LETTER

https://doi.org/10.1038/s41586-018-0618-9

In-plane anisotropic and ultra-low-loss polaritons
in a natural van der Waals crystal

Weiliang Ma"!!, Pablo Alonso-Gonzdlez>'"*, Shaojuan Li*", Alexey Y. Nikitin®#, Jian Yuan', Javier Martin-Sdnchez?,
Javier Taboada-Gutiérrez?, Iban Amenabar®, Peining Li®, Saiil Vélez>°, Christopher Tollan®, Zhigao Dai’, Yupeng Zhang’,
Sharath Sriram8, Kourosh Kalantar-Zadeh®, Shuit-Tong Lee!, Rainer Hillenbrand*>!%* & Qiaoliang Bao®7*

Polaritons—hybrid light-matter excitations—enable nanoscale
control of light. Particularly large polariton field confinement and
long lifetimes can be found in graphene and materials consisting of
two-dimensional layers bound by weak van der Waals forces"? (vdW
materials). These polaritons can be tuned by electric fields** or by

material thickness®, leading to applications including nanolasers®,

tunable infrared and terahertz detectors’, and molecular sensors®.
Polaritons with anisotropic propagation along the surface of vdW
materials have been predicted, caused by in-plane anisotropic
structural and electronic properties’®. In such materials, elliptic
and hyperbolic in-plane polariton dispersion can be expected
(for example, plasmon polaritons in black phosphorus®), the
latter leading to an enhanced density of optical states and ray-like
directional propagation along the surface. However, observation of
anisotropic polariton propagation in natural materials has so far
remained elusive. Here we report anisotropic polariton propagation
along the surface of a-MoO3, a natural vdW material. By infrared
nano-imaging and nano-spectroscopy of semiconducting o.-MoQOj3
flakes and disks, we visualize and verify phonon polaritons with
elliptic and hyperbolic in-plane dispersion, and with wavelengths
(up to 60 times smaller than the corresponding photon wavelengths)
comparable to those of graphene plasmon polaritons and boron
nitride phonon polaritons®->. From signal oscillations in real-space
images we measure polariton amplitude lifetimes of 8 picoseconds,
which is more than ten times larger than that of graphene plasmon
polaritons at room temperature!?. They are also a factor of about
four larger than the best values so far reported for phonon polaritons
in isotopically engineered boron nitride'! and for graphene plasmon
polaritons at low temperatures'2. In-plane anisotropic and ultra-
low-loss polaritons in vdW materials could enable directional and
strong light-matter interactions, nanoscale directional energy
transfer and integrated flat optics in applications ranging from bio-
sensing to quantum nanophotonics.

Anisotropic optical materials exhibit numerous distinctive and
non-intuitive optical phenomena such as negative refraction'?,
hyper-lensing'4, wave-guiding'® and enhanced quantum radiation®S,
which have been demonstrated typically with artificial hyperbolic
metamaterials. However, further progress is limited by optical losses
and the complexity of metamaterial fabrication!”.

The recent emergence of low-loss vdW materials opens the door
to achieving anisotropic optical phenomena naturally, because their
layered crystal structure leads to an intrinsic and strong out-of-plane
(perpendicular to the layers) optical anisotropy>!8. Prominent exam-
ples are hyperbolic phonon polaritons (PhPs)—infrared light coupled
to lattice vibrations in layered polar materials—in hexagonal boron

nitride (h-BN), which exhibit long lifetimes!!, ultra-slow propagation®®
and hyper-lensing effects®®!. Interestingly, when the layers of a vdW
material are anisotropic (that is, when the permittivities along ortho-
gonal in-plane directions are different), the polaritons are expected to
propagate along the layers with an in-plane anisotropic dispersion®.
When the permittivities are different but of the same sign, the polari-
tons possess an elliptic in-plane dispersion, in which the iso-frequency
contours (slices in two-dimensional (2D) wavevector space (k,, k) of
constant frequency w) describe ellipsoids. When the signs are different,
the polaritons possess an in-plane hyperbolic dispersion, in which the
iso-frequency contours are open hyberboloids?2. Only recently, PhPs
with in-plane hyperbolic dispersion have been demonstrated by fabri-
cating an artificial metamaterial out of h-BN flakes®*.

