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Observation of canalized phonon polaritons in a
single «-MoO; flake
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The canalization effect of phonon polaritons (PhPs) shows highly directional and diffraction-less propagation charac-
teristics in van der Waals (vdW) materials, offering new opportunities to mold the light flow at nanoscale for near-field
energy, information, and thermal management. Previously, canalized PhPs have only been experimentally realized in
the hexagonal boron nitride metasurface, heterostructures of twisted a-phase molybdenum trioxide (2-MoO3) crystal
flakes, or the hybridized system. However, these systems typically have complex structures, and require strict operational
conditions, such as fine structural parameters, a specific photonic magic angle, or a doping level of graphene, for real-
izing polariton canalization with a modest performance. Here, we demonstrate the high-quality PhPs canalization in a
single natural «-MoOj crystal flake. The canalized PhPs exhibit the highly directional and diffraction-free propagation
features associated with lateral confinement ratios up to Xo/80 (where A, is the free-space wavelength of the incident
laser). We believe this work is important to effectively manipulate PhPs in natural vdW materials, with potential applica-
tions in nanoimaging, directional energy transfer, and enhanced nonlinearity at the deep subwavelength scale. © 2025
Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Van der Waals (vdW) materials support a full suite of polaritonic
responses for emerging nanophotonic applications [1]. One of the

The polaritonic canalization modes have been theoretically
studied in hyperbolic metamaterials [12] composed of graphene
nanoribbons [6,13], and experimentally demonstrated in the
nanostructured hexagonal boron nitride metasurface later [7].

rominent polaritonic modes is phonon polaritons (PhPs) [1,2], . . .
pro P . b bo @ttt . . However, it typically needs arduous nano-fabrication technology
which are a hybridization of light and collective atomic lattice . . . . .

L . . e . to obtain the anisotropic metasurfaces. Since the anisotropy of the
vibrations in polar dielectrics [3], facilitating strong light-matter . .. . .

metasurfaces is fundamentally limited by their structural units,

interaction at nanoscale even in the long-wavelength regime [4,5]. . - 1
& gth regime [4,5] the practical performance of these polaritonic phenomena within
the metasurfaces is hindered by the auxiliary loss channels, and

strong nonlocal effects [14-16]. As a representative vdW polar

Notably, polaritons can exhibit strongly directional electromag-
netic energy transport in the predetermined direction, known as
the polaritonic canalization mode [6,7]. This happens when the semiconductor, a-phase molybdenum trioxide (¢-MoO3) shows
polaritonic iso-frequency contours (IFCs) undergo the topological
transition [8,9] from open hyperbolic curves to closed elliptical

dispersion lines. The IFCs characterize the propagation direction

an extreme in-plane anisotropy rooted in its crystal structure,
naturally supporting ultra-low-loss anisotropic PhPs [14,17,18].
Recently, the tunable topological transitions and canalization of

of polaritonic modes in the momentum space, and they necessarily PhPs were demonstrated in twist-stacked «-MoOj3 flakes [19-21].

become flattened during the topological transition. Such polari-
tonic topological transitions are analogous to Lifshitz transitions
in condensed matter physics [10,11], and can showcase anomalous
resonant behaviors, such as a dramatic modification of local pho-
tonic density of state for enhanced light-matter interactions at the
deep subwavelength scale.

2334-2536/25/030343-07 Journal © 2025 Optica Publishing Group

Furthermore, the canalization of hybridized polaritons has been
realized in graphene/w-MoQOj3 heterostructures by chemically
changing the doping level of graphene in the Reststrahlen band
(RB) II of ®-MoOj crystals [15,22-25]. However, these reported
polaritonic canalization modes require very stringent experimen-
tal conditions, such as a specific twist angle or a doping level of
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graphene within a narrow frequency range, and complicated het-
erostructure fabrication procedures. In addition, dynamic tuning
of polaritonic modes would meet the demand for the development
of further integrated nanophotonic circuits. Thus, the effective
manipulation of polaritonic canalization modes with remarkable
directionality provides potential applications in various func-
tional flatland optics [26,27], including planar negative reflections
[28,29], nanoscale energy transfer [30], and planar hyperlensing
[31].

