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Boundary-induced excitation of
higher-order hyperbolic phonon polaritons
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Higher-order hyperbolic phonon polaritons (HoHPhPs), arising from
photon-phonon coupling under geometric confinement and resonance
conditions, exhibit larger wavevectors, field confinement and tunability
compared with fundamental hyperbolic phonon polariton (HPhP) modes,
making them promising for compact nanophotonic devices. However,
their excitation remains challenging due to stringent momentum
compensation requirements, leaving their properties and applications
largely unexplored. Here we overcome this challenge by introducing a
boundary-induced scattering mechanism that facilitates the efficient
stepwise excitation of HoHPhPs. By creating a high-contrast dielectric
environment with a gold-air hybrid substrate, we achieve substantial
momentum compensation through scattering at the gold edge. Our
approachis validated by theoretical analysis using dyadic Green’s function
theory, demonstrating more than a sixfold increase in the excitation
efficiency of HoHPhPs compared with conventional antenna-launching
of HPhP. Experimentally, we observe HoOHPhPs in a-MoO; layers with a
propagation distance of up to15.2 pm and report a pseudo-birefringence
effect with an ultrahigh equivalent birefringence ranging from17.6 to
41.8. Thus, different polariton orders are spatially separated by their
propagation direction without altering their polarization state. Our work
introduces anovel strategy for the efficient excitation of HoHPhPs and
establishes them as a versatile platform for nanophotonic applications
such as mode routing in nanocircuits.

Polaritons are quasiparticles resulting from the strong coupling of
photons with excitations that possess an electric dipole moment'>.
These quasiparticles can confine free-space light to nanoscale
dimensions®? and thus offer great potential for deep subwavelength
photonicdevices” . Particularly for higher-order hyperbolic phonon
polaritons (HoHPhPs)"*?°, they originate from the geometric con-
finement and resonance enhancement of photon-phonon coupling
in nanostructures or multilayer interfaces. These HoHPhPs exhibit
richer dispersionrelations, stronger field confinement and more flex-
ible tunability, leading to enhanced light-matter interactions and
even the potential for optical nonlinearity”. Such properties promise

importantapplicationsin compact nanophotoniccircuits and highly
sensitive sensors. However, the excitation of these modes remains
challengeing, leaving their properties, control and potential applica-
tions largely unexplored.

The excitation of polaritons critically depends on achieving
wavevector (momentum) matching, particularly because their
wavevectors are much larger than those of free-space light. Direct
excitation of polaritons has been widely explored using a variety of
techniques, including far- and near-field optical methods, as well as
electrical approaches®. Real-space near-field imaging of polaritons
based on scattering-type scanning near-field optical microscopy
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(s-SNOM) techniques®* ™, where polaritons are launched by the
near-field probe itself®”, metal antennas® 2 or edges*°, have gained
increasing popularity for covering the wide spectral range between
visible and terahertz frequencies® >, ultrahigh spatial, energy and
temporal resolution”*°, multiphysics integration**°, and precise
phase-resolved mapping*®*’. However, these methods are constrained
by providing only single-step momentum compensation, preventing
the stepwise excitation of polaritons across multiple orders*®. This
limitation is particularly pronounced for hyperbolic phonon polari-
tons (HPhPs)*, which require excitation over amuch broader range of
wavevectors to simultaneously excite multiple higher order modes™-".

Inthiswork, weintroduce two-step excitation of HoHPhPs through
boundary-induced scattering, which combines antenna-mediated
launching of HPhPs with subsequent boundary-induced scatter-
ing to generate HoHPhPs. By carefully designing a high-contrast
dielectric environment using a gold (Au)-air hybrid substrate, we
demonstrate that fundamental phonon polaritons (FPhPs) in a-phase
molybdenum trioxide (a-MoO;) layers can be efficiently scattered at
the sharp edge of asingle-crystalline Aulayer, providing substantial
momentum compensation. This enables the excitation of HoOHPhPs
with momenta far exceeding those of the incident FPhPs. We support
this wavevector transition process between different polariton orders
through calculations based on dyadic Green’s function, showing
more than asixfoldincrease in the excitation efficiency of HoHPhPs
compared with conventional single-step excitation. Furthermore,
the low-loss properties of the HPhPs in suspended a-MoO; layers
permit the observation of HoHPhPs with a propagation distance of
upto15.2 pum. Leveraging this high-quality propagation, we show that
scattering of HPhPs at the Au edge canlead to pseudo-birefringence.
This phenomenonis characterized by a spatial separation of propaga-
tion directions across different polariton orders, with an ultrahigh
equivalent birefringence (An) ranging from 17.6 to 41.8 at varying
illumination frequencies. Two-step excitation and spatial separation
of HoHPhPs may have importantimplications for applicationsinclud-
ing the design of highly efficient polariton launchers and multimode
photonic devices in nanocircuits for mode-division multiplexing
and demultiplexing.

