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Controlling light at subwavelength scales is crucial in nanophotonics. Hyper-
bolic polaritons, supporting arbitrarily large wavevectors, enable extreme light
confinement beyond the diffraction limit. Traditional hyperbolic metamater-
ials suffer from high losses due to metallic components, while natural low-loss
hyperbolic phonon polaritons are limited to the mid-infrared range. Some
hyperbolic materials at visible frequencies have been studied, but they are
either very lossy or only feature out-of-plane hyperbolicity. Here, we demon-
strate the presence of low-loss, in-plane hyperbolic plasmon polaritons in the
visible and near-infrared in thin-films of MoOClI,, a natural van der Waals
crystal. The polariton dispersion is predicted based on the framework of light
propagation in biaxial media and experimentally confirmed by real space nano
imaging on exfoliated flakes. MoOCI, constitutes an ideal material platform for
visible range applications leveraging the unboundedness of hyperbolic modes,
such as hyperlensing, Purcell factor enhancement, and super-resolution ima-

ging, without the drawbacks of metamaterials.

In the past decade, polaritons' - mixed light-matter states formed by
coupling photons with quantum excitations of crystals (e.g. optical
phonons or plasmons) - have enabled the control of light at the sub-
wavelength scale, emerging as game changers for several applications
encompassing nanoscale heat generation*®, photocatalysis*”,
enhanced surface spectroscopies®’, wavefront engineering®'° and
nonlinear optics™"

The confinement provided by polaritons is determined by the
material dielectric permittivity and described by the isofrequency
contours (IFCs) defining the allowed wavevectors for propagating
modes at a certain wavelength. When the permittivity tensor is diag-
onal with all negative components, polaritons propagate at the mate-
rial boundary with spherical or elliptic wavefronts, associated with
closed IFCs (Fig. 1a). Conversely, anisotropic materials with a permit-
tivity that is negative (i.e., metallic-like) and positive (i.e., dielectric-
like) along orthogonal directions support polaritons with hyperbolic
wavefronts, defined by strongly anisotropic IFCs featuring arbitrarily
large wavevectors (Fig. 1b)**. Thus, as the wavelength is inversely

proportional to the wavevector, hyperbolic polaritons can be lever-
aged to confine light at extremely subwavelength scales™".

A versatile platform for polaritonics is provided by van der Waals
(vdW) materials', such as hexagonal boron nitride (hBN)"?, a-
MoO;** and B-Ga,05***, recently shown to support hyperbolic pho-
non polaritons (PhPs). Their highly anisotropic lattice results in dif-
ferent phonon resonances along each crystal direction, causing the
permittivity tensor elements to have opposite signs at mid-infrared
(IR) frequencies (Fig. 1c). Exploiting the hyperbolic IFCs, highly con-
trolled unidirectional’® and canalized” PhPs propagation, as well as
negative reflection”® and refraction”” have been recently demon-
strated. While PhPs are promising for applications in thermal radiation
engineering®® and vibrational sensing”, highly sought implementa-
tions for hyperlensing®, enhanced quantum emission®, super-
resolution imaging™, and high-resolution photolithography® require
operation in the visible range. As PhPs are limited to IR wavelengths
(Ap>5 pm) due to the characteristic energy of optical phonons,
exploring alternative platforms is essential.
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Fig. 1| Hyperbolic plasmon polaritons at visible frequencies. a Polaritons in
isotropic materials propagate with circular wavefronts with in-plane momenta

Gy gy (in units of the free-space wavevector), associated with closed isofrequency
contours (IFCs, inset). b Polaritons in hyperbolic materials propagate with hyper-
bolic wavefronts set by the unbounded IFCs (inset). ¢ Different (optical) phonon
resonances (wr;, Wr,) cause the dielectric permittivity € to be negative in one
direction, defining a hyperbolic spectral region (grey shaded area, left panel) in
which phonon polaritons (PhPs) are formed (right panel). d Different plasma fre-
quencies (wp;, ) give rise to hyperbolic windows (grey shaded area, left panel),
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where light couples to quasi-free electrons forming plasmon polaritons (PPs, right
panel). e In-plane crystal structure of MoOCl,, where g, is the (normalized) out-of-
plane wavevector. 2D unit cell vectors are shown. fIFCs of bulk MoOCI, computed
for Ay =633 nm. g Hyperbolic PhPs lie in the IR region due to the limited energy of
phonons. Hyperbolic PPs in MoOCl,, instead, span a large portion of the visible and
near IR. h MoOCl, PPs can be imaged with scattering-type scanning near field
optical microscope (s-SNOM), consisting of a metallic tip illuminated by (visible)
light. The scattered near-field provides the high momenta required to excite sub-
diffraction polaritons. Inset: crystal structure of bulk MoOClI,.