Theory predicts polaritons with both in-plane anisotropies even for
natural materials (without any nanostructuring) that exhibit an in-plane
anisotropy of their electronic or structural properties: for example, hyper-
bolic plasmons—Ilight coupled to free carriers—in black phosphorus® or
in Weyl semimetals**. While being expected to provide fundamental
insights into exotic material properties (for example, non-reciprocal
Purcell enhancement®®), they also bear application potential, including
intrinsically non-reciprocal plasmon guiding®, topological transitions in
2D anisotropic plasmons? and directional nanoscale energy collimation
(for use as planar and directional light emitters with on-chip integration).
However, their experimental observation and verification has so far been
elusive. Here we present the first (to our knowledge) images of in-plane
elliptic and hyperbolic polaritons (more precisely, PhPs) that propagate
with record-length lifetimes. We found them in thin slabs of c-phase
molybdenum trioxide (o-MoOQ3), a natural vdW polar semiconductor.
Phonon polaritons have been observed?” only recently in a-MoOj, but
their anisotropic propagation properties have not been described.

The diagrams in Fig. 1a, b show the orthorhombic crystal struc-
ture of a-MoOs3, in which layers formed by distorted MoOg octahedra
(Fig. 1a) are weakly bound by vdW forces?® and all three lattice con-
stants (a, b and ¢) are different (Fig. 1b). Most importantly, «-MoOj has
strong in-plane structural anisotropy, caused by the interlayer spacing
of the (100) facet differing from that of the (001) facet by as much as
7.2%, which leads to the highly anisotropic response? (Supplementary
Information). Indeed, the different directional vibrations of the
a-MoOj crystal structure yield two infrared ‘reststrahlen bands’ (RBs)*
between about 820 cm ™' and 1,010 cm™'; in this range, the typically
strong reflectivity between the transverse optical and longitudinal
optical phonon frequencies (TOs and LOs, respectively) shows a large
in-plane anisotropy (Supplementary Information). Thus, we can expect
that in-plane anisotropic PhPs exist in this material. An optical micro-
scopy image of the a-MoOj flakes and their typical Raman spectrum
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Fig. 1 | Physical properties of -MoOj. a, Illustration of the
orthorhombic lattice structure of layered a-MoOjs (red spheres, oxygen
atoms). The orthorhombic structure is based on bilayers of distorted MoOs
octahedra stacked along the [010] direction via vdW interactions. The
three possible positions of oxygen atoms are denoted O;_3, and the unit
cell is shown dashed. b, Schematic of the unit cell of a-MoOQj3; the lattice
constants are a =0.396 nm, b =1.385 nm and ¢ =0.369 nm. Blue spheres,

are shown in Fig. 1c, d, respectively. The latter shows®® characteristic
peaks at 820 cm ! and 996 cm ™! associated with the lattice vibrations
producing the RBs of a-MoOs.

To explore the polaritonic response of a-MoQ3, we performed polar-
iton interferometry using scattering-type scanning near-field optical
microscopy (s-SNOM, Fig. 2a). A vertically oscillating metallized
atomic force microscopy (AFM) tip is illuminated with p-polarized
infrared light of frequency w and field E,. while scanning an a-MoOs
flake. Acting as an infrared antenna®-5, the tip concentrates the incident
field at its very apex to give a nanoscale infrared spot for local probing
of material properties and for exciting polaritons. The tip-scattered
radiation is recorded simultaneously with topography, yielding nano-
scale resolved near-field images (Methods). Specifically, the polaritons
(described by the field E and wavelength \) excited by the tip propagate
away and are back-reflected at the flake edges, giving rise to interference
fringes with a spacing \/2.