Here, we experimentally demonstrated the wavelength-
dependent PhPs canalization with high-quality in a natural
@-MoO; flake through the infrared photo-induced force
microscopy (PiFM). This broadband response is ascribed to
the two-lobed curve of IFCs with an extreme axial ratio, which
is supported by theoretical calculations. The diffraction-free
propagation of PhPs canalization mode is further confirmed, and
a large confinement ratio up to Ay/80 (where X is the free-space
wavelength of the incident laser) is observed. Furthermore, near
the optical phonon resonant frequency along the x-axis of the
@-MoOj crystal, resonant materials damping losses caused by
the huge imaginary part of the permittivity tensor has a limited
influence on the propagation loss of the canalized PhPs, which
is rigorously verified by both the analytic calculation and exper-
imental demonstration. Our work provides a feasible approach
for tailorable polaritonic canalizations in nanophotonics and
polaritonics [32,33].

2. THEORY AND DESIGN

A biaxial vdW material with a low crystalline structural sym-
metry has multiple RBs ranging from the middle-infrared to
far-infrared spectral region [20,34,35], as shown in Figs. 1(a)

and 1(b). Notable, there are additional spectral regimes where
theses RBs overlap, resulting in fascinating polaritonic proper-
ties. Specifically, the overlapped spectral region between the RB
I (545cm™ ~851cm™') and RB II (820cm™" ~972cm™")
refers to two resonance peaks of optical phonons: the trans-
verse optical phonon (TO) along [100] axis (x-axis) at
w5 =2820cm™!, and the longitudinal optical phonon (LO)
along [001] axis (y-axis) at wj 5 = 851 cm ™!, Importantly, both
real parts of &, and &, are negative in this peculiar spectral region
(820 cm™! ~ 851 cm™!), while &x/&y is calculated up to be sev-
eral thousands, indicating a remarkably large optical anisotropy.
Additionally, the theoretical discovery of canalization effects under
resonant conditions has been recently reported [6,36]. Therefore,
it is anticipated that there is the possibility of PhPs canalization in
a single «-MoOj flake. Nevertheless, such proximity near the TO
along the x-axis (w7 ) has a finite influence on the propagation loss
of canalized PhPs in the ®-MoOj; flake, which we will prove both
theoretically and experimentally. So far, the observation of canal-
ized PhPs in a single ®-MoO3 flake under this intersected spectral
region remains to be addressed, technically due to unavailable
continuous-wave excitation light sources for the monochromatic
scattering-type scanning near-field optical microscopy (s -SNOM)
[20,37], impeding the fundamental understanding and practical
exploitation of polariton canalization modes in the single «-MoO3
flake, a natural vdW crystal.

In our experiment, a 160-nm-thick «-MoOj; flake was trans-
ferred on the SiO, /Si substrate by an all-dry transfer method (see
Section 5). A global Cartesian coordinate is defined in that the
x- and y-axes are along the [100] and [001] crystal directions of
the ®-MoQj3 flake, respectively. To characterize the crystalline
quality of the @-MoO; flake, the Raman spectrum was mea-
sured to show classical optical phonon resonance frequencies
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Fig. 1. The canalization effect of phonon polaritons in a single ®-MoQOj3 flake. (a) Raman spectrum of the sample. Black frequency markers indicate
the Raman peaks associated with the atomic vibration modes of «-MoO3. The x- and y-axes are along the [100] and [001] crystal directions of ®-MoOj,
respectively. Inset: schematic of the unit cell of ®-MoQOj3 with three different lattice constants; the molybdenum and oxygen atoms are denoted by the blue
and orange spheres, respectively. (b) Real and imaginary parts of the permittivity (¢) along the in-plane principal axes of «-MoOj3 with real parts of &, multi-
plied by 50 for clarity. The gray shaded region represents the overlapped spectral region, covering between w¥q and @] . (c), (d) The simulated real-space
electromagnetic field (real part of E.) at the frequency of 820 cm™" and 840 cm ™!, respectively. (e), (f) Numerical dispersions of the frequency at 820 cm™'
(c) and 840 cm™" (d). The white lines are the analytical dispersion relationships, and the colored circles are the decay length at different wave-vectors. (g) In-
plane wave-vectors versus frequencies and azimuth angles 6 = atan(%), where k, = k,, + ik,;, and k,, are marked with solid lines, and #,; are marked
with dashed lines. (h) Length L of 1/e power decay away from the bulk -MoOj at different directions versus frequencies in the overlapped spectral region
between w%, and @], and n” = Im(,/€) is plotted with purple dashed line.
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within different RBs of the @-MoOj3 crystal [Fig. 1(a)], all indi-
cating excellent crystalline conditions. As shown in Fig. 1(b),
the in-plane dielectric permittivities of the a-MoOs crystal
were calculated by multiple Lorentzian oscillator models (see
S1 in Supplement 1). The gray shaded region in Fig. 1(b) shows
the overlapped spectral region between RB I and RB II in the
®-MoOj crystal (820 cm™! ~ 851 cm™?), where the real parts of
&, and &, are both negative. Particularly, the wave-vector ratio of
PhPs along the y-axis (k,) and x-axis (4,) is quite large (see S2 in
Supplement 1), suggesting the high axial ratio of the corresponding
IFCs (thus being close to flat-band) and hence the possibility of
highly directional propagation of PhPs, i.e., canalization modes.

