the nanowire.
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of theMoO3 phononpolaritons, which results in increased θk at higher
frequencies, as i llustrated i n Fig. 2e. We experimentally measure the
reversed CR i n MoO3 at different f requencies, with t he Cherenkov
angle of the wavefront θk summarized i n Fig. 2f. These experimental
results validate t he t heoretical expectation t hat t he θk i ncreases at
higher frequencies.

Asymmetric reversed CR in MoO3

Directional r adiation i s i mportant f or on-chip CR s ources, which
facilitates the flexible design of on-chip integrated devices and photon
manipulation. The reversed CR of phonon polariton with an elliptical
IFC has an inherent advantage for manipulating asymmetric reversed
CR directions. Here, we change the angle between the metal nanowire
and the [100] of MoO3 to mimic the direction of the moving electrons
for achieving asymmetric reversedCR, which serves as a newdegree of
freedom t o manipulate t he r eversed CR. For e xample, when t he
orientation of the metal nanowire i s varied on the MoO3 as shown i n
Fig. 3a, the reversed CR angles are generally asymmetric (i.e., θk1≠θk2)
and they change with the orientation angle (β), as shown in Fig. 3b. θk1

(θk2) is the reversedCR angle of thewavefront on the right (left) side of
the fast charges, which can be calculated by Eq. (1).

The observed asymmetric reversed CR on the MoO3 with angular
dependence canbe explained via the elliptical IFC. The elliptical profile
with arbitrary rotation angle β can be obtained by rotational trans-
formation with a rotation matrix. The predicted IFCs of two typical β
values ( e.g., 30° and 60°) i n t he r eciprocal space are i llustrated i n
Fig. 3c. It is worth highlighting that the value of kph1 i s not the same as
the value of kph2 except at β =0° or 90° due to the in-plane anisotropy
of MoO3. Thus, t he a symmetric r eversed CR c an be e xcited by
plasmons.

As predicted, t he asymmetric i nterference f ringes ( θk1<θk2) are
observedonboth sides of theAunanowirewithβof approximately 30°
and 60° measured at 977 cm-1 (see Fig. 3d). In addition, the wavefront
and propagation distance of the analogue polaritonic reversed CR are
both sensitive to the directions of the plasmonic wave vector. This is
mainly because kph i s smaller in the direction of [100] crystal axis than

that i n the direction of [001] crystal axis for MoO3. We further quan-
titatively calculate the difference (ðθk2 � θk1Þ=θk1) of the asymmetric
reversed CR, which is strongly dependent on β as shown in Fig. 3e. The
asymmetric radiation difference can reach about 3.5% and 5.6% f or
β≈30° and β≈60°, respectively. To f urther i nvestigate t his phenom-
enon, a numerical study on other thicknesses of MoO3 is performed to
demonstrate similar symmetric and asymmetric reversed CRs (details
in Fig. S4 of Supplementary I nformation). This means that the direc-
tion of the plasmon oscillation relative to the i n-plane crystal axis of
MoO3 p rovides a n ew d egree o f f reedom f or e ngineering t he
reversed CR.

Reversed CR in hBN/MoO3 heterostructure
To further increase the radiation angle (θk) and improve the radiation
efficiency (η≈∣ke∣=ð∣kph∣� ∣ke∣Þ)4 of the analogue polaritonic reversed
CR, one can i ncrease the plasmonic wave vector (ke) or reduce the
phonon polaritonic wave vector (kph). A higher reversed CR efficiency
can be achieved by i ncreasing t he coupling between plasmons and
phonon polaritons (i.e., decreasing themomentummismatch between
the l arge ∣ kph∣ a nd l ow ∣ ke∣), which makes i t easier f or plasmons
(source) to transfer energy andmomentum to phonon polaritons (the
excited reversed CR). The increase of ∣kph∣ and decrease of ∣ke∣ can be
realized by i ncreasing the environmental dielectric constant. This i s
because the plasmonhas a positive group-velocity dispersionwhile the
phonon p olaritons s upported b y MoO3 h ave a n egative g roup-
velocity dispersion33,34. Therefore, an effective way t o i mprove t he
performance of t he r eversed CR i s t o construct a heterostructure
system by i nserting a dielectric film with a high-refractive i ndex
between MoO3 and metal nanowires35. Here, we specifically design
hBN/MoO3 h eterostructures ( Fig. 4 a) f or t his p urpose mainly
because:36,37 (1) It has a high refractive index and low optical dielectric
loss within the frequency range of approximately 958–1010 cm-1; (2) It
has an atomically flat surface to protect MoO3 and thus reduce the
defect losses on its surface.