Figure 2b shows s-SNOM near-field amplitude images of an a-MoO3
flake with thickness d =250 nm taken at w =990 cm™' and
w=900 cm™!, both frequencies residing® inside the two RBs of
a-MoOj;. For w=990 cm™! (top image) we observe bright fringes par-
allel to all the flake edges. They strongly resemble PhPs, similar to what
has been observed in s-SNOM experiments on other polar materials®
and recently on?” a-MoOs. We observe that the fringe periodicity
largely depends on the propagation direction, being A, =950 nm and
A= 1,200 nm for the [100] and [001] crystal directions (Supplementary
Information), respectively. Apart from the deep subwavelength-scale
polariton confinement X, < Ag=11.1 pm (where ), is the wave-
length of the illuminating infrared light), this finding reveals a strongly
anisotropic in-plane propagation (along the flake). This anisotropy
becomes even more marked at w=900 cm ! (Fig. 2b lower image),
where the fringes are seen only parallel to the [001] direction.
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molybdenum atoms. ¢, Optical image of a-MoOj flakes. The a-MoOj3
crystals typically appear to be rectangular owing to the anisotropic crystal
structure. Labelled arrows indicate crystal directions. Scale bar, 20 pm.

d, Raman spectrum taken in the area marked by a red dashed circle in c.
Red frequency labels indicate the Raman peaks associated with the lattice
vibrations producing the RBs of a-MoO3.

For unambiguous verification of the anisotropic polariton
propagation, we recorded spectroscopic line scans® (Methods) along
the [100] and [001] in-plane crystal directions (Fig. 2d, left and
right panels, respectively). We observe two spectral bands exhibit-
ing a series of signal maxima (fringes). The band limits (indicated by
the horizontal dashed lines) correspond to the LO and TO phonon
frequencies of a-MoOj3 (denoted by LO;, LO,, TO; and TO,) and
thus reveal the upper and lower RBs (U-RB and L-RB, respectively). In
the U-RB we find that the fringe spacing (corresponding to the polar-
iton wavelength) along both the [100] and [001] directions increases
with increasing frequency, indicating a negative phase velocity (anal-
ogous to PhPs in the lower type-I RB of h-BN'®). As in Fig. 2b, we
observe a slightly different fringe spacing for the [100] and [001]
directions, but now for all frequencies between TO, and LO,. A very
different behaviour is observed for the L-RB. Along the [100] direction
we see fringes whose spacing decreases with increasing frequency,
manifesting polaritons with positive phase velocity. More importantly,
along the [001] direction we do not observe signal oscillations at a
fixed frequency for the whole spectral range between TO; and LO;.
This finding indicates the absence of PhPs propagating in the [001]
direction, supporting our assumption of a hyperbolic in-plane dis-
persion. The horizontal fringes observed in Fig. 2d (right panel) are
caused by polaritons propagating along the [100] direction. Note that
aline profile for a fixed w corresponds to a vertical line profile (along
the [001] direction, and thus parallel to the interference fringes) in the
lower panel of Fig. 2b, where we can see that PhPs are launched by the
left edge of the flake. Depending on w and on the distance between
the tip and the left flake edge, we thus observe either a constantly bright
or dark contrast when the tip is scanned along the [001] direction,
corresponding to a bright or dark horizontal fringe in the right panel
of Fig. 2d.
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Fig. 2 | Real-space imaging and nano-spectroscopy of an a-MoOj flake.
a, Schematic of the s-SNOM experimental configuration used to image an
a-MoO; flake. A metallized AFM tip (yellow) is illuminated by
p-polarized infrared light of frequency w and electric field Ejy. It launches
polaritons, which are back-reflected at the flake edges and subsequently
scattered by the tip. The tip-scattered field E,, is detected by a distant
detector. b, Near-field amplitude images s, (Methods) of an a-MoOj flake
with thickness d =250 nm at illuminating frequencies w =990 cm™! (top
panel) and w=900 cm~! (bottom panel). Scale bars, 2 pm. ¢, Dispersion
of PhPs along the [100] and [001] directions in the U-RB (top panel) and

