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Polariton canalization is characterized by intrinsic collimation of energy flow
along a single crystalline axis. This optical phenomenon has been experi-
mentally demonstrated at the nanoscale by stacking and twisting van der
Waals (vdW) layers of a-MoO3, by combining a-MoO; and graphene, or by
fabricating an h-BN metasurface. However, these material platforms have
significant drawbacks, such as complex fabrication and high optical losses in
the case of metasurfaces. Ideally, it would be possible to canalize polaritons
“naturally” in a single pristine layer. Here, we theoretically predict and
experimentally demonstrate naturally canalized phonon polaritons (PhPs) in a
single thin layer of the vdW crystal LiV,0s. In addition to canalization, PhPs in
LiV,0s exhibit strong field confinement (4, ~ %), slow group velocity
(0.0015c¢), and ultra-low losses (lifetimes of 2 ps). Our findings are promising
for the implementation of low-loss optical nanodevices where strongly
directional light propagation is needed, such as waveguides or optical routers.

Canalization is an optical phenomenon characterized by intrinsic col-
limation of electromagnetic energy along a single crystal axis'~. This
phenomenon holds promise for the efficient guiding of light and
therefore shows potential for a wide range of applications, such as
directional thermal management, strong light-matter interactions,
and integrated planar optics, among others. Canalization has been
studied theoretically*® and demonstrated experimentally®™ in the case
of strongly confined polaritons?™, bringing this phenomenon to the

nanoscale. Notably, this has been made possible by the emergence of
different polaritonic media, including vdW materials such as h-BN",
a-V,05', and a-Mo05?>?, and other bulky crystals such as B-Ga,05>%,
or CdWO,*, all of them supporting highly anisotropic PhPs***—light
coupled to lattice vibrations—. Specifically, canalization or extreme
anisotropic propagation of PhPs has been observed in h-BN layers,
allowing sub-diffraction imaging”?, theoretically predicted and
experimentally demonstrated in heterostructures of graphene and
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a-Mo05>®, and in twisted a-MoO; stacks” ™, in which the excitation and
coupling of in-plane hyperbolic PhPs has recently led to the discovery
of broadband and all-angle tunable canalization". However, despite
these important achievements, these material platforms face critical
drawbacks for the implementation of canalization in nanotechnologi-
cal devices, including high optical losses in h-BN (inherent when con-
sidering out-of-plane extreme anisotropic propagation of PhPs, and
extrinsic when considering in-plane canalization of PhPs in artificially
engineered metasurfaces’**°), and the inherently complex fabrication
of twisted stacks. An ideal solution to circumvent these drawbacks
would imply the observation of polaritons that are intrinsically
canalized and exhibit low losses in individual and pristine layers,
which we coin as “naturally” canalized polaritons. However, although
there are theoretical works predicting low-loss polariton canalization
for the case of surface plasmons in individual metallic layers®,
naturally canalized polaritons remain unexplored experimentally.
Moreover, they have not been addressed theoretically for the case of
PhPs, or, more generally, for finite-thickness layers that can be con-
sidered 3D.

In this work, we theoretically predict and provide experimental
evidence of naturally canalized PhPs in an individual thin layer of the
vdW crystal LiV,0s. Interestingly, the origin of such natural canaliza-
tion is found to be rooted in the strongly anisotropic in-plane per-
mittivity of LiV,0s, which is extracted by accurate modeling of far-field
spectroscopy data. Importantly, in addition to canalization, PhPs in
LiV,0s exhibit strong field confinement (4, ~ ;—g) and ultra-low losses
(lifetimes up to 2 ps).

a

Fig. 1| Naturally canalized phonon polaritons (PhPs) in a thin dielectric layer.
a Norm of the electromagnetic field |£| numerically calculated in a layer (thickness
d= 200 nm) with permittivity &, =&,=5+0.05i, and ¢, = —5+0.05i. A vertically
oriented point dipole is employed as polaritonic excitation source. Clear isotropic
propagation of strongly confined PhPs is observed. Inset: real part of the out-of-
plane component (E,) of the electromagnetic field. b Same as a for a permittivity