Figure laillustrates the concept of two-step HoHPhP excitation.
A Au-air hybrid substrateis designed to achieve the boundary-induced
excitation of HoHPhPs in a layer placed on top of the substrate. In the
Au-supported layer, the coupling between the HPhPs with their mirror
image gives rise toimage polaritons with larger wavevectors and ampli-
tudes compared to those in the suspended layer**’. When FPhPs (k)
in the layer on the Au substrate, which are excited by a local source
(orange dotinFig.1a), scatter at the Au edge (high dielectric constant
substrate), they convert into multiple HPhP orders in the suspended
layer (low dielectrlic constant substrate). Thisincludes new FPhPs (kf)ut)
and HoHPhPs (k;‘ut and kg‘ut) in the suspended region. Unlike conven-
tional transmission from a dense to a sparse medium, the wavevector
ofthe outcoupled HoHPhPs can exceed the wavevector of the incident
FPhPs due to momentum compensation, which arises from the scat-
tering of the incident polaritons at the boundary.

To demonstrate two-step excitation of HoHPhPs, we study HPhPs
supported by athinlayer of x-MoO; within its second Reststrahlen band
(816-972 cm™), particularly along the [100] crystal axis** . Figure 1b
presentsthe IFCs of HPhPsin an a-MoO, layer, with the left panel show-
ing those for the layer supported by a Ausubstrate and the right panel
showing those for the suspended layer. To directly compare the
wavevector magnitudes of different HPhP orders generated by scat-
tering atthe Au edge, we schematically illustrate the HPhP wavevector
conversion process (Fig. 1c). In particular, the conversion of FPhPs
in the a-MoO; layer supported by a Au substrate to those in the sus-
pended a-MoO; filmresultsinareduction of thewavevector (k> kf ).
Conversely, conversion to HoHPhPs necessitates momentum comp-

ensation (kﬂ;t > K > Kkt ). This requires that the compensatory

wavevectors (6k) rapidly increase with the increasing HPhP order,
owing to the growing wavevector magnitude.

To quantify the efficiency of two-step excitation of HoOHPhPs,
we use dyadic Green’s function theory (Fig. 1d,e and Supplementary

Note1)**°. The excitation efficiency (af), canbe expressed as

(agys)e = (@ Tme™46 (k — A7) M

X
where T, denotes the transition efficiency from FPhPsin the a-MoO,
layer onthe Ausubstrate to the m-order HPhPsin the suspended layer.
The subscripts S, G and G/S refer to suspended layer, the layer on the
Au subsltrate andthelayer onthe Au-air hybrid substrate, respectively.
af = 'kcz%rp(ké cos (6). K. sin (8))e’*s? represents the efficiency of
the primary (corresponding to a single-step) excitation of FPhPs on
the Ausubstrate with a point dipole located z,=30 nm above the sur-
face. k1G represents thein-plane wavevectors of the FPhPs and 8 denotes
theangle between the in-plane wavevector direction and the [100] of
the a-MoO; layer. The superscripts F and H denote the fundamental
and higher-order polaritons, respectively. zydenotes the height where
the polariton fields are evaluated. k" and &; represent the in-plane
and out-plane wavevectors in the suspended a-MoO; layer (Supple-
mentary Note1).