Operation at visible frequencies has been realized with nanos-
tructured hybrid metal-dielectric materials, called metamaterials,
which can be tailored to show hyperbolic plasmon polaritons (PPs)™.
Even though negative refraction® and hyperlensing’* have been
demonstrated with hyperbolic metamaterials in the visible, such arti-
ficial materials are constrained by the limited fabrication resolution of
lithography processes and can only work in the long wavelength limit
for which the effective medium approximation holds", thus hindering
their operation at large momenta. Moreover, the presence of noble
metals in the metamaterial structure makes them typically very lossy at
visible frequencies.

Natural hyperbolic materials can help circumvent such limita-
tions. Hyperbolicity in the visible range has been found originating
from anisotropic excitons®®*, interband transitions*’, plasmons
(Fig. 1d)**, or a combination of them***, However, until now either
the presence of high losses or the out-of-plane nature of the response
prevented the observation of natural hyperbolic polaritons in the
visible. Only recently, near-IR real space nanoimaging of hyperbolic
exciton polaritons has been reported in CrSBr thin-films*, but only at
cryogenic temperatures. Moreover, their coexistence with waveguide
modes hampered their visualization. As a result, no clear evidence of
room temperature in-plane hyperbolic polaritons in the visible range
has been reported so far.

In this work, we report the discovery of low-loss in-plane hyper-
bolic plasmon polaritons at visible and near-IR frequencies in thin-films
of the natural vdW crystal molybdenum oxide dichloride (MoOCl,),
whose in-plane crystal structure is sketched in Fig. le. First, we give a
description of the PPs supported by bulk MoOCl, in the theoretical

framework of polariton propagation in biaxial media. Our analysis
reveals the simultaneous presence of hyperbolic PPs as well as direc-
tional ghost modes in the material (i.e., modes showing damped pro-
pagation even in the absence of material losses)*’, as represented by
the IFCs in Fig. 1f. Thanks to the broad hyperbolic region of MoOCl,,
these modes span the near-IR and visible ranges (Fig. 1g). We then
discuss the modification of the PPs IFCs from the bulk to the thin-film
limit. We experimentally confirm the optical anisotropy of MoOCl,
through high-resolution atomic force microscopy and far-field reflec-
tivity. Finally, we investigate the predicted thin-film IFCs through real
space polariton nanoimaging on exfoliated MoOClI, (as illustrated in
Fig. 1h). Our demonstration of low-loss in-plane natural hyperbolicity
in the visible range paves the way for enhanced control of light con-
finement through the unboundedness of polariton IFCs, with promis-
ing applications in high-frequency 2D materials-based optoelectronics.

Results

Plasmon polaritons in bulk MoOCIl,

MoOCl, is a layered vdW material belonging to the subgroup of
oxychlorides with formula XOCI, (X=Mo, Nb, Ta, V, Os), whose
crystal structure is characterized by a monoclinic lattice (space
group C2/m)**%, The structure of a single layer of the MoOCI,
crystal consists of a central plane made of Mo-O chains (extending
in the [100] direction) sandwiched between two layers of Cl atoms
as shown in the inset of Fig. 1h*. The in-plane lattice takes a rectan-
gular shape (Fig. 1e), with orthogonal unit cell vectors a, b with sizes
3.8A and 6.5 A%, respectively. Monolayers are stacked in the [001]
direction at a distance of 12.7 A to form the bulk.
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Recent theoretical works derived the optical constants of biaxial
MoOCI,**8, The calculated dielectric tensor is diagonal with three
different principal components (g, €,,€,) (here we associate the
(x,y,2) directions with the crystalline axes [100], [010] and [001]). A
broad hyperbolic region across the near-IR and visible ranges where
€,<0 andg,, g,>0 is expected, originating from a metallic character
with highly different values for the plasma frequency (w,) along dis-
tinct crystalline directions (as sketched in Fig. 1d; for details refer to
Supplementary Note 1). Intuitively, this is a result of the Mo-O atoms
behaving as isolated chains due to their much stronger lattice binding
compared to the other crystal directions*’. The MoOCI, hyperbolic
region is also predicted to be low-loss*® (see Supplementary Note 1),
suggesting the possibility of observing the propagation of
hyperbolic PPs.