For a better understanding and quantitative analysis of the aniso-
tropic polariton propagation, we extracted the PhP dispersions, w(k;)
(i=x, ), from monochromatic s-SNOM images (not shown) of the
flake in Fig. 2b. The dispersions for both crystal directions and RBs are
plotted in Fig. 2c. For the U-RB (upper panel), the PhP dispersions
along both crystal directions are similar, although slightly separated
from each other (that is, for the same frequency w, we measured differ-
ent wavevectors k;). This result verifies that PhPs in the U-RB propagate
with in-plane anisotropy. By plotting the complex-valued wavevector
of the PhPs, we find that their phase velocity, v, ; = w/k;, is negative
along both directions, which is indicated by negative k; values.
Furthermore, the remarkably small slopes of the dispersion curves
(Supplementary Information) yield unprecedentedly small group veloc-
ities (v, ;= (Ok;/0w)~") of about 0.8 X 10~*¢ (at w=985 cm '), which
in the future could be exploited for strong light-matter interaction
experiments®'. For the L-RB (Fig. 2c lower panel), we only display the
dispersion of the PhPs for the [100] direction, as no PhPs are observed
in the orthogonal [001] direction. In this case, the phase velocity is
positive (indicated by positive k, values), and the group velocity is about
0.7 x 1072 (at w= 893 cm 1), which is comparable to that of ultra-slow
PhPs in h-BN'.

To quantify the anisotropy of the PhPs and to measure their iso-
frequency contours in wavevector space, we analyse PhP propagation
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L-RB (bottom panel, see text). Grey lines in both panels are guides to

the eye. Grey shaded areas indicate the spectral regions outside the RBs.

d, Bottom row, nano-FTIR spectral line scans along [100] and [001]
(directions shown as arrows in the bottom panel of b), showing the
near-field amplitude s, (normalized to the near-field amplitude on the
SiO, substrate, s 2,5102) as a function of distance between tip and flake edge.
Dotted lines mark the approximate longitudinal and transversal phonon
modes in a-MoOs (TO1, 820 cm ™} LO1/TO5, 963 cm™!; LO,, 1,003 cm ™).
Top row, zooms into the boxed areas of the U-RB shown in the bottom
row.

along all possible directions on the flake. To that end, we fabricated
disks of a-MoQOj; (Methods) and performed polariton interferometry
experiments (Supplementary Information) analogous to those reported
in Fig. 2. Figure 3a, b shows typical near-field amplitude images taken
at frequencies respectively in the U-RB (w=983 cm™!) and in the
L-RB (w=2893 cm™!) of a-M0Os5. In the U-RB, the interference pat-
tern shows an elliptical shape with the largest PhP wavelength along
the [001] surface direction, which continuously reduces to its smallest
value along the orthogonal [100] surface direction. More strikingly,
in the L-RB the interference pattern manifests as an almond shape, in
which the PhPs have their largest wavelength along the [100] direction
and which continuously reduces to zero until no discernible polariton
propagation occurs along the orthogonal [001] direction. By Fourier
transform of Fig. 3a, b, we obtain the iso-frequency contours directly.
We find an ellipsoid in the U-RB (Fig. 3c) and a hyperbola in the L-RB
(Fig. 3d), revealing that the PhPs exhibit elliptic and hyperbolic disper-
sions, respectively. Note that Fig. 3c shows two ellipses instead of one,
differing by a factor of 2 in their semi-axes. We attribute this observa-
tion to the presence of both tip- and edge-launched PhPs*>* in Fig. 3a
(Supplementary Information). On the other hand, the hyperbola in
Fig. 3d opens along the [001] direction, which indicates that PhPs along
this crystal direction are forbidden, thus explaining the observations
in Figs. 2, 3b.
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Fig. 3 | In-plane elliptical and hyperbolic PhPs in an o.-MoOj disk.

a, b, Near-field amplitude images s, of an a-MoOj3 disk (colour key at
right) with d= 144 nm. The imaging frequencies are w=983 cm ™!