For single-step HPhP excitation with the dipole, the excitation
efficiency ratio of first-order HPhPs to FPhPs is |a§’1 |/|ak|=1/7 for the
suspended a-MoO; layer (Fig. 1e and Supplementary Fig. 1b,c) and
|a21 |/lag,| = 2/13 for the a-MoO; layer on a Au substrate (Supplemen-
tary Fig. 1d,e). This ratio is strongly enhanced for two-step excitation
of HPhPs utilizing the hybrid Au-air substrate (Fig. 1d and
Supplementary Fig.1f,g), since the FPhPs on the Au substrate share the
same mode distribution as the first-order HPhPs in the suspended
a-MoO; region®*°, Therefore, most of the FPhPs in a-MoO; on Au can
be transferred to HoHPhPs in the suspended a-MoO; layer after
being scattered at the Au-air boundary, that is, the Au edge (Supple-
mentary Fig. 2). This conversion can be calculated through both
wavevector and modal matching at the Au-air boundary (Supplemen-
tary Note 1). Compared with the traditional impedance-matching
approach®, this method enables a more accurate description of the
conversion between different polaritons. We obtain an excitation

1
efficiency ratio of first-order HPhPs to FPhPs of |a27§f|/|az‘;‘g =5/6in

the suspended a-MoO; region, corresponding to an enhancement of
the excitation efficiency ratio of approximately sixfold compared
with single-step HoHPhP excitation on the suspended a-MoO; layer
(Fig. 1e). Note that the excitation efficiency decreases as the dipole-
surface distance increases (Supplementary Fig. 3). We extract the
excitation efficiency based on the same criterion in all calculations
(Supplementary Note 1).

The mechanism of boundary-induced excitation of HoOHPhPs can
be directly visualized in real space using full-wave numerical simula-
tions (Fig. 1d). HoHPhPs exhibit substantially shorter wavelengths
compared with FPhPs, enabling their identification in spatial electric
field distributions. In particular, the effectiveness of boundary-induced
excitation of HoHPhPs strongly depends on the boundary sharpness
such as the curvature of the Au edge (Supplementary Fig. 4). As the
boundary sharpness decreases, the HoHPhP amplitude in the sus-
pended a-MoO;region decreases. This further supports thatboundary
scattering compensates for the wavevector mismatch between HPhPs
onthetwosides of the Au-airboundary. A systematic evaluation of vari-
ous hybrid substrates (Au-air, SiO,-air, Si-air, CaF,-air and h-BN-air)
revealsthat the Au-air hybrid substrate exhibits the highest excitation
efficiency ratio (Supplementary Fig. 5).

To observe experimentally the boundary-induced excitation
of HoHPhPs, we designed and fabricated a specific polariton device
(Fig. 2a). Nanofabrication techniques were used to pattern a SiO, on
Sisubstrate with square holes of 246-nm depth. A subsequent aligned
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Fig.1| Two-step excitation of HOHPhPs. a, Schematic of the boundary-induced
excitation of HoHPhPs in a thin layer on a substrate comprising alarge (left) and
small (right) dielectric permittivity. The FPhPs on the left side are initially excited
by alauncher (first excitation) and act as an incident polariton, propagating
towards the dielectric boundary of the substrate (dashed vertical line). Upon
polariton scattering at the boundary (second excitation), momentum
compensationis achieved, leading to the excitation of HoHPhPs in the suspended
layer on the right side. b, Isofrequency contours (IFCs) of polaritons in a-MoO; on
Au (left) and in suspended a-MoO; (right), which are obtained from transmission
matrix calculations. The arrows on the left (KF ) and right (KF,, K, ki) sides
indicate the wavevectors of the incident and transmitted polaritons at the Au-air
boundary, analogous to a. ¢, Quantitative comparison of different wavevectors.
Skindicates the mismatch between k;, and k.. d, Top: Numerically simulated

Wavevector (x10° cm™)

spatial distribution of the electric field Re{£,} of HPhPs in an a-MoO; layer on a

Au-air hybrid substrate. Bottom: Two-step excitation efficiency for the

generation of polaritons of different orders. e, Analogue to d, but for single-step
1 2

HPhP exciation on suspended a-MoOs. |a2‘;g‘ |, az;’s‘“ and az;’S‘“ ind denote the

two-step excitation efficiencies for output FPhPs, first-order HPhPs and
second-order HPhPs on a Au-air hybrid substrate, respectively. |a§ a's*1 } and

i

2]. . . . .
|a§* ' ineare the single-step excitation efficiencies for the suspended a-MoO; layer.