Figure 4b shows the calculated IFCs of MoO3 (i.e., air/MoO3) and
hBN/MoO3 heterostructure. I n the hBN/MoO3 heterostructure, kph i s
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phonon polariton at 977 cm−1. Experiment: red points with error bar. Simulation:
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smaller than that of air/MoO3, which can increase the angle θk and the
radiation efficiency η of analogue polaritonic reversed CR. Moreover,
the enhanced electric field i s confined i n the hBN nanocavity for Au/
hBN/MoO3 structure to i mprove the excitation i ntensity of analogue
polaritonic reversed CR, as shown i n Fig. S5. I n t he simulation, we
calculate the quality (Q) factor for different thicknesses of hBN, and it
is found that the Q factor i s maximized when the thickness i s i n the
range of 6–9 nm (details in Fig. S5–S7 of Supplementary Information).
Therefore, a f ew-layered hBN ( thickness≈ 7 nm) i s exfoliated and
sandwiched between t he Au nanowire and t he MoO3 flake i n t he
experiment ( details i n Methods). As expected, t he performance of
reversed C R o n t he h BN/MoO3 h eterostructure i s s ignificantly
improved compared to that of MoO3 (see Fig. 4c, details in Fig. S8–S10
of Supplementary Information). For example, θk observed on the hBN/
MoO3 heterostructure i s l arger t han on t he MoO3. Meanwhile, θk

observed on the hBN/MoO3 heterostructures increaseswith increasing
excitation frequency in Fig. 4d. Furthermore, benefitting from the low
loss of phonon polariton, t he experimentally observed polaritonic
reversed CR exhibits high Q factors and radiation efficiency η, such as
Q ≈ 10,η ≈ 3.8% in air/MoO3 andQ ≈ 16,η ≈ 5.1% in hBN/MoO3 (details in
Fig. S5 of Supplementary Information).

Discussion
More material systems could be exploited to realize reversed CR i n
type I hyperbolic band. I n Fig. 4e, we summarize the possible i mple-
mentation of r eversed CR based on t he NGVD, covering both t he
artificial structures and t he potential natural materials i n t erms of
frequency and unit size of reversed CR. The artificial LHM designed to
observe the far-field spectral response of reversed CR is mainly in the
microwave band due to the relatively l ow l oss13–15, while the reversed

CR i n natural crystals i s determined by the supporting materials. As
hyperbolic natural materials have been widely discovered, their type I
hyperbolic band can cover from the terahertz frequency range to the
visible frequency range38–41, which i ndicates the reversed CR can be
explored i n a wide r ange beyond t he mid-infrared of MoO3. The
experimental strategy can be applied t o a l arge amount of t ype I 
hyperbolic materials which have been cataloged in Ref. 42. Moreover,
with t he strategies of constructing vdW heterostructures, i t will be
possible to integrate the working frequency ranges of reversed CR in
different materials such as the t ype I hyperbolic bands of hBN and
MoO3 in the heterostructure.