Results and discussion

Theory of naturally canalized PhPs in thin dielectric layers
Firstly, to theoretically study the phenomenon of natural canalization of
PhPs, we conduct numerical simulations of PhP propagation on a thin
dielectric layer along the two in-plane principal directions x and y. We
consider three cases characterized by representative diagonal permit-
tivity tensors. In the first case (isotropic), we select &, =¢g,=5+0.05i,
and g, = —5+0.05/, i.e., a diagonal tensor in which its principal com-
ponents have the same moduli (note, however, that at least one of them
must be negative to fulfill the conditions needed to support polaritons.
The choice of two positive principal components is intended to high-
light the main dielectric behavior of the layer). By plotting the norm of
the simulated electric field |E| (Fig. 1a), we observe PhPs propagating
along all in-plane directions with the same wavelength (see inset for a
plot of the real part, Re(E,)). Such isotropic propagation can be better
visualized by plotting the isofrequency curve (IFC) for the in-plane
momentum (g, =k, /ko, q,=k,/ko, with k, the wavevector of the
incident field) extracted by taking the Fourier transform (FT) of the real
space image (Fig. 1d). The resulting IFC represents a circle of radius
~|q| =20, which illustrates the isotropic propagation of strongly con-
fined PhPs with the same wavevector, q, that is collinear to the energy
flux S (S results from taking the normal to the IFC, indicated by white
arrows in the figure) along all in-plane directions. In the second case
(anisotropic), we study the PhP propagation when &,=5+5i,
£,=5+0.05i, and &, = -5+ 0.05i, i.e., when one of the diagonal com-
ponents of the permittivity tensor presents a much larger imaginary part
(Im(g,) »Im (ey,z)) implying a much larger absorption along one

Isotropic Anisotropic Canalized
g = 5+5i g, = *0.05+5i
g, = 5+0.05i g, = 5+0.05i
g,=-5+0.05i g,=-5+0.03i

£.=5+5i, £,=5+ 0.05, and €, = —5 +0.05i. Anisotropic (arc-shaped) polariton
propagation centered along the y-axis is observed. ¢ Same as a and b for a per-
mittivity &, =0.05+5i, &, =5+0.05i, and &, = —5+0.05i. Naturally canalized PhPs
propagate along the y-axis. d-f Isofrequency curve (IFC) obtained by Fourier
transforming (FT) the real-space simulation in (a-c), respectively. The white arrows
indicate the energy flux S.

Nature Communications | (2024)15:2696



Article

https://doi.org/10.1038/s41467-024-46935-z

direction of the layer. By plotting |E| (Fig. 1b), we observe the propa-
gation of strongly confined PhPs along an angular sector of in-plane
directions close to the y-axis (see inset for a plot of the real part, Re(E,)).
The corresponding IFC (Fig. 1e) consists of an arc-shaped curve, indeed
showing that only certain in-plane directions close to the y-axis exhibit
available optical states. With the aim of enhancing such directional
propagation of PhPs, we study in the last case (canalized) the PhP pro-
pagation when ¢, = +0.05+5i, £,=5+0.05{, and ¢,= —5+0.05, i.e,
when one of the diagonal components, €,, not only exhibits a larger
imaginary part but also a relatively smaller real part (i.e., the mode is
overdamped), such that Re(e, ) «/m(g, ). The + sign in &, accounts for
the fact that the sign does not play an appreciable role in the simulation,
as long as it is close to zero and the imaginary part dominates. By
plotting |E| for these permittivity values (Fig. 1c), we observe the exci-
tation of strongly confined PhPs propagating mainly along one direc-
tion, the y-axis (when we mention along one direction, PhPs propagate
in two senses along that same axis), i.e., along the perpendicular direc-
tion to that where the permittivity has drastically changed (see inset for
a plot of the real part, Re(E,)). This strongly directional propagation is
clearly observed by plotting the corresponding IFC (Fig. 1f), showing two
almost parallel IFC contours separated by a distance ~ |g|=40. This
peculiar geometry, in which for all available wavevectors, there is a
unique direction of the energy flux S (white arrows), has been previously
observed for PhPs in twisted vdW stacks and constitutes a clear sig-
nature of polariton canalization. Our modeling, therefore, predicts that
the combination of a large imaginary part of the permittivity (large
optical absorption) and a real part tending to zero (reduced field
penetration) along a given in-plane direction in a thin dielectric layer can
induce the natural canalization of PhPs along the perpendicular axis.

Note that although material absorption canalization has been
studied for 2D plasmonic layers®*, the case detailed above involves
the consideration of a thin slab with finite thickness (d = 200 nm),
which optically means that the out-of-plane component of the per-
mittivity tensor must be considered analytically (see “Methods”). Our
results therefore demonstrate the possibility of translating this cana-
lization concept to a 3D system supporting PhPs.