To corroborate the above statement, numerical simulations
were carried out based on the finite-element method (FEM). A z-
oriented dipole was used as the extreme anisotropic PhPs launcher,
and the distance between the dipole and the top surface of the
a-MoOj3 flake was 200 nm. We recorded the z-component of the
electric fields (£,) at a distance of 10 nm above the top surface
of the ®-MoOj3 flake. Figures 1(c) and 1(d) show the simulation
results with the frequency (wjy) of the incident laser at 823 cm™!
and 840 cm ™!, respectively. As shown in Fig. 1(c), the energy flow
of PhPs with w;,c at 823 cm ™! is highly collimated along the x-axis,
while extremely compressed in the y-axis. As the wj, is increased to
840 cm ™!, the PhPs show hyperbolic-like propagation behaviors.
To understand their dispersion features in momentum space, we
performed the fast Fourier transform of the Re(£) fields and
calculated the corresponding analytical dispersion relationships
(see S2 in Supplement 1) to extract the corresponding IFCs, which
are shown in Figs. 1(e) and 1(f). Surprisingly, both IFCs with wj
at 823 cm ™! and 840 cm ™! show an extreme open hyperbolic-like
curve, despite that &, <0 and &, <0 in this intersected spectral
regime. This is different from the conditions for conventional
hyperbolicIFCs in that ¢, and &, should be in the opposite sign.

To understand this difference on the open hyperbolic-like
IFCs, we calculated the polaritonic dispersion at RB I and RB II
of a-MoOj3 flake. Specifically, as wj,. increases, the real parts of
both £, and k, are increased accordingly. Due to the large real part
value of &, (~A¢/30) at 823 cm™!, the imaginary part of in-plane
k (the loss component of PhPs) is great along y-axis, prohibiting its
propagation along the above direction. By contrast, £, is relatively
small with wj,c at 840 cm™!, and the propagation loss of PhPs
shows a decrease along x-axis since wjy is far away from the TO
phonon resonant frequency along x-axis (w}, = 820 cm™!). Asa
result, if we extend the range of the £, and £, to a wide momentum
range, the corresponding IFCs derived from analytical dispersion
relationships will be closed, as shown in the subfigures of Figs. 1(e)
and 1(f). However, within the accessible wave-vector range in the
near-field experiment for exciting PhPs, the polaritonic dispersion
still exhibits open hyperbolic-like curves, which is the major reason
of hyperbolic-like PhPs in this spectral region.