In conclusion, we have demonstrated reversed CR at mid-infrared
based on natural hyperbolicmaterials (e.g, MoO3). By studying the real-
space images of MoO3 phonon polaritons, it is revealed that the radia-
tional distribution and reversed CR angle can be effectively modulated.
This i s achieved by changing t he I FC and t he direction of moving
charges relative to the crystal axis. In addition, by constructing the hBN/
MoO3 heterostructure, we can not only tune the radiational angle but
also i mprove the Q factor of reversed CR by approximately 60%. The
reversedCRs on vdWheterostructures establish a possible route for on-
chip free-electron i nfrared sources, which reveals strong l ight-matter
interactions and shows potential for l ong-sought-after applications i n
nano-optoelectronics.

Methods
Nanofabrication of the devices
High-quality MoO3 flakes and hBN films were mechanically exfoliated
from bulk crystal ( 2D Semiconductor) with t he t ape ( Nitto), t hen
transferred onto commercial 285 nmSiO2/500μmSi substrates (SVM).
The hBN/MoO3 heterostructure was prepared by transferring an hBN
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air/MoO3 and hBN/MoO3 at different excitation frequencies. Experimental data:
points. The thickness of MoO3 and hBN is approximately 280 nm and 7 nm,
respectively. Error bars are obtained from different line profiles within each

scanned image. e Summary of reversed CR based on varied materials and struc-
tures. In the previous experiments, the reversed CR was mainly realized in the
microwave band based on the design of artificial left-hand metamaterials (LHM),
such as LHM structure14, transverse magnetic-LHM (TM-LHM) structure13 and
metallic metamaterial (MTM) structure15. In the shorter wavelength band, some
theoretical works predict that reverse CR can exist in natural hyperbolic vdW
materials (vdWs) or vdW heterostructures (vdWHs), such as hBN (type I hyperbolic
band)21, MoO3 (type II hyperbolic band)24 and multilayer graphene stacked hyper-
bolic heterostructures49.
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film onto aMoO3 flake with the help of a polydimethylsiloxane (PDMS)
stamp (Shanghai Onway Technology Co., Ltd). We chose metal (silver
or gold) nanowires to excite CR. The silver nanowires were spin-coated
on theMoO3 flakes (silver nanowires dispersed in alcohol) synthesized
by using a polyol process43,44. A series of Gold nanowires ( 100 nm-
width and 10μm-length) were patterned on selected MoO3 flakes and
hBN/MoO3 heterostructure by coating approximately 350nm poly(-
methyl methacrylate) ( PMMA) 950K l ithography resist and utilizing
100 kV electron-beam l ithography (Vistec 5000+ ES). Then 10 nm Cr
and 100nm Au are evaporated and deposited by Electron-beam i n a
vacuum chamber at a pressure of < 1 × 10-6 torr. Finally, hot acetone is
used to remove PMMA on the samples, and then samples were sub-
jected t o gentle washing with i sopropyl alcohol ( IPA), f ollowed by
drying with flowing nitrogen gas.

Scanning near-field optical microscopy measurements
A scattering scanning near-field optical microscope (Neaspec) with a
wavelength-tunable quantum cascade l aser was used t o i mage near
optical fields. The probes are made initially for metalized atomic force
microscope ( AFM) with an apex radius of approximately 10–20nm
(Nanoworld), and the tip-tapping frequency was set to approximately
270 kHz. The p-polarized I R l ight from the monochromatic quantum
cascade lasers is focused via a parabolic mirror onto both the tip and
sample at an angle of approximately 52° relative to the tip axis45.

Electromagnetic simulations and theory
The phonon polaritonic reversed CR i s calculated by finite-element
method ( FEM) s imulation using COMSOL Multiphysics46. With t he
input of thickness and ω from our experiment, we simulated the real-
space electromagnetic field Ez and modelled momentum space ( k-
space) IFC. In the real-space simulation, the polarization and direction
of the i ncident mid-infrared l ight are the same as i n the experiment.
The I FC and dispersion can be calculated as a transfer matrix f rom
ref. 22. The permittivity of theMoO3 layer and hBN layer is obtained by
fitting t he e xperimental r esults i n r efs. 2 2,23,47,48. w ith a 
Lorentzian model.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request. Source data are pro-
vided with this paper.