Based on the theoretical values of the MoOCIl, optical constants,
we calculate its IFCs at A, =633 nm in the hyperbolic spectral range
(Fig. 1f, where q=(qy, g,,q,) is the normalized wavevector; see Sup-
plementary Note 2)°°. The orange IFCs show the coexistence of
hyperbolic modes with unbounded wavevectors in the g, direction,
alongside a central spheroidal region resembling the IFC of a dielectric
material. Furthermore, our calculations predict the existence of
directional ghost modes (light purple)*®*’.

Ghost modes are an exotic class of waves featuring damped
propagation with a complex wavevector even in the absence of
intrinsic material losses™. To investigate the presence of ghost modes
it is therefore instructive to inspect the in-plane projections of the real
(left) and imaginary (right) parts of the analytically derived IFCs shown
in Fig. 2a (Ag = 633 nm). In the (g, q,) space, three distinct domains can
be observed as delimited by the black continuous, dashed, and dotted
lines, corresponding to three different propagating modes. Spherical-
like waves exist within the dotted circle, whose radius is determined by
the out-of-plane refractive index of MoOCl, (|q| = n,). The continuous
curves delimit the hyperbolic regions asymptotically approaching
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Fig. 2 | Anisotropic plasmon polaritons propagation in bulk MoOCl,. a In-plane
projection of the real and b imaginary (right) parts of the calculated IFCs (1, = 633
nm, without material losses). Solid and dashed lines delimit the boundaries of the
hyperbolic and ghost propagating regions. Dotted line corresponds to the |q| = n,
circle (i.e., MoOCl, light-cone, where n, is the out-of-plane refractive index).

¢, d Three-dimensional full-wave simulations of PPs emitted by a near-field source

straight lines defined by q,/q, = + , /—¢,/€,. The dashed lines delimit
the region in momentum space where ghost modes exist, as this is the
only part of the IFCs where at the same time both the real and ima-
ginary part of g, are nonzero (even when the material is lossless)™.
Similarly to hyperbolic PPs, ghost PPs are highly confined as their IFCs
are unbounded. Ghost PPs are also strongly directional as defined by
the angular coefficient of the straight IFCs boundaries
qy/qx = % \/(&x — €,)/(€, — £,)"". Remarkably, ghost modes in MoOCl,
are fundamentally different from the ones recently observed in
calcite*. In this latter case, ghost modes appear as surface waves at the
boundary between an off-cut uniaxial crystal and a dielectric, and
feature in-plane hyperbolic dispersion. In MoOCl,, ghost waves are
intrinsic bulk modes of a biaxial crystal, without the need of an inter-
face with an off-axis cut. Their existence only depends on the relative
magnitude of the dielectric tensor components (see Supplementary
Note 2 for more details) and they do not feature hyperbolic dispersion.
They rather populate a cross-shaped region in momentum space (see
Fig. 2a, b).

To verify the prediction of the analytical calculations, we perform
three-dimensional full-wave electromagnetic simulations at A, =633
nm, the same free-space wavelength of the computed theoretical IFCs
of Figs. 1e and 2a, b. The thickness of the slab is chosen so that there is
no appreciable interaction between the polaritons and the top/bottom
interfaces, effectively approximating the behaviour of an infinite
crystal. By cutting the simulated Re(E,) field distribution along
orthogonal planes (Fig. 2c), we observe the expected propagation of
hyperbolic PPs in the x direction (x-z cut), whereas along y spherical
wavefronts are in line with the dipolar emission in a dielectric envir-
onment (y-z cut). The propagation direction for the observed PPs is
determined by the Poynting vector, which is perpendicular to the
IFCs™. For ghost waves, the angular coefficient of the straight lines
defining the region of ghost modes is 54 ° at A, = 633 nm (dashed lines
in Fig. 2a), yielding a predicted in-plane propagation direction of

located in the middle of a slab of MoOClI, (1.5 um thickness). ¢ Projections of the
out-of-plane electric field £, field on the x-z and y-z planes and d on the y-z plane
rotated clockwise by 6, =36° around the z-axis, aligned with the directional pro-
pagation of ghost PPs. e In-plane values of the simulated £, field at different dis-
tances from the near-field source.
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0;=36° in real-space. The fields evaluated in a plane rotated by ~ 6
with respect to the x-z plane (Fig. 2d) show the existence of highly
directional PPs confined both in z and in the 6;-oriented plane, which
we identify with the ghost modes predicted by our theoretical analysis
(see Supplementary Note 2).