Crystal and optical properties of LiV,05

In the following, we introduce the vdW crystal LiV,0s5 (Fig. 2) by
describing its crystal structure and extracting its optical permit-
tivity. Resulting from the intercalation of a-V,0s with the alkaline
atom Li**?* (see “Methods”), LiV,0s has an orthorhombic crystal
lattice consisting of VOs pyramids that are connected along their
edges forming zigzag chains along the b direction of the crystal
(Fig. 2a). The lattice parameters are a= 0.9702nm, b=
0.3607 nm, and c=1.0664 nm along the [100], [001], and [010]
crystal directions, respectively**, thus revealing a strongly aniso-
tropic crystal structure. Although both LiV,0s and «-V,0s have
orthorhombic crystal unit cells, LiV,0s has a Pnma space group,
whereas the space group of a-V,0s is Pmmn. To study the optical
properties of LiV,0s we carry out Fourier-Transform Infrared
Spectroscopy (FTIR) reflectance measurements with the incident
light polarized along the a and b crystal directions (blue and
green curves in Fig. 2b, respectively, see Supplementary
Figs. 1 and 2). The inset in Fig. 2b shows an optical image of the
LiV,0s layer used for these measurements and placed on a BaF,
substrate, which is transparent in the spectral range of our
measurements®. Previous studies provided the initial dielectric
function fit values®. To ensure robust agreement, these values
were then tailored to align with our experimental spectra. By
fitting the resulting spectra with a Lorentz model of coupled
oscillators® (black dashed curves in Fig. 2b), we derived the
dielectric permittivity tensor along the three crystallographic
directions. In particular, we extract the parameters wyy, @0,
Yro-and y o (Fig. 2c, d, see Supplementary Table 1 and

Supplementary Fig. 3), i.e., the frequencies of the transverse (TO)
and longitudinal optical (LO) phonons together with the corre-
sponding damping rate. Interestingly, by plotting the real and
imaginary part of the extracted permittivity along the a, b, and ¢
crystal directions (blue, green, and red curves in Fig. 2c, d,
respectively), we observe several spectral bands in which at least
one of the permittivity components is negative and thus PhPs can
be excited. Specifically, we distinguish three spectral bands
(typically called Reststrahlen bands (RBs) that are bound between
the TO and LO frequencies): RB,; between w~948cm™ and
w~964cm™ and RB,, between w~1005cm™ and w~1012cm™
for the a direction, and RB. between w~980cm™ and
w~1024 cm™ for the ¢ direction. Importantly, we observe that
within RB,, (black squared range in Fig. 2c, d) the permittivity
along the a direction has its real part close to zero while the
imaginary part is two orders of magnitude larger than along the
perpendicular b direction, i.e., Re(g,) «Im(g,) and Im(g,) > Im(sp).
This combination of permittivity values fulfills the criterion
extracted in Fig. 1 for the observation of naturally canalized PhPs
in a thin dielectric layer. Here, the negative out-of-plane permit-
tivity induces propagation along the directions in the plane that
show positive permittivity. This is in stark contrast to prior
reports on strongly in-plane anisotropic (hyperbolic) PhPs in vdW
materials, such as a-V,0s” and a-Mo05***, where propagation
takes place along the in-plane directions that feature negative
values, due to the positive sign of the out-of-plane permittivity.