References
1. G  enevet, P. et al. Controlled steering of Cherenkov surface plas-

mon wakes with a one-dimensional metamaterial. Nat. Nano-
technol. 10, 804–809 (2015).

2. L  in, X. et al. ControllingCherenkov angleswith resonance transition
radiation. Nat. Phys. 14, 816–821 (2018).

3. S  haffer, T. M., Pratt, E. C. & Grimm, J. Utilizing the power of Cer-
enkov light with nanotechnology. Nat. Nanotechnol. 12,
106–117 (2017).

4. Z  hang,Y. et al. TunableCherenkov radiation of phononpolaritons in
silver nanowire/Hexagonal boron nitride heterostructures. Nano
Lett. 20, 2770–2777 (2020).

5. O  ’Shea, P. G. & Freund, H. P. Free-electron lasers: Status and
applications. Science 292, 1853–1858 (2001).

6. W  ong, L. J., Kaminer, I., Ilic, O., Joannopoulos, J. D. & Soljačić, M.
Towards graphene plasmon-based free-electron i nfrared to X-ray
sources. Nat. Photon. 10, 46–52 (2015).

7. L  iu, F. et al. Integrated Cherenkov radiation emitter eliminating the
electron velocity threshold. Nat. Photon. 11, 289–292 (2017).

8. R  ivera, N. & Kaminer, I. Light–matter i nteractions with photonic
quasiparticles. Nat. Rev. Phys. 2, 538–561 (2020).

9. C  hen, H. & Chen, M. Flipping photons backward: Reversed Cher-
enkov radiation. Mater. Today 14, 34–41 (2011).

10. L uo,C., Ibanescu,M., Johnson, S.G.& Joannopoulos, J. D.Cerenkov
radiation i n photonic crystals. Science 299, 368–371 (2003).

11. V  eselago, V. G. Electrodynamics of substanceswith simultaneously
negative electrical andmagnetic permeabilities. Sov. Phys. Usp. 10,
504–509 (1968).

12. P endry, J. B. & Smith, D. R. Reversing light with negative refraction.
Phys. Today 57, 37–43 (2004).

13. X i, S. et al. Experimental verification of reversed Cherenkov radia-
tion i n left-handed metamaterial. Phys. Rev. Lett. 103,
194801 (2009).

14. D uan, Z. et al.Observationof the reversedCherenkov radiation.Nat.
Commun. 8, 14901 (2017).

15. L u, X. et al. Generation of high-power, reversed-Cherenkov Wake-
field radiation i n a metamaterial structure. Phys. Rev. Lett. 122,
014801 (2019).

16. V eselago, V. & Narimanov, E. The left hand of brightness: Past,
present and future of negative i ndex materials. Nat. Mater. 5,
759–762 (2006).

17. Y ang, Y. et al. Type-I hyperbolic metasurfaces for highly-squeezed
designer polaritonswith negative group velocity.Nat. Commun. 10,
2002 (2019).

18. M a, W. et al. In-plane anisotropic and ultra-low-loss polaritons i n a
natural van der Waals crystal. Nature 562, 557–562 (2018).

19. D ai, S. et al. Graphene on hexagonal boron nitride as a tunable
hyperbolic metamaterial. Nat. Nanotechnol. 10, 682–686 (2015).

20. Y oxall, E. et al. Direct observation of ultraslow hyperbolic polariton
propagation with negative phase velocity. Nat. Photon. 9,
674–678 (2015).

21. T ao, J., Wu, L., Zheng, G. & Yu, S. Cherenkov polaritonic radiation in
a natural hyperbolic material. Carbon 150, 136–141 (2019).

22. A lvarez-Perez, G. et al. Infrared permittivity of the Biaxial van der
Waals Semiconductor alpha-MoO3 from near- and far-field corre-
lative studies. Adv. Mater. 32, e1908176 (2020).