In the 6 cut (Fig. 2d), we also observe the presence of hyperbolic
PPs with a smaller out-of-plane opening angle compared to the ones
appearing in the x — z cut (Fig. 2c). This effect is explained by con-
sidering the direction of the Poynting vector in relation to the orien-
tation of the cut plane (see Supplementary Note 2).

The properties of PPs can be also visualized from the in-plane
projections of Re(E,) at three different depths (0, 200 and 400 nm
away from the near-field source plane, located at the centre of the slab)
shown in Fig. 2e. Ghost PPs are confined at z=0 and are canalized
along four specific directions®. An almost isotropic emission (equal
along x and y, but different along z) associated with dielectric modes
(central spheroid in the IFCs of Fig. 1f) is also present in the simula-
tions, which interferes with both hyperbolic and ghost PPs.

Plasmon polaritons in MoOCI2 thin-films

Having described the bulk modes, we move to the analysis of PPs in
thin-films. As recently shown for hBN”” and MoOs*, bulk hyperbolic
polaritons get reflected at the material’s top and bottom interfaces, as
sketched in Fig. 3a, forming waveguide-like modes propagating inside
the flake (see Supplementary Note 5). To better understand how the
modes evolve with the film thickness, we report in Fig. 3b the in-plane
dispersion calculated through the transfer matrix method for four
different thicknesses between 80 nm and 20 nm. At 80 nm we observe
two hyperbolic modes (symmetric with respect to the g, axis), lying
outside the substrate isotropic light-cone, with two different aper-
tures: the lowest order bulk mode, with higher wavevectors, and a
mode with smaller curvature, only visible for thicknesses below ~ 200
nm (see Supplementary Note 5). The hyperbola of the latter does not
actually close at its vertex and its intensity drops to zero for g,<n,. In
this region, the IFCs change from a hyperbolic to a lenticular-like dis-
persion, in a similar fashion to reported cases of mid-IR surface PhPs
modes®. Such a transition in the mode shape when crossing n, can be
better appreciated for a 40 nm-thick film, shown in the inset of Fig. 3b.
By further reducing the thickness, the vertex of the hyperbola lies
completely outside of the n, circle and the lenticular mode disappears
as shown in the dispersion for the 20 nm-thick film. Lenticular modes
in MoOCl, share some features with leaky modes observed in calcite:
both are characterized by lenticular-shaped IFCs and can be excited
within the material light cone (q<n,) as long as one in-plane tensor
component is negative, while the other two are positive (this is pos-
sible in both uniaxial and biaxial crystals). However, leaky modes in
calcite are interface waves in semi-infinite uniaxial slabs, while the
lenticular modes predicted in MoOCI, appear as waves solutions for a
biaxial thin-film and exist outside the light cone of the sub-
strate (n,>q>ng,,).

In Fig. 3c we report numerical full-wave simulations of the £, field
in a 40 nm film produced by a dipole placed just above the MoOCl,
layer, which shows the excitation of mainly hyperbolic-like PPs.
Nevertheless, the (fast-)Fourier transform (FFT) map of the calculated
field in Fig. 3d confirms the existence of both the hyperbolic and len-
ticular PPs predicted by the transfer matrix. To have a further con-
firmation, we use the recently developed analytical expression for
polariton dispersion in biaxial media***' in the small thickness limit
(kod <1, kg=2m/A,) to extract the theoretical PPs dispersions (see
Supplementary Note 2). The analytical solution for the PPs, shown as
solid lines in Fig. 3d, confirms again the coexistence of a hyperbolic
(green) and a lenticular (red) dispersion (blue line indicates the
ng,, = 1.5 contour). While lenticular modes have been observed in semi-
infinite calcite slabs, their existence as thin-film solutions in MoOCl,

enables the observation of their unique interference with hyper-
bolic modes.

Real-space imaging of thin-film hyperbolic plasmon polaritons
In the following, we experimentally confirm the presence of the pre-
dicted hyperbolic PPs by real space nano-imaging.