(U-RB; a), and 893 cm ™! (L-RB; b). Dashed white lines indicate the

[100] and [001] surface directions. Scale bars, 2 pm. ¢, d, Absolute value

of the Fourier transform |Sy(k.k,)| of the near-field images in a and b,
respectively (colour key at right), revealing the iso-frequency contours for
each RB. Solid lines show the iso-frequency contours of the PhPs obtained
by fitting equation (1) for each case (note that they correspond to 2k). Scale
bars are 50k, and 20k, for the U-RB and L-RB respectively, with k being
the momentum of light in free space. e, f, Calculated near-field amplitude
images |E.(x,y)| (Supplementary Information) for an a-MoOj disk (colour
key at right) at w=983 cm ' (U-RB; e) and 893 cm ! (L-RB; f). Scale bars,
2pm.

To corroborate our experimental results theoretically, and to extract
the as-yet unknown anisotropic permittivity of a-MoO3, we model the
a-MoO; flake as a 2D conductivity layer of zero thickness (Methods).
We find the following dispersion relation for polaritons in a thin
in-plane anisotropic slab surrounded by two dielectric half-spaces
with isotropic permittivities €; and ¢, (Supplementary Information):

2 2 kfz
kyo g+ kioy, + ——(k, + k)
y 7”7 2k, 1 2 ( 1)

kok?Z( e €
Ko+ ke, + -S40 L 4 2
T2 Ak ky

—k2k (ap—a,)?=0

where k., and k,, , = /e, ,kg—k;—k_ are the in- and out-of-plane
wavevectors, respectively, ko= 27/ is the wavevector in free space,
and & =278, /c is the normalized conductivity, introduced for con-
venience. Using equation (1) with cv and v, as fitting parameters, we
obtain excellent agreement with the elliptical and hyperbolic features
in Fig. 3¢, d, where our fits are shown as white solid lines. Neglecting

absorption, we find v,y = —0.12i (€, =2.6) and o, = —0.16i (€,,,=3.7)
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for w=983 cm™! (U-RB), and cv = 0.26i (6xx=—6.4) and ar, = —0.07i
(gyy=17) forw=893 cm ™! (L-RB).

We corroborate the model and permittivity values by numerical sim-
ulation of near-field images of an a-MoOj disk on SiO, (Supplementary
Information). We used the nominal experimental values of 144 nm
and 6 pm for the disk thickness and diameter, respectively, and the
anisotropic real-valued permittivities obtained from the fit described
above. The imaginary parts of the permittivities and the value of ¢,
(not obtained from the fit) were adjusted to obtain the best matching
of the experimental images and of the sign of the phase velocities in
each RB. As a result of our analysis, we find £, >0, ,,>0and ., <0
for the elliptic U-RB, and £,, <0, &,, > 0 and &, > 0 for the hyperbolic
L-RB (Supplementary Information). The simulated polariton inter-
ferometry amplitude images are shown in Fig. 3e, f. Their excellent
agreement with the experiments (Fig. 3a, b) validates both the model
and the permittivity values. The results demonstrate that experimental
PhP interferometry of a-MoOj3 disks and fitting of the results with our
simple theoretical model allow the highly anisotropic local permittiv-
ities of a-MoQj to be extracted.