23. Z heng, Z. et al. A mid-infrared biaxial hyperbolic van der Waals
crystal. Sci. Adv. 5, eaav8690 (2019).

24. X ue, S., Zeng, Y., Bao, Q., Zhu, S. & Chen, H. Tunable Cherenkov
radiation based on a van der Waals semiconductor alpha-MoO(3)
and graphene hybrid. Opt. Lett. 47, 2458–2461 (2022).

25. S kryabin, D. V. et al. Backward Cherenkov radiation emitted by
polariton solitons in amicrocavitywire.Nat. Commun.8, 1554 (2017).

26. L yu, Z. et al. Compact reversed Cherenkov radiation oscillator with
high efficiency. Appl. Phys. Lett. 120, 053501 (2022).

27. G rbic, A. & Eleftheriades, G. V. Experimental verification of
backward-wave radiation from a negative refractive i ndex meta-
material. J. Appl. Phys. 92, 5930–5935 (2002).

28. Z hang, S. & Zhang, X. Flipping a photonic shock wave. Physics 2,
91 (2009).

29. B arnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon sub-
wavelength optics. Nature 424, 824–830 (2003).

30. Gramotnev, D. K. & Bozhevolnyi, S. I. Plasmonics beyond the dif-
fraction limit. Nat. Photon. 4, 83–91 (2010).

31. Wahlstrand, J., Stevens, T., Kuhl, J. & Merlin, R. Coherent
phonon–polaritons and subluminal Cherenkov radiation. Physica B:
Condensed Matter 316, 55–61 (2002).

32. K urman, Y. et al. Spatiotemporal i maging of 2D polariton wave
packet dynamics using free electrons. Science 372,
1181–1186 (2021).

33. S hen, J. et al. Hyperbolic phonon polaritons with positive and
negative phase velocities i n suspended α-MoO3. Appl. Phys. Lett.
120, 113101 (2022).

34. Z heng, Z. et al. Tunable hyperbolic phonon polaritons i n a sus-
pendedVan derWaals α‐MoO3with gradient gaps. Adv.Opt.Mater.
10, 2102057 (2022).

35. Guo, X. et al. Polaritons i n van der Waals Heterostructures. Adv.
Mater. 35, 2201856 (2022).

Article h                                                                                 ttps://doi.org/10.1038/s41467-023-37923-w

          6



36. Ni, G. X. et al. Fundamental limits to graphene plasmonics. Nature
557, 530–533 (2018).

37. Y an, H. et al. Damping pathways of mid-infrared plasmons i n gra-
phene nanostructures. Nat. Photon. 7, 394–399 (2013).

38. L ow, T. et al. Polaritons i n layered two-dimensional materials. Nat.
Mater. 16, 182–194 (2017).

39. B asov, D., Fogler, M. & García de Abajo, F. Polaritons i n van der
Waals materials. Science 354, aag1992 (2016).

40. Wu, Y. et al. Manipulating polaritons at the extreme scale in van der
Waals materials. Nat. Rev. Phys. 4, 578–594 (2022).

41. Z hang,Q. et al. Interface nano-opticswith van derWaals polaritons.
Nature 597, 187–195 (2021).

42. Gjerding, M. N., Petersen, R., Pedersen, T. G., Mortensen, N. A. &
Thygesen, K. S. Layered vanderWaals crystalswithhyperbolic light
dispersion. Nat. Commun. 8, 320 (2017).

43. S un, Y. & Xia, Y. Large‐scale synthesis of uniform silver nanowires
through a soft, self‐seeding, polyol process. Adv. Mater. 14,
833–837 (2002).

44. Chen, W., Zhang, S., Deng, Q. & Xu, H. Probing of sub-picometer
vertical differential resolutions using cavity plasmons. Nat. Com-
mun. 9, 801 (2018).