Thin flakes were obtained by mechanical exfoliation of commer-
cially available bulk MoOCI, on 285 nm SiO,/Si substrates (see Meth-
ods). A representative flake seen under the optical microscope is
shown in Fig. 4a. Since there is no experimental data in literature about
the optical properties of the material, we first look for a confirmation
of the anisotropic optical response of the as-exfoliated material. Fig-
ure 4a shows remarkably different flake colours when placing a
polarizer in the illumination path, aligned with either the short (left) or
long (right) edge of the flake (see Methods). This, in combination with
the rectangular shape of the exfoliated flakes (which we observe over
many samples, see Supplementary Note 3), suggests that MoOCI,
naturally breaks along the [100] and [010] directions. To provide a
direct confirmation of such hypothesis, we perform atomic-resolution
atomic force microscopy (AFM, see Methods) of the flake surface
(Fig. 4b). Such measurement allows to directly link the rectangular
periodic pattern with the detection of the larger Mo and Cl atoms. The
extracted in-plane unit cell parameters a = 4.3 A and b = 7.1A match
well with the predicted values*® (see Supplementary Note 4).

Knowing the crystal axis orientation, to obtain a quantitative
evaluation of the optical anisotropy, we take reflectivity spectra of the
exfoliated flakes (see Methods section). We filter the illumination
source with a polarizer rotated parallel, x), or perpendicular, ly), to the
short flake edge corresponding to the [100] crystal axis. The |x)-
polarized reflectivity (Fig. 4c, yellow curve) is consistent with a metallic
response close to the plasma frequency, where the reflectivity
decreases as the theoretically predicted &, increases (Supplementary
Fig. 2). The drop in reflectivity below 600 nm explains the yellow
colour of the flake, as observed in Fig. 4a (left panel). The spectrum
along ly) (Fig. 4c, green curve) shows instead oscillations associated
with multiple reflections in the Fabry-Perot cavity formed by the flake,
which behaves as a low-loss dielectric slab (with thickness 560 nm for
the measurement shown in Fig. 4c) along the [010] direction.

The experimental verification of the hyperbolic PPs in MoOClI,
thin-films requires a near-field excitation and detection scheme. As for
the excitation, we fabricate a gold disk on the flake surface (see
Methods). Scattering of illuminating light from the disk provides
wavevectors beyond the free-space light cone that can couple to the
polaritonic modes of the material. For the detection instead, we use a
scattering-type scanning near-field optical microscope (s-SNOM)
which allows the subwavelength imaging of modes with large in-plane
momenta (see Methods)"?>2346:3,

Near-field amplitude maps obtained on a 42 nm-thick flake at A, =
830, 730, 633 and 532 nm are shown in Fig. 4d-g (the yellow circle
indicates the position of the disk). At 830 nm and 730 nm (Fig. 4d, e), we
observe hyperbolic wavefronts coming from PPs launched by the gold
disk. The asymmetry observed in the oscillations on different sides of
the launcher (i.e., left-right sides) is due to the opposite sign of the
polariton wavevector with respect to the one of the excitation beams
(see Supplementary Note 7)*°. A small misalignment in the illumination
relative to the [100] axis is likely the main contribution to the slight
asymmetry between the upper and lower fringes. At 633 nm (Fig. 4f), we
observe the coexistence of the hyperbolic and lenticular-like modes, as
evidenced by the presence of broad, directional wavefronts with a
hyperbolic interference (see Supplementary Note 2). The presence of
hyperbolic PPs is also highlighted by the ray-like propagation on the
right-side of the disk (Fig. 4d-f). At 532 nm (Fig. 4g), we only observe the
directional propagation from the lenticular IFC as the hyperbolic mode
lies at very high wavevectors that are not efficiently excited in our
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Fig. 3 | Plasmon Polaritons propagation in MoOCI, thin-films. a Schematic
representation of PPs in a thin MoOClI, film on an SiO, substrate propagating in a
ray-light fashion and getting reflected at the top/bottom interfaces. b In-plane
polariton dispersion calculated with the transfer matrix method for different film
thicknesses. Inset: zoom view of the intersection between hyperbolic and lenticular
modes for a 40 nm MoOCl,. k =2m /A, is the free-space light wavevector.

¢ Simulated Re(E,) of PPs launched by a near-field source positioned on a 40 nm
MoOClI, film and d corresponding square modulus of the (fast-)Fourier transform
(FFT) map. Solid lines represent analytical calculations. Hyperbolic PPs are marked
in green and lenticular modes in red. Blue line indicates the substrate light-cone at
|q| = ng,,, where ng,, is the substrate refractive index.

experiment (the momentum imparted by the near-field source depends
on its physical dimensions*®, see Supplementary Note 8).