Analytical calculations of PhP propagation in LiV,05

To better analyze the potential natural canalization of PhPs in
LiV,0s, we next perform an analytical study (Fig. 3) using the
explicit expression for the dispersion of highly confined polar-
itons in anisotropic layers® (see “Methods” and Supplementary
Fig. 4), in which we introduce the dielectric permittivity tensor
extracted in Fig. 2. We plot analytical IFCs (Fig. 3a, b) for PhPs
excited in a LiV,0s thin layer of thickness d=200nm at a fre-
quency range between 995 cm™ and 1010 cm, i.e., in a frequency
range that partially covers RB. and completely RB,;, where
canalization is expected according to our previous analysis. We
observe closed curves formed by wavevectors much larger than
ko, indicating the sub-diffractional nature of PhPs in LiV,Os.
Furthermore, we observe that while the IFC for the real part of
Ga/p=Kqsp/ko (Re(q), Fig. 3a) evolves from elliptic to rectangular
with increasing frequency, the IFC for the imaginary part of
Gap=Kqsp/ko (Im(@), Fig. 3b) undergoes a transition from elliptic
to peanut-shaped. This result can be better visualized by high-
lighting two characteristic 2D cross-sections in the IFCs at fre-
quencies =997 cm™ and w=1007 cm™ (black and red curves for
Re(q) and Im(q), respectively). More importantly, by plotting
together the curves for Re(q) and Im(q) at these frequencies
(Fig. 3c, d), we observe that while at w=997 cm™, the elliptic
curve for Re(q) is always significantly larger than the elliptic curve
for Im(q), at w=1007 cm™, the rectangular curve for Re(q) is sig-
nificantly larger than the peanut-shaped curve for /m(q) only for a
small angular domain of directions close to the b direction. Since
the condition Re (q)>Im (q) can serve as an indication of the
propagative nature of polaritonic modes, these calculations pre-
dict a polariton canalization at @ =1007cm™. To corroborate
these results, we numerically calculate the IFCs at the same fre-
quencies (color plots in Fig. 3¢, d, see “Methods” for details). At
®=997 cm™ we obtain an elliptic IFC, indicating the propagation
of PhPs along all in-plane directions with slightly different wave-
lengths. On the other hand, at w=1007 cm™ we obtain a very
different IFC consisting of two linear segments parallel to the a
direction of LiV,0s. As discussed in relation to Fig. 1f, this type of
IFC constitutes a clear fingerprint of canalization, which in this
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Fig. 2 | Crystal structure and optical properties of LiV,0s. a Illustration of the
orthorhombic lattice structure of LiV,0s (red spheres: oxygen atoms, blue spheres:
vanadium atoms, green spheres: lithium atoms). The crystal structure is formed by
distorted VOs pyramids connected along their edges, forming zigzag chains
along the b= [001] direction. b Reflectance spectra from Fourier-Transform Infra-
red Spectroscopy (FTIR) along the a = [100] and b directions (blue, and green
curves, respectively) as indicated in the optical image of the inset (the red square
indicates the measurement area). Fittings of the spectra using a Drude-Lorentz
model are indicated by black dashed lines. The thickness of the LiV,0s layer is d =
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6.43 um, and the substrate is BaF,. ¢, d Real (solid curves) and imaginary (dashed
curves) components Easb/c of the permittivity along the a (blue), b (green), and c=
[010] (red) crystal directions, extracted from the fittings in (b). The shadowed
regions represent the three Reststrahlen bands (RBs) at this spectral range,
including RB,; and RB,, for the a direction (blue) and RB. for the ¢ direction (red).
The black squares indicate a zoom-in area in which the permittivity function (right
panels) fulfills the conditions extracted in Fig. 1 for the observation of naturally
canalized PhPs, namely Re(g,) <Im(g,) and Im(g,) » Im(sp).

case occurs along the b direction of LiV,0s5. However, while the
FT-calculated color plot shows an open contour owing to polar-
iton damping by intrinsic material losses, we note here that the
analytical IFC does show a closed shape across the whole fre-
quency range plotted in Fig. 3a-d. This evidences that polariton
canalization is induced here by the epsilon-near-zero behavior
along the a direction together with the high damping by intrinsic
material losses, also along this direction. This therefore provides
a fundamental difference to prior demonstrations of canalization
in vdW materials, such as in heterostructures of graphene and o-
MoO5>¢, and in twisted a-MoO; stacks’™, where canalization
stems from a topological transition from open to closed IFCs. As
such, our work provides an innovative mechanism for polariton
canalization that is not rooted in seeking a topological transition
of the IFC, but a combination of large imaginary part and close-to-
zero real part of the permittivity.

To further analyze this canalization phenomenon, we plot the
ratio

%‘ (considered as a valid figure-of-merit (FOM) or quality

factor of the propagation of polaritons) along the a and b direc-
tions within the spectral range from 995cm™ to 1020 cm™ (blue
and green curves in Fig. 3e). Interestingly, we observe that in the
spectral band corresponding to RB,,, the FOM reaches values of
up to ~ 5 along the b direction, while it takes values close to 1
along the a direction. This result confirms a preferential propa-
gation along the b direction within RB,,, which can be better
visualized by performing numerical simulations at @ =1007 cm™
(inset inside RB,; in the figure, see “Methods” for details). On the
contrary, an analogous plot calculated at a frequency outside
RB,,, e.g., at @w=997 cm™, shows elliptic propagation of PhPs
along all in-plane directions (inset outside RB,; in the figure). To
get further insights into the canalization phenomenon and its
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Fig. 3 | Study of the propagation of PhPs in LiV,0s. a Analytical 3D IFC (q,,9),,w)
for the real part of the polariton wavevector (Re(q)) at frequencies w = 997 cm™ and
w= 1007 cm™. b Analytical 3D IFC (q,,g,,w) for the imaginary part of the polariton
wavevector (Im(q)) at frequencies w =997 cm™ and w=1007 cm™. ¢, Analytical 2D
IFC extracted from combining Re(q) (white) and /m(q) (red) from (a and b) at
=997 cm™. Re(q) is larger than Im(q) along all directions. The color plot is
obtained by Fourier Transforming (FT) a numerical simulation in real space of PhPs
excited using a point dipole on a LiV,0s layer with thickness d =200 nm at
=997 cm™. d Analytical 2D IFC extracted from combining Re(q) (white) and /m(q)
(red) from (a and b) at w = 1007 cm™. Re(q) is larger than /m(q) only in a significant
manner along the b direction, predicting canalization of PhPs along this axis. The
color plot is obtained by Fourier Transforming (FT) a numerical simulation in real
space of PhPs excited using a point dipole on a LiV,0s layer with thickness d =