Another nonnegligible discussion is on how the imaginary part
of the permittivity along x-axis affects the propagation behavior
of PhPs, since resonant material damping dominates at the TO
phonon resonant frequency. It is widely recognized that materi-
als become lossy near the resonance frequency of the Lorentzian
model, but this does not necessarily hold true in our specific
polaritonic systems. To clearly demonstrate this, we utilized
the analytical dispersion relationships to calculate the in-plane

wave-vector k, = /7 + k; and decay distance (1/e power decay

away from the edge of bulk «-MoQj3) for various frequencies

and azimuth angles 6 = atan(k, /.), as shown in Figs. 1(g) and
1(h). The solid and dashed lines in Fig. 1(g) correspond to the real
and imaginary parts of k,, respectively. It is observed that despite
the concerned frequency range near the resonance frequency at
820 cm™!, the imaginary component of £, of @-MoQOj remains
low, leading to a considerable large propagation decay distance,
particularly in the x-direction, which also can be found by the
colored circles in Figs. 1(e) and 1(f). Furthermore, theoretical
analysis indicates that as |, | approaches infinity, the imaginary
component of k,, which determines the propagation distance at
the x-direction, will approach zero, regardless of whether real or
imaginary partof €, changes (see S2 in Supplement 1 for details).

3. RESULTS AND DISCUSSION

To experimentally verify the striking hyperbolic-like and canaliza-
tion modes with low loss in the single -MoO3 flake, we performed
the photo-induced force microscopy (PiFM, Molecular Vista)
[38—41] for real-space nanoimaging PhPs. The PiFM instrument
is based on the atomic force microscopy (AFM). It can simulta-
neously yield the nanoscale resolved topography, and gradient
of the near-field optical force generated at the tip-sample region
[Fig. 2(a)]. During the near-field experiment, an oscillating Au-
coated tip was illuminated by a pulsed p-polarized infrared laser
(quantum cascade laser source from 758 cm™! ~ 1850 cm™!,
Block Engineering). The tip acts as an infrared antenna to launch
PhPs. Then, PhPs propagate outwards, and are reflected by the
sample edge towards the tip, giving rise to the PiFM interference
fringes with a spacing distance of A , /2 (where A , is the wavelength
of PhPs). Figures 2(b) and 2(c) present typical PiFM images of the
a-MoOj3 flake at wj,c =780 cm™! and 880 cm™', both of which
are inside hyperbolic IFCs regions. However, the propagation
directions of these PhP modes are different at those frequen-
cles, since the fringes are parallel to the x-direction with wj,. at
780 cm™! [Fig. 2(b)], and to the y-direction at wj,. = 880 cm™!
[Fig. 2(c)]. This is because of different open directions of the PhPs
hyperbolic dispersion at different frequencies. In particular, it
indicated that the topological transition of PhPs from open hyper-
bolic curves along the y-direction to that along x-direction was
realized by simply sweeping the w,. over the overlapped spectral
region between RB I and RB II. For a quantitative analysis of the
anisotropic PhPs propagation, we plotted the PhP dispersions,
w(k;) (i=x, y), from the measured PiFM images of the same
a-MoOj3 flake (see Fig. S5 and Fig. S6 in Supplement 1). The
periods of fringes in PiFM images were extracted to calculate
k; (i =x, y) of PhPs. The experimental results agree well with the
theoretical predictions shown as a 2D pseudo colored plot of the
complex reflectivity in Fig. 2(d) (see S2 in Supplement 1).

By scanning i, from 830 cm™! to 870 cm™!, the wave-
front evolution of PhPs can be visualized in the PiFM images (see
Supplement 1, S4 for more details.). Figure 3(a) clearly displays
hyperbolic PhPs at w;,. = 870 cm ™. With the exciting frequency
sweeping from 870 cm ™! t0830 cm ™!, the measured PiFM images
appear to be the open hyperbolic propagation of the wavefront
of PhPs around a nanostructure (marked by a gray semicircle
icon). It is actually ascribed to the two-lobed curve of IFCs with
an increased axial ratio, which is in a good agreement with the
theoretical predictions in Figs. 1(g) and 1(h). Interestingly, at
Wine = 830 cm™ !, the PhPs propagate towards the x-axis, which is
highly directional and diffraction-free, manifesting a feature of the
PhPs canalization mode. Such experimentally observed evolution
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Fig. 2. Photo-induced force nanoimaging of in-plane anisotropic phonon polaritons in the «-MoOj3 flake. (a) Schematic of the PiFM microscopy
experimental configuration used for nanoimaging of PhPs in «-MoQOj3. Upon the modulated infrared excitation laser, the metal-coated AFM tip launches
the PhPs in the sample. Inset: illustration for wavelength-dependent topological transitions and broadband canalization modes in a crystal -MoOj3 flake.
(b), (c) Real-space PiFM images recorded at 780 cm™' and 880 cm™, respectively. The white line represents the line profile data of the corresponding
PiFM images of (b) and (c). Arrows represent the crystal direction of the «-MoOj flake. (d) Dispersion relations for the PhPs in the @-MoO; flakes. The
pink and blue triangles indicate experimental data corresponding to the PiFM images taken with multiple excitation frequencies along x and y crys-
tal axes of @-MoO3, respectively. The pseudo-colored image represents the calculated imaginary part of the complex reflectivity [Im(r,(g, w)] of the
air/a-MoQj3/SiO, multilayered structure.