The conductivity tensor §,;—and thus the wavevectors of the PhPs—
depends on the slab thickness d. According to the relation between 6,4
and ¢ (see Methods), we obtain from equation (1) the thickness-
dependent anisotropic in-plane polariton wavevectors (Supplementary
Information):

o~ iy
i~ y @)

In Fig. 4a, we demonstrate the thickness tunability of in-plane hyper-
bolic polaritons: we plot the PhP dispersions obtained by s-SNOM
nano-imaging along the [100] crystal direction of a-MoOjs flakes with
different thickness d. We clearly observe that the wavevector k, and
thus the polariton confinement increase with decreasing thickness. For
d=>55nm, we find k, values of about 3.5 x 10° cm !, corresponding
to a PhP wavelength of 180 nm. This value is 60 times smaller than
Ao=10.8 um, suggesting that in-plane anisotropic propagation could
be well paired with deep subwavelength-scale field confinement for
the development of ultra-compact devices. The inverse dependence
of k. on d is better observed in Fig. 4b, where we plot the experimen-
tal k, (red dots) obtained at w=902 cm™! for four flakes of different
thickness. These experimental values are well matched by our equation
(2) (grey curve), where we used e, = —5.1 as extracted for the flake
with d =144 nm in Fig. 3, thus strongly supporting the validity of our
approximation.

A key property of polaritons for future applications is their life-
time!%!!, To measure it, we fitted s-SNOM amplitude line profiles
along the [100] direction (blue and red crosses in Fig. 4c) with an
exponentially decaying sine-wave function corrected by the geomet-
rical spreading factor ~/x (Supplementary Information)'’. From the
amplitude decay length L, (one of the fitting parameters) we obtain
the lifetime according to 7, = L,/v,, where the group velocity vy is taken
from Fig. 2c. For the in-plane hyperbolic PhPs we obtain
Tx=1.94£ 0.3 ps, which reveals the ultra-low-loss character of these
polaritons. Surprisingly, for the in-plane elliptic PhPs we obtain
Tx=8=1 ps (four times higher than that of PhPs in isotropically
enriched h-BN'!). On some flakes we find lifetimes up to 22 ps
(Supplementary Information). We note that in contrast to low-loss
h-BN PhPs!! and graphene plasmons'?, a rather small number of
fringes were observed on a-MoOj flakes. This can be explained by the
small group velocities of the MoOj3 PhPs, which yield relatively short
propagation lengths. The ultra-long PhP lifetimes are corroborated by
the ultra-narrow linewidths of the a-MoO3; Raman peaks
(Supplementary Information) at 996 cm ! and 820 cm ! (correspond-
ing to anisotropic bond stretching modes® that originate in the U-RB
and L-RB, respectively), revealing very high crystal quality. A similar
relation has been recently reported to explain the large lifetimes
observed in isotopically enriched h-BN!!,

© 2018 Springer Nature Limited. All rights reserved.
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Fig. 4 | Thickness tunability and lifetime of in-plane hyperbolic and
elliptic PhPs in o.-MoOs. a, Experimental (dots) PhP dispersions along
the [100] direction in a-MoOj for a varying flake thickness d (lines

are guides to the eyes). b, Experimental (dots) and calculated (line)
dependence of k, upon d. ¢, s-SNOM line traces (showing the real part
of the complex-valued s-SNOM signal o4 Methods) along the [100]
direction of the flake shown in Fig. 2b with d =250 nm in the elliptic
(blue crosses, w=990 cm ') and hyperbolic (red crosses, w=930 cm ')
regimes. Damped sine-wave functions (black solid lines) were fitted

to the data that correspond to edge-launched PhPs (Supplementary
Information). Amplitude lifetimes 7,=8 £ 1 psand 7,=1.9 £ 0.3 ps are
obtained for the U-RB and L-RB, respectively.

In-plane anisotropic a-MoO3 PhPs add a new member to the grow-
ing list of polaritons in vdW materials. In combination with external
stimuli, such as strain, electric gating or photo-injection of carriers, we
envisage active tuning of the anisotropic PhP properties. Our findings
may thus establish a route to directional control of light and light-
matter interactions at the nanoscale.
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METHODS