In Fig. 4h-k we show the FFT maps computed from the experi-
mental data in Fig. 4d-g (see Supplementary Note 7) together with the
theoretical dispersions calculated in the thin-film limit. We indicate
with green, red, and blue lines the hyperbolic, lenticular, and substrate
(circle with radius n,;, =1.5) modes, respectively. We obtain very good
agreement with the theoretical dispersion for the long wavelength
maps (Fig. 4h, i), confirming the presence of hyperbolic PPs in MoOCl,
flakes. For smaller values of A, (Fig. 4j, k), the FFT maps show the
presence of the lenticular mode branching from the ng,, circle. Here,
the agreement with theory diminishes as the thin-film approximation
tends to overestimate the polariton momentum (see Supplemen-
tary Note 2).

From the experimental maps, we extract the PPs propagation
length by fitting the oscillations profiles with an exponentially damped
sinusoid® along tilted lines following the hyperbolic propagation,
marked by the dashed arrow in Fig. 4d (see Supplementary Note 9).
From the fit, we compute the polariton quality factor Q, (see Supple-
mentary Note 9) reported in Fig. 4] and estimate a value for the PPs

lifetime 7, on the order of hundreds of fs (see Supplementary Note 9).
Strikingly, while PPs are generally regarded to be lossy, the extracted
Q, are comparable with values reported for PhPs in calcite, hBN*,
and MoO5>.

From the s-SNOM data we also extract the hyperbolic rays’
opening angle 2a,,, as shown in Fig. 4d. We exclude here the 532 nm
map, as we do not observe hyperbolic PPs at this frequency (Fig. 4g).
The extracted data follow the theoretically predicted trend”" deter-
mined by a;, = (/2 — tan~!, /— /&) (Fig. 4m, see also Supplementary
Note 2). This is in line with the increase of the angular aperture of the
asymptotes (1r/2 — ay,) of the IFCs when increasing A (see discussion
above and Supplementary Note 2). The experimental values are <10%
off the predicted values and overlap with the DFT-based*® theoretical
prediction within the associated error (see Supplementary Note 9).

To enrich our observations, we measure the PPs from the edge of
a 20 nm-thick crystal along the metallic direction ([100]) for different
wavelengths. Since these PPs are tip-launched (see Supplementary
Note 10), the observed periodicity is unaffected by the illumination
geometry, hence there are no additional uncertainties in retrieving the
PPs momentum (differently from the edge-launched PPs from the gold
disk, see Supplementary Note 7)**. When comparing the reconstructed
dispersion relation with the results obtained from the transfer matrix
method, the experimental values appear shifted towards ~ 10% higher
momenta, still preserving the overall trend and overlapping with the
theoretical value within the experimental error (Fig. 4n and Supple-
mentary Note 10).

Even if the presented data are in line with our theoretical analysis,
the slight discrepancies reported in Fig. 4m, n suggest that the
dielectric permittivity of MoOCIl, might differ from the DFT calcula-
tions of ref. 48. Indeed, in both the experimental datasets, the shift
could be explained by an actual larger permittivity along the [100]
direction in the considered wavelength range. A possible physical
justification can be a modification of the actual dielectric response of
the material due to electronic correlation effects, not considered in the
DFT computations, as suggested in ref. 57.

Discussion

We demonstrated by real-space nanoimaging that MoOCI, crystals
host propagating polaritons with hyperbolic contours at near-IR and
visible frequencies. Leveraging PPs instead of PhPs is the key element
enabling the increase in the operation frequency. While anisotropic
PPs have been investigated before, they had only been observed at
terahertz frequencies®® or in the mid-IR upon ultrafast excititation®’.
Our findings extend the control over nanoscale light propagation
achieved by PhPs in the mid-IR to the technologically relevant visible
range. As MoOCl, is stable in air without the need of any protection
layer, it constitutes an ideal platform to realize applications of hyper-
bolic materials that until now lacked widespread implementation due
to the combination of high losses in metals and limited fabrication
resolution in metamaterials.