(a) 870 cm-! 850 cm-! 840 cm-! 830 cm-!

E
o

1um 1 Jpm
. Max
o

1 um
I Min.

Fig.3. Tunable topological transitions and broadband PhPs canalization modes in the -MoOj sample revealed by PiFM. (a), (b) Real-space near-field
images near the apex of a nanorod denoted by the gray semicircle icon, for experimental (a) and the corresponding simulated data (b). Arrows represent the
crystal direction of the -MoOj flake. (c) Absolute values of the fast Fourier transform of the measured PiFM images in (a). Arrows denote the wavenumber
components of PhPs in the momentum space.

of the wavefront of PhPs agrees well with the numerical simulations
in Fig. 3(b). Moreover, we extracted the corresponding IFCs in
momentum space by performing fast Fourier transform (FFT) of
the experimental PiFM images, as plotted in Fig. 3(c). This shows
the evolution of the topology of IFCs from the open hyperbola to
closed shapes via decreasing wi,. below 851 cm™! (a)io), which
is remarkable in a single ®-MoOj3 flake. To further improve the

performance of the canalized PhPs effect, ultra-low-loss PhPs in the
a-MoOj crystal could be realized through the isotope enrichment
method [42].

To further demonstrate the diffraction-less propagation nature
of PhPs canalization, PiFM measurement was performed around
nanohole arrays in the «-MoOj3 flake. Figure 4(a) shows the AFM
image of nanohole arrays in the ®-MoOj3 flake. The diameter and
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Fig.4. Diffraction-free propagation of the PhPs canalization mode. (a) Topography of the nanohole arrays. The diameter of each nanohole and the gap
between the individual nanoholes are both 300 nm. Arrows represent the crystal direction of the «-MoQOj3 flake. (b) PiFM images of the nanohole array
recorded at 828 cm™". (c) Simulated Re(£,) field distributions of the nanohole array. (d) Profiles traced along white dashed line shown in (a) (topography;
denoted as the black line) and (b) (PiFM data; marked as the red line), which are separated from each other by 700 nm.

periodicity of nanohole arrays are 300 nm and 600 nm, respec-
tively. At @i, =828 cm™!, the measured PiFM image presents
the highly directional polaritonic flow along the x-direction as
shown in Fig. 4(b). It reveals that the canalized PhPs propagated
unidirectionally and were sub-diffractively confined along the
y-direction, which is perpendicular to the propagation direction.
In Fig. 4(c), it indicates that the numerical simulation of Re(E})
at the top surface of the nanohole array in the «-MoOj3 flake is in
good accordance with the experimental data [Fig. 4(b)], featuring
the high-performance canalized PhPs modes. To quantitatively
analyze the canalized propagation property of PhPs, we extracted
profiles of the AFM topography and PiFM image by drawing
cutting lines, denoted as white dashed lines in Figs. 4(a) and 4(b),
respectively. These two parallel lines are along the y-direction
with a separation distance of about 700 nm. In Fig. 4(d), the black
and the red lines represent topography data and PiFM amplitude,
respectively. Notably, the line profile of topography data shows a
gentle boundary [Fig. 4(d)] owing to the topography convolution
induced by the nanoscale geometry between the conic AFM tip
and the cross-section shape of nanoholes. Nevertheless, the PIFM
line profile could exactly reproduce the trend in topography data
even at a separation distance of 700 nm. Therefore, it is reasonable
to conclude that the canalization angle of PhPs is near zero, and
the full-width-at-half-maximum (FWHM) of PhPs canalization
modes is estimated around 150 nm, radius of the nanohole, which
is ~Ao/80 (where A is the free-space wavelength). Moreover, the
FWHM of PhPs canalization modes may be further reduced if the
thickness of the «-MoQOj5 flake is thinner [43,44].