200 nm at  =1007 cm™., The appearance of two flat bands at @ =1007 cm™ cor-
roborates the existence of naturally canalized PhPs in LiV,0s. e Figure of Merit
(FOM) for propagating PhPs, defined as Re(q)//m(q), along the a (blue) and b
(green) crystal directions. The approximately 5x difference in the FOM between the
b and a directions corroborates the canalization of PhPs along the former. The
small insets show the real part of the electromagnetic field, Re(E,), from numerical
simulations, showing canalized PhPs at w =1007 cm™. The blue shaded area indi-

Re(q)

cates the Reststrahlen band a, (RB,,). f, PhPs quality factor @

| as a function of in-

Im(g,)
Re(e,)

plane propagation angle ¢ (°) and the permittivity ratio along the a direction

The white dashed lines correspond to the permittivity ratio value at @ =1003 cm™,
®=1006 cm™, and w =1007 cm™, while the black dashed line traces the b direction.

intrinsic relation to the combination of in-plane components of
the crystal permittivity, we can also calculate the FOM as a
function of in-plane angle and frequency-dependent material
'R'Zga; (Fig. 3f). For
the sake of clarity, the normalized absorption is represented on a
logarithmic scale. We observe that if absorption increases along
the a direction (coinciding with the spectral range covered by
RB,,) the polariton propagation is much more restricted to
directions closer to @=90° or, equivalently, to the crystal b
direction (bright red color). Altogether, our theoretical results
confirm the possibility of observing naturally canalized PhPs in

absorption along the a direction, defined as

LiV,0s, which stems from the high damping of this material along
the a direction, together with its epsilon-near-zero behavior,
thereby introducing an original mechanism for polariton canali-
zation in vdW materials.

Nanoimaging of naturally canalized PhPs in LiV,05

To experimentally study the excitation and propagation of PhPs in
LiV,0s, we carried out near-field s-SNOM (scattering-type scanning
near-field optical microscopy) polariton imaging (see “Methods”
and Supplementary Figs. 5 and 6). This involved examining two
thin layers of LiV,0s, one with a thickness of 213 nm and the other
with a smaller thickness of 116 nm, at incident frequencies
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Fig. 4 | Observation of naturally canalized PhPs in thin LiV,0; layers.

a Schematics of the near-field visualization of PhPs in LiV,0s placed on a SiO,
substrate. E;,c and E,, represent the incident and scattered electromagnetic field. A
resonant Au-antenna illuminated with s-polarized infrared light efficiently launches
PhPs, which are probed by an s-SNOM (scattering-type scanning near-field optical
microscopy) microscope employing a metallic tip. b, ¢ Near-field amplitude

Max.me smMin.
Sim. Re(E,)

Max. -Mi}1:
Exp. S, (x,y)
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Sim. Re(E,)

mmVin.

s-SNOM images (s3) and numerically simulated images (Re(E,)) for LiV,0s thin
layers with thicknesses of 213 nm and 116 nm, respectively. The excited PhPs exhibit
elliptic propagation at w= 997 cm™ and w = 1010 cm, respectively. d, e Same as
b, ¢ for w= 1003 cm™. The excited PhPs exhibit anisotropic propagation. f, g Same
as b, ¢ for w= 1007 cm™. The excited PhPs exhibit canalized propagation. White
dashed lines are guides to the eye in all panels.