45. Hu, D. et al. Probing optical anisotropy of nanometer-thin van der
Waals microcrystals by near-field i maging. Nat. Commun. 8,
1471 (2017).

46. Guo, X. et al. Studying plasmon dispersion of MXene for enhanced
electromagnetic absorption. Adv. Mater. 34, 2201120 (2022).

47. L i, N. et al. Direct observation of highly confined phonon polaritons
in suspended monolayer hexagonal boron nitride. Nat. Mater. 20,
43–48 (2021).

48. Dai, S. et al. Tunable phonon polaritons i n atomically thin van der
Waals crystals of boron nitride. Science 343, 1125–1129 (2014).

49. Z hang, X. et al. High-efficiency threshold-less Cherenkov radiation
generation by a graphene hyperbolic grating in the terahertz band.
Carbon 183, 225–231 (2021).

Acknowledgements
This work was supported by the National Key R&D Program of China
(2021YFA1201500), the National Natural Science Foundation of China
(51925203, 52022025, 52102160, 51972074, andU2032206), theStrategic
Priority Research Program of the Chinese Academy of Sciences
(XDB36000000 and XDB30000000), Youth Innovation Promotion Asso-
ciation C.A.S., C.A.S. Interdisciplinary Innovation Team (JCTD-2018-03),
the Open Project of Nanjing University (M34034), the Special Research
Assistant Program of the Chinese Academy of Sciences, the Young Elite
Scientists Sponsorship Program by CAST (2022QNRC001), the Research
Grants Council of Hong Kong (AoE/P- 701/20, 17309021), Academy of
Finland (314810, 333982, 336144, 352780, 352930, and 353364), the
Academy of Finland Flagship Programme (320167,PREIN), the EU H2020-
MSCA-RISE-872049 (IPN-Bio), and ERC (834742).

Author contributions
Theconcept for theexperimentwas initially developedbyQ.D., X.Y., and
X.G. s-SNOM experiments were performed by C.W. and X.G. under the
direction of Q.D., D.H., and X.Y.; Metal nanowires and MoO3 samples
were prepared by C.W., assisted by Shu Zhang; Ag nanowires were
prepared by Shunping Zhang and H.X.; FEM simulations and theoretical
analysis were performed by X.G. assisted by Shuang Zhang; Experi-
mental data processing and analysis was performed by C.W. and X.G.
assisted byQ.J., X.D., and Y.D.; X.G. and C.W. wrote themanuscript with
advice from Shuang Zhang, Z.S., X.Y., and Q.D.; X.G. and C.W. con-
tributed equally to this work. All authors discussed the results at all
stages and participated i n the development of the manuscript.

Competing interests
The authors declare no competing i nterests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37923-w.

Correspondence and requests for materials should be addressed to
Xiaoxia Yang or Qing Dai.

Peer review information Nature Communications thanks Huanyang
Chen and Zhaoyun Duan for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information i s available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to j ur-
isdictional claims i n published maps and i nstitutional affiliations.

Open Access This article i s licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction i n any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and i ndicate i f
changes were made. The i mages or other third party material i n this
article are i ncluded i n the article’s Creative Commons license, unless
indicated otherwise i n a credit line to the material. If material i s not
included i n the article’s Creative Commons license and your i ntended
use i s not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article h                                                                                 ttps://doi.org/10.1038/s41467-023-37923-w

          7

https://doi.org/10.1038/s41467-023-37923-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mid-infrared analogue polaritonic reversed Cherenkov radiation in natural anisotropic crystals
	Results
	Phonon polaritonic reversed CR in hyperbolic crystals
	Demonstration of phonon polaritonic reversed CR in MoO3
	Asymmetric reversed CR in MoO3
	Reversed CR in hBN/MoO3 heterostructure

	Discussion
	Methods
	Nanofabrication of the devices
	Scanning near-field optical microscopy measurements
	Electromagnetic simulations and theory

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