Besides the presence of hyperbolic polaritons, we believe the
unique properties of MoOCI, can be leveraged for several nanopho-
tonic applications in the visible spectrum. For example, in-plane ani-
sotropic media have recently attracted considerable attention for the
realization of ultra-compact optical elements for polarization
manipulation®®®’, While several materials show good optical dichroism
(i.e., difference in the refractive index imaginary part) at the expense of
large losses or low absolute transmission/reflection, MoOClI, features a
wide low-loss frequency range with both large optical dichroism and
birefringence®’, making it a good candidate for the realization of ultra-
compact optical elements with low dissipation. Moreover, thanks to its
metallic character with low electron density, MoOCIl, is a promising
candidate for optical devices reconfigurable through electrostatic
gating, providing an easily accessible alternative to percolated ultra-
thin metallic films®,
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Fig. 4 | Characterization of MoOCI, anisotropy and real-space imaging of
hyperbolic PPs at visible and near-IR frequencies. a Optical images of an as-
exfoliated flake with illumination polarized along the |x) (left) and |y) (right)
directions. b High resolution atomic force microscopy (AFM) of the flake surface,
where in-plane crystal unit cell vectors are indicated by white arrows. ¢ Reflectivity
spectra obtained with a polarized source along the |x) (yellow) and |y) (green)
directions of a thick flake (~560 nm). d-g s-SNOM amplitude maps (third demo-
dulation order) of PPs launched by a gold disk (yellow circle) fabricated on top of
the flake (thickness 42 nm) at A, = 830, 730, 633 and 532 nm (scale bars: 500 nm).
2a,, indicates the opening angle of hyperbolic PPs. h-k Corresponding FFT maps
with superimposed analytical results of the PPs dispersion in the thin-film
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approximation (blue: SiO, light-cone; red: lenticular modes; green: hyperbolic
modes). I PPs decay extracted along the hyperbolic profiles as shown by dashed line
in (d). Solid lines: best-fits of the profiles allowing for the extraction of the decay
length and polariton quality factor Q,. m Aperture angle 2a,, of the hyperbolic PPs
extracted from the experiments as shown in (d). Black curve corresponds to the-
oretical predictions. Error bars are evaluated from the width of the fringes in the
direction perpendicular to the PPs propagation. n Experimental dispersion relation
of PPs along the metallic direction of a 20 nm flake (red dots) superimposed to the
transfer matrix calculations. The white (blue) dashed line corresponds to the light-
line in air (in the SiO, substrate).

MoOCl, is a natural, air-stable vdW material with a plasma fre-
quency in the visible, representing a unique metallic platform for the
emerging field of all-vdW nanophotonics®*** which, until now, could
only operate with dielectric elements at visible frequencies. Given all
the unique properties mentioned above, MoOClI, could be potentially
leveraged to realize high-frequency tunable miniaturized polarization
elements® and metasurfaces®’.

Methods

Electromagnetic full-wave simulations

Electromagnetic simulations were performed with a commercial solver
(CST Studio) in frequency domain. The dielectric function of MoOCl,
was taken from theoretical calculations in ref. 48 and modelled as an
anisotropic media in CST. We placed a dipole-like near-field source
immersed in the middle of a slab of MoOCI, to excite all the PPs modes
with high wavevectors beyond the free-space light momentum x,.
The near-field source was obtained by inserting a discrete port in a
vacuum gap inside a perfect conducting cylinder with rounded caps
(see Supplementary Note 8). As CST does not support open

boundaries for anisotropic media, a vacuum gap was inserted between
the end of the MoOClI, slab and the open boundary conditions. As port
modes touching anisotropic media are also not supported, the near-
field source in the simulations shown in Fig. 2¢, d was placed in a small
vacuum enclosure in the middle of the MoOClI, slab.

Transfer matrix technique

The calculations of the imaginary part of the reflection coefficients
were performed using a 4 x 4 transfer matrix formalism®® for a stack of
homogenous media with arbitrary anisotropic dielectric tensor. The
two-dimensional maps in Fig. 3b were obtained by rotating the MoOClI,
dielectric function around the z-axis and computing the reflection
coefficients at each angle.

Mechanical Exfoliation

Two different substrates were used: fused silicon oxide (SiO,) and
boron-doped Si wafer with 285 nm of thermally grown SiO, on top
(SiO,/Si), both purchased (Wafer University). Before the exfoliation,
the substrates were soaked for 5 minutes in acetone to remove organic
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residues and rinsed with isopropyl alcohol (IPA). The thin flakes were
exfoliated by the standard mechanical exfoliation method starting
from a MoOCl, bulk crystal (HQ Graphene), using commercially
available processing tape purchased from Ultron Systems, Inc. The
exfoliated samples were cleaned with a 30 min bath in N-Methyl-2-
Pyrollidone (NMP) at 80 °C to remove the residues from the exfolia-
tion, then bathed in acetone for 5 min and rinsed with IPA.