covering the spectral bands RB. and RB,,. For the excitation of
PhPs, we fabricate resonant Au nanoantennas on the LiV,0s layers,
which, when they are illuminated with s-polarization, act as very
efficient polaritonic sources (see schematics in Fig. 4a). Impor-
tantly, this optical scheme allows the s-SNOM tip to act primarily
as a polaritonic probe®, enabling direct real-space visualization of
the propagation of PhPs excited by the nanoantenna (note that
typical s-SNOM polariton imaging is carried out under optical
schemes in which the tip plays a critical role for both launching
and detection, resulting in interferometric patterns). Figure 4b-g
show the resulting images at illuminating frequencies within RB.
(=997 cm™ and w=1003 cm™, Fig. 4b, d for the 213 nm flake;
w=1010cm™ and w=1003cm™, Fig. 4c, e respectively for the
116 nm flake) and RB,; (w =1007 cm™, Fig. 4f, g for both samples)
for two LiV,0s flakes of different thicknesses. The thinner flake is
inspected with the Au-antenna rotated 90°. For both RBs, we
observe polaritonic fringes with small wavelengths in the range of
1pm (-Ag/16 for RB. and -Ao/8 for RB,, for the 213 nm flake),
revealing the sub-diffraction nature of PhPs in LiV,0s. However,
we observe a very different propagation along the two in-plane
directions for the three frequencies. At w =997 cm™, the near-field
amplitude image reveals PhPs emanating from the Au nanoan-
tenna with elliptic wavefronts, exhibiting their smallest wave-
length (-0.6 um) along the b direction and their largest (-0.8 um)
along the orthogonal a direction for the thicker flake (Fig. 4b). At
w=1003cm™, the propagation of PhPs remains elliptic but
becomes highly anisotropic (Fig. 4d). More strikingly, at
w=1007 cm™, we observe that the propagation of PhPs occurs
with a fixed wavelength (~ 1.2pum and ~ 0.5 um for the thicker
and thinner flake, respectively) along one single axis correspond-
ing to the b direction in LiV,05 (Fig. 4f, g). For the thinner flake, we
observe the same evolution towards canalization in the b direction
(Fig. 4c, e, g). A different PhP wavelength is, however, observed, as
expected due to the effect of a different thickness in the PhPs
dispersion. To theoretically validate these results, we conducted
numerical simulations to mimic the experiment. The resulting
plots (Re(E,)), displayed next to the near-field amplitude images
for all cases, exhibit a good agreement with the experiment. This
allows us to confirm the excitation of elliptic, anisotropic, and,
more importantly, naturally canalized PhPs in LiV,Os.

Dispersions and lifetimes of PhPs in thin layers of LiV,05

For a better understanding and quantitative analysis of the propaga-
tion of PhPs in LiV,0s, we extracted the PhP dispersions, w(q;) (i=a, b)
from monochromatic s-SNOM images (not shown) of the layer with a
thickness of 213 nm shown in Fig. 4b, d, f. The dispersions, extracted
within the spectral range from 993 cm™ to 1011 cm™, are plotted in
Fig. 5a, b. In both plots we corroborate the sub-diffractional nature of
the PhPs, particularly along the b direction (Fig. 5b), where the wave-
vector takes values up to 1.7 x10° cm™, meaning a wavelength con-
finement of ~A,/27. Furthermore, we observe very different
tendencies for the dispersions along the two in-plane directions: while
for the b direction, the PhP wavevector always decreases with
increasing w (corresponding to a negative phase velocity®), this
dependence only occurs below 1005 cm™ for the a direction (Fig. 5a).
More importantly, we observe the formation of a spectral gap
along the a direction in which no propagation of PhPs is visualized,
which is corroborated by performing transfer-matrix (TM)
calculations® (color plot, see “Methods”). Interestingly, this gap coin-
cides with RB,,, as revealed by indicating w;, and w,, (solid white
lines) extracted for RB,, in Fig. 2. This observation is in agreement with

dependence of the
Im(s,)
Re(g,)