4. CONCLUSION

In summary, we demonstrated the canalized PhPs supported in a
single natural -MoQOj flake, which serves as a natural platform for
realizing the polaritonic canalization. The hyperbolic-like PhPs
were surprisingly observed in the intersected spectral region (both
e, <0 and &, <0). This is ascribed to the two-lobed curve of
IFCs with an extreme axial ratio, which is supported by theoretical

calculations. Furthermore, it is confirmed that PhPs canalization
is highly unidirectional and diffraction-free, showing a highly
confined ratio of A9/80 along the y-direction. In addition, the
PiFM instrument shows the ability of real-space nanoimaging
polaritonic modes in vdW materials, providing an alternative tool
besides monochromatic s-SNOM to investigate novel polaritonic
phenomena at the low-frequency region, especially for w;,. below
880 cm™!. Our work offers a convenient and robust method to
effectively manipulate the canalization of PhPs in natural vdW
materials and metamaterials [45-47], prompting the potential
applications in nanoimaging, subwavelength directional energy
transfer, and enhanced nonlinearity at the deep nanoscale [48-50].

5. METHODS
A. Sample Preparations

Bulk crystals of a-MoOj; were purchased from SixCarbon
Technology, Shenzhen. Firstly, we mechanically exfoliated the
bulk crystals onto a polydimethylsiloxane (PDMS) sheet and
inspected the quality of ®-MoOj flakes via an optical microscope
(BX 53, Olympus). @-MoOj3 flakes with suitable size were then
marked and transferred onto a Si/SiO; (thickness 300 nm) sub-
strate. Focused ion beam lithography (FIB, FEI helios g3) was used
to mill the «-MoO3 sample with different defined nanostructures.
Note that the milling current was set as low as 8 pA to minimize
the implantation of Ga ions, and the milling velocity was around
50 nm per minute for the desired milling depth. After FIB etching,
the sample was thermally annealed at 300 °C for 2 h to eliminate
the influence of the Ga-ion implantation inside the «-MoOj flake
and could present nearly unchanged polariton propagation.

B. Optical Measurements

PiFM measurements were conducted by means of a commercial
Molecular Vista instrument equipped with a pulsed quantum
cascade laser (QCL) from Block Engineering. The wavenumber of
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the QCL can be tuned between 758 and 1850 cm™!. A metallic-
coated AFM tip with the first resonant frequency of ~260 kHz
operated in the tapping mode. The second eigenmode of the can-
tilever was excited for the tip-sample distance stabilization, with a
tapping modulation amplitude of a few nanometers and a typical
setpoint of 85%. For the PiFM operation, the p-polarized QCL
was modulated at the frequency difference between the first and
second eigenmodes of the AFM cantilever. The photo-induced
interaction, i.e., the PiFM signal, was thus mechanically detected
at the first eigenmode of the cantilever (see S3 in Supplement 1).

C. Numerical Simulation

The real-space simulation of PhPs in «-MoOj flakes was per-
formed with the finite-element method (FEM) using COMSOL
Multiphysics. For launching highly confined PhPs, a z-polarized
dipole was placed above the surface of the sample with the distance
at 200 nm. The perfectly matched layer was used as the boundary
condition for conducting the numerical simulation. We extracted
the real part of the z-component of the electric field (Re (£,)
from the top surface of the ®-MoQOj3 flake and its correspond-
ing fast Fourier transform data were then plotted to reveal the
iso-frequency dispersion contours of PhPs. The permittivities of
the «-MoOj crystal and the silicon dioxide (SiO;) substrate are
discussed in S1 and Table 1 in Supplement 1.
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