Atomic resolution atomic force microscopy

The AFM experiments related to Fig. 4b were performed in air, at room
temperature, using a Multimode 8 (Bruker) AFM microscope. ARROW-
UHF (NanoAndMore) cantilevers (spring constant ~ 40 Nm™) were
used as received. The images were obtained in contact mode, with a
set-point of about 5 nm. Once the final scan size of about 10 nm x 10
nm was reached, the scan rate was set to about 20 Hz to minimize the
thermal drift and enhance the atomic resolution contrast. The AFM
images were analysed with the Gwyddion software (version 2.65). First,
the data were levelled by mean plane subtraction and the row align-
ment tool was applied. The data were then FFT-filtered, and the resi-
dual drift was corrected with the Drift Correction tool. The
measurements of the lattice constants were extracted with the Lattice
tool in the software. Unfiltered data are shown in Supplementary
Fig. 14 in Supplementary Note 4.

Far-field optical characterization

The images shown in Fig. 4a and Supplementary Figs. 12, 13 in the
Supplementary Information were taken in an optical microscope. For
the polarized measurements, the incoming light was polarized with a
broadband polarizer. No polarizer was put in the collection path. For
the cross-polarization measurements (see Supplementary Fig. 12 in the
Supplementary Information), a polarizer was added in collection. The
reflection measurements shown in Fig. 4c were taken by placing
samples in an inverted microscope (Nikon Eclipse Ti2) coupled to an
optical spectrometer (Andor Kymera 328) equipped with a wide range
grating (150 lines/mm) and an electrically cooled CCD (Andor New-
ton). A supercontinuum laser (SuperK Extreme by NKT Photonics) was
employed as illumination source. The incoming light was polarized
with a wire-grid polarizer (ThorLabs). The samples were exfoliated on
SiO, to minimize the optical contribution of the substrate. All the
measurements were normalized to the reflection of a silver mirror
measured in the same illumination condition.

Fabrication of the gold antennas

The antennas used in the near-field experiments were fabricated by
means of electron beam lithography on flakes exfoliated on SiO,/Si
substrates. The sample was spin-coated with an e-beam positive resist
(PMMA 950k) for 1 min at 4000 rpm and baked on a hot plate for 3 min
at 160 °C to remove the solvents. After the lithography, the resist was
developed by soaking the sample for 1 min in a solution 1:3 of (Methyl
Isobutyl Ketone):IPA at room temperature. 5 nm of chromium (used as
adhesive layer), followed by 45nm of high-purity gold were then
deposited in high vacuum in a thermal evaporator. The sample was left
in acetone overnight to lift off the resist mask and then cleaned with a
30 min bath in NMP at 80 °C. Finally, the sample was bathed in acetone
and rinsed with IPA. For more details, see Supplementary Note 6.

Scattering scanning near-field optical microscopy

Near-field maps of Fig. 4d-g were obtained with a commercial s-SNOM
set-up (Neaspec). Briefly, a laser beam is focused by an off-axis para-
bolic mirror under the apex of a metal-coated (Pt/Ir) AFM tip (with
polarization along the tip elongated axis) operating in tapping mode
(tapping amplitude ~ 50 nm) over the sample (gold disk on MoOCl,),
which is raster scanned below the tip, and the backscattered signal is
collected by the same parabolic mirror and sent to the detector. The
tip acts as a moving near-field source itself, providing the required

momenta to launch PPs. The modes launched by the tip are scattered
by the gold disk or vice versa. A modulated far-field signal at the
detector plane results from the interference of the light scattered from
the tip and the disk. This modulation is a function of the tip-disk dis-
tance and results in the imaging of the propagating modes. To isolate
the near field component, the signal is demodulated at higher har-
monics (nQ,n=3) of the cantilever oscillation frequency (Q ~ 280
kHz). Before focusing, half of the light is redirected towards a pseudo-
heterodyne interferometer by a beam splitter. The light scattered by
the tip is then recombined with the interferometer reference to
retrieve amplitude and phase resolved maps of the electromagnetic
field at the sample surface. To optimize the PPs scattering, we rotate
the MoOClI, flake so that the [100] axis is aligned with the laser incident
direction (horizontal direction in Fig. 4d-g). The light sources used in
the experiments are a Titanium-Sapphire laser covering the
700-1000 nm range (SolsTiS, M2), a 633 nm diode laser (Match Box,
Integrated Optics), and a 532 nm diode laser (LCX-532, Oxxius). All the
measurements were done in air and at room temperature.

Data availability

The Source Data underlying Fig. 4 (reflectivity, atomic resolution map
and s-SNOM images) can be accessed at https://doi.org/10.5281/
zenodo.13993338. Additional data are available from the correspond-
ing authors upon request.

Code availability
Codes supporting the results of this work are available from the cor-
responding authors upon request.
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