to confirm the high absorption along the a direction in RB,, as the

our analysis in Fig. 3, and particularly with the

polariton quality factor with the permittivity ratio , allowing us

origin of canalization of PhPs along the perpendicular b direction.
Finally, we calculate the lifetimes of PhPs in LiV,0s, a key
property for their potential implementation in sensing applica-
tions or to enhance non-linear processes at the nanoscale. To do
this, we take a line profile along the b (Fig. 5¢) and a (Fig. 5d)
directions in the s-SNOM images taken at w=1007 cm™ (green
and blue dashed lines, respectively, in Fig. 4f, g) and perform a
fitting to a damped sinewave (red solid lines; more information is
given in Supplementary Figs. 7,8). By extracting from these fit-
tings the PhPs propagation lengths, L, ~ 1pum (thicker flake) and
L, ~ 0.5pm (thinner flake), and using the group velocities, v, =
0.0015c (thicker flake) and vz = 0.0007c (thinner flake), extracted
by fitting the dispersions, we obtain a similar lifetime 7=L,/v, =
2+0.5ps for both flakes. Such a long lifetime, similar to the life-
times measured for PhPs in isotopically enriched h-BN" and of the
same order as the lifetime recently reported for PhPs in a-M0o03*°
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Fig. 5 | PhPs dispersion and lifetimes in thin LiV,0;s layers. a Experimental (red
dots) PhP dispersion extracted by s-SNOM imaging along the a direction of the
LiV,0s layer (213 nm) measured in Fig. 4. Experimental points are shown with error
bars that take into account the experimental and fitting errors. Theoretically cal-
culated dispersion (using transfer matrix (TM) formalism) is shown as a color plot.
A good agreement with the experiment is obtained. The white horizontal solid lines
indicate wy, and w,, defining RB,,, where canalized PhPs are excited. b Same as
a for the b direction in LiV,0s. A good agreement with the experiment is obtained.
The white dashed line indicates the frequency of canalization of PhPs. ¢, d s-SNOM
line traces along the b and a directions (Fig. 5c, d, respectively) of the images shown
in Fig. 4f, g at the canalization frequency w = 1007 cm™ on LiV,0s thin layers with
thicknesses 213 nm and 116 nm. Fitting curves of the line traces along the b direction
using a damped sine wave function are shown as red solid lines to extract the
lifetimes (z).

and «-V,0s", reveals the low loss nature of canalized PhPs in
LiV,0s. We note that, like PhPs in a-MoO3 and a-V,0s, these long
lifetimes do not imply long propagation lengths and thus the
visualization of numerous polaritonic oscillations in our s-SNOM
experiments. As previously reported”?, this effect is rather

common in highly confined PhPs in thin slabs and results from
their very slow group velocity.

In conclusion, our work introduces theoretically and demon-
strates experimentally a type of polaritonic mode: naturally canalized
PhPs, which stem from an original mechanism for polariton canaliza-
tion in vdW materials. Observed by introducing the vdW crystal LiV,05
as a polaritonic medium, which we accurately characterize here,
naturally canalized PhPs in LiV,0s stem from a combination of high
damping and epsilon-near-zero behavior along the a crystal direction.
In addition to canalization, PhPs in LiV,0s also features strong con-
finement (up to ~Ay/27), slow group velocities (0.0015c), and long
lifetimes (2 ps). Apart from their fundamental interest, naturally
canalized PhPs may become key elements for photonic applications
exploiting light-matter interactions at the nanoscale, including
nanoresonators, which would greatly benefit from their strongly
directional and low-loss nature.

Methods

Fabrication of metal antennas

Si samples were spin-coated with PMMA (950PMMA A2, purges from
micro resist technology, Germany) and soft-baked at 180 °C for 15 min.
The thickness of the coated PMMA layer was 90 nm, which was
exposed with a Xenos pattern generator (XeDraw 2, Germany) in a Jeol
7100 F SEM. The best results were achieved at a dose of 180 uC/cm?
with a development time of 60 s in a 1:3 MIBK to IPA ratio. The samples
were rinsed with IPA and blow-dried with N,. Finally, the samples were
metalized with Cr/Au (5 nm/40 nm) in a Univex 500 (Oerlikon Leybold
Vacuum GmbH, Germany) followed by a lift-off step in acetone, giving
rise to the final metal antennas.

LiV,05 sample growth and preparation

LiV,0;s single crystals were grown by a flux method®. Bulk LiV,0s
crystals were mechanically exfoliated using a Nitto tape (Nitto Denko
Co., SPV 224 P). A second exfoliation was performed from the tape to
transparent polydimethylsiloxane (PDMS) in order to thin them down.
The flakes were examined with an optical microscope to select
homogeneous pieces with the desired thicknesses (around
100-200 nm) and large surface areas. The dry transfer technique was
used to release the flakes on top of a SiO, (300 nm)/Si substrate.

Fourier-transform infrared spectroscopy

The far-field infrared reflectance measurements of LiV,0s crystals were
performed using a Bruker Hyperion 2000 microscope coupled to a
Bruker Vertex70v FTIR spectrometer equipped with a broadband MCT
detector (400-8000 cm™) and a wide-range far-infrared beam-splitter
(30-6000 cm™). Off-normal (x36 Cassegrain, 25° average incidence
angle) polarized reflection spectra were obtained from the crystals.
Both KRS5 and polyethylene wire grid polarizers were used to optimize
the spectral throughput of the system at the relevant phonon fre-
quencies. The spectra were collected with a 2 cm™ spectral resolution.
An internal aperture in the microscope was adjusted to limit collection
to an area on the crystal that was particularly free of defects such as
cracking or varied thickness. All measurements were performed in
reference to a gold film.