s-SNOM and nano-FTIR set-up. For infrared nano-imaging we used a scattering-
type scanning near-field optical microscope (s-SNOM3->, from Neaspec).
Metallized, cantilevered atomic force microscope (AFM) tips are used as scattering
near-field probes. The tip is oscillating vertically at the mechanical resonant fre-
quency (around 270 kHz) of the cantilever, with an amplitude of about 50 nm. The
tip is illuminated with p-polarized infrared light of frequency w (from tunable CO,
and quantum cascade lasers) and electric Ej,., while the a-MoOj flake is raster-
scanned below the oscillating tip. Acting as an infrared antenna, the Pt-coated tip
concentrates the incident field into a nanoscale spot at the apex, which interacts
with the sample surface and thus modifies the tip-scattered field Ec,. Esc, is
recorded with a pseudo-heterodyne Michelson interferometer**. Demodulation
of the interferometric detector signal at the nth harmonics of the tip oscillation
frequency yields the complex-valued near-field signals o, = s,e'*", with s, being
the near-field amplitude and ¢, being the near-field phase. By recording the near-
field signals as a function of the lateral tip position, we obtain near-field images or
line trace. In the particular case of probing a material supporting polaritons, the
nanoscale ‘hotspot’ at the tip apex acts as a local source of polaritons®=°. The tip-
launched polaritons reflect at the flake edges and produce polariton interference,
yielding fringes in the near-field images (Figs. 2b, 3a, b). The distance between the
interference fringes corresponds to half the polariton wavelength, A/2.

For nano-FTIR spectroscopy™, the tip was illuminated by a broadband
super-continuum laser, and the tip-scattered light was recorded with an asym-
metric Fourier transform spectrometer. By recording point spectra as a function
of the tip position, we obtained high-resolution spectral line scans®.

Disk fabrication. Bulk MoOjs crystals were grown via chemical vapour deposi-
tion. Commercial MoO3 powder (Sigma-Aldrich) was evaporated in a horizontal
tube furnace at 785 °C and was re-deposited as a-MoQj crystals at 560 °C. The
deposition process was carried out in an inert environment (Ar flow of 200 sccm)
at 1 torr?®. The as-grown bulk crystals were then mechanically exfoliated and
transferred onto a Si/SiO; (thickness 300 nm) substrate. The transferred flakes
were inspected with an optical microscope and characterized via AFM, allowing
the selection of large and homogeneous pieces with the desired thickness. The
selected flake was then shaped into a disk by using focused Ga-ion beam milling
in a FEI Helios 600 Nanolab dual beam system. In order to protect the surface of
the disk from the implantation of Ga ions, the flake was first covered by placing a
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thin diamond shield (approximate dimensions 100 pm X 80pm X 0.5pum) on top
of the flake using the tip of an Omniprobe micromanipulator. Using the ion beam,
we then milled through both the diamond shield and the flake using a ring-shaped
milling pattern, until we reached the substrate. The remaining parts of the diamond
shield were then lifted off the surface using the Omniprobe micromanipulator to
give only the disk-shaped flake separated from the bulk flake by a ring-shaped
channel.

Conductivity model for MoOj3 layers. Modelling the a-MoOj flake as a 2D con-
ductivity layer of zero thickness avoids the calculation of the fields inside the slab®,
and has been proven valid for in-plane isotropic 2D materials (for example,
graphene®® and transition layer polaritons®”) with a layer thickness that is much
smaller than the polariton wavelength (d < \). In the model, the effective con-
ductivity for the isotropic layer is given by oesr= [cd/(2i\o)]e, where ¢ is the
in-plane isotropic permittivity (both € and o are scalars). Note that o scales
linearly with d, thus taking into account the effect of the small slab thickness.
Analogously, we model the a-MoOj layer by an anisotropic in-plane conducting
layer with zero thickness and an effective 2D conductivity tensor, . The gener-
alized relation between the tensor 4,4 and the (2 x 2) permittivity tensor
¢é=diag(e,,,¢,,) is then given by G, = (cd/2i)()é. Note that the model is inde-
pendent of the out-of-plane permittivity component &,,, which subsequently does
not enter into equation (1).
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the findings of this study are available from the corresponding authors on rea-
sonable request.
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