Scattering-type scanning near-field optical microscopy

Near-field imaging measurements were performed employing a com-
mercial scattering-type Scanning Near Field Optical Microscope
(s-SNOM) from Neaspec GmbH, equipped with a quantum cascade
laser from Daylight Solutions (890-1140 cm™). Metal-coated (Pt/Ir)
atomic force microscopy (AFM) tips (ARROW-NCPt-50, Nanoworld) at
atapping frequency Q - 280 kHz and an oscillation amplitude ~100 nm
were used as source and probe of polaritonic excitations. Both the gold
antennas and the AFM tip were illuminated with s-polarized infrared
light from the quantum cascade laser. The incoming electric field was
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focused at the apexes of the antennas, thus acting as two independent
point dipoles. The light scattered by the tip was focused by a parabolic
mirror into an infrared detector (Kolmar Technologies). Demodulation
of the detected signals nQ, which can be written as the complex-valued
functions o, =s,€e/®, was performed to the 3rd harmonic (n = 3) of the
tip frequency for background suppression. A pseudo-heterodyne
interferometric method was employed to independently extract both
amplitude (s;) and phase (¢5) signals.

Full-wave numerical simulations

The full-wave numerical simulations were performed using the soft-
ware COMSOL Multiphysics, based on the finite boundary elements
method. In the first type of simulations (Fig. 1 and Fig. 3c-e), the
structure was composed of 2 semi-infinite media (superstrate and
substrate) with a LiV,0s flake in between and a vertically oriented
electric dipole on top of the flake acting as a polaritonic launcher. In
the second type of simulations (Fig. 4b-g), the structure was com-
posed of a semi-infinite superstrate (air), a LiV,0s flake with
a gold antenna on top, and a semi-infinite SiO, substrate. The flake
thickness has been chosen to fulfill the experimental conditions. The
antenna-based simulations were based on the far-field illumination of
the structure by a normally-incident plane wave polarized across the
longitudinal direction of the metallic launcher. The permittivity of SiO,
was taken from Ref. 39.

Transfer-matrix numerical simulations

The transfer-matrix (TM) method based on Ref. 37 was used to obtain
the polaritonic dispersion of the LiV,0s flake along the a and b crystal
directions. We have computed the imaginary part of the reflection
coefficient (color plots in Fig. 5a, b). The poles of the reflection coef-
ficient determine the maxima of the color plots, which correspond to
the polariton dispersion. We have considered the thickness of the
LiV,0;s flake to fulfill the experimental data. The superstrate and sub-
strate employed were air and SiO,, respectively.

Dielectric function of LiV,05
We have obtained the principal components of the LiV,05 permittivity
tensor based on the FTIR data using the Drude-Lorenz model in (1):

. goo H ((A)LOJ)Z —w? - iVio,j M
J=1 (“’ro/) — W — iy

with i=a,b,c, N; the number of phononic oscillators along the ith
crystal direction, wf, o, (0} Lo/ .) the transverse (longitudinal) optlcal
phonon frequency of the jth oscxllator along the ith direction, and y%., ; y
Vo J) the damping of the transverse (longitudinal) optical phonon
frequency of the jth oscillator along the ith direction. & is the high-

frequency dielectric permittivity along the ith direction. The values of
all the parameters were obtained by fitting the FTIR data to the
Drude-Lorentz model (see Supplementary Figs. 1-3 and Supplemen-
tary Table 1).

Analytical dispersion of polaritons under the high-momentum
approximation

The analytical calculations of the IFCs and FOMs through the text have
been performed by means of the high-momentum approximation of
the dispersion of polaritons, given by (2)**:

p &P P
q,= kod {atan( 3 > +atan( ;. > + nl} 2)

where q,= ,’:—” stands for the normalized in-plane wavevector, &
and d are the free-space light wavevector and flake thickness,
respectively; & and & are the superstrate and substrate

permittivity, and (3)

EC
= /- 3
P \/ £,C082Q +£,5in*p )

is a frequency and angular dependent parameter that contains the
permittivity tensor components of the biaxial slab (g, and ¢, for the in-
plane components and &, for the out-of-plane component) as well as
the in-plane angle . In all the calculations, we assume that the real and
imaginary components of the IFCs are collinear. We have imposed the
following condition (4):

Re(g,)>1 “)

to ensure that the PhPs are confined below the diffraction limit. In
addition, we have set the constraint (5):

Re(gy)|
Im(g,)

Q)

to consider that the PhP is propagating-like and thus feasible to
measure experimentally.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information. All
raw data generated during the current study are available from the
corresponding authors upon request.
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