The schematicsind and e present cross-sectional views of the structures. Scale
bar, 3 pm. The thickness of a-M00, is 300 nm and the illumination frequency is
900 cm™inall panels. F;,, F.,., H},ut, and ch,ut denoteincident FPhPs, output

FPhPs, output first-order HPhPs and output second-order HPhPs, respectively.

transfer process was used to deposit a high-quality Au flake on one
side of the substrate, forming a well-defined Au-air boundary. To
minimize scattering losses arising from substrate roughness, we uti-
lized single-crystal Au flakes, renowned for their atomically smooth
surfacesand inherent sharp edges®. Next, a380-nm-thick a-MoO, was
transferred onto the substrate, bridging the Au flake and the square
holes, thereby forming a suspended region with a suspension height
of approximately 246 nm. Au antennas, serving as the initial source for
exciting HPhPsin a-MoO; on the Au substrate, were fabricated on top
of the a-MoO; layer at a distance of 2 um from the Au-air boundary.
An optical image of the sample is presented in Fig. 2b. The transmit-
ted HPhPs were visualized using s-SNOM. Experimental details are
provided in the Methods and Supplementary Figs. 6 and 7).
Underillumination with afocused p-polarized mid-infrared laser
beam, Au antennas excite propagating HPhPs in the a-MoO; layer that
is supported by the Au substrate (Fig. 2c). Upon reaching the Au-air
boundary, the abrupt change in substrate permittivity induces strong
scattering of the HPhPs. In the suspended part of the a-MoO, flake, we
thus observe both FPhPs (F,,.) and first-order HPhPs (H:,ut). The FPhPs
feature arelatively large wavelength of -3,000 nm. By contrast, the
HoHPhPs exhibit amuch smaller wavelength of ~-580 nm, which agrees
well with simulations (Supplementary Fig. 8). In addition to the

wavelength difference, FPhPs and HoHPhPs can also be distinguished
by the tilt of their interference fringes relative to each other, which
reflects the different opening angles of their IFCs.

For comparison, Fig. 2e shows a near-field amplitude image of
antenna-excited HPhPs in a fully suspended a-MoO; flake, whereas
Supplementary Fig. 9a shows the corresponding near-field image for
an a-MoO; flake fully supported by a Au substrate. Because the strin-
gent wavevector-matching conditions for HoOHPhP excitation are not
satisfied, only FPhPs are observed in both cases. Note that the tip also
launches HPhPs. However, being volume modes, they are barely
reflected by the antenna. The observed fringes therefore mainly origi-
nate fromantenna-launched HPhPs, with the spacing between adjacent
fringes corresponding to one wavelength. Spatial Fourier transform
analysis of near-field amplitude profiles from the suspended a-MoO,
region (Fig. 2d) reveals both FPhPs (F,,,) and first-order HPhPs (Hf)u[).
By contrast, Fourier transform analysis of near-field amplitude profiles
from the fully suspended a-MoO; flake (Fig. 2f) and the a-MoO,
flake fully supported by aAu substrate (Supplementary Fig. 9b) reveals
only FPhPs.

Numerical simulations show that HoHPhPs are weakly affected
by the finite suspension height of the a-MoO; flake due to their
extremely high field confinement (Supplementary Fig.10). As shown
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Fig. 2| Real-space imaging of boundary-induced HoHPhP excitation using
s-SNOM. a, Schematic of the experiment. A Au substrate featuring asquare
trench supports a partially suspended exfoliated a-MoO;, flake. A Au antenna s
located on the part of the a-MoO; flake that is supported by the Au substrate and
illuminated by amid-infrared laser beam to excite HPhPs in the a-MoO, flake. The
near field of the antenna-launched propagating polaritons is scattered by the
atomic force microscopy tip and recorded with aninfrared detector. b, Sketch

kike

and optical image of the sample used for two-step excitation of HoOHPhPs.

The Au substrate consists of a thin, single-crystalline Au flake. Scale bar, 5 pum.
c,d, Experimentally measured near-field amplitude (S;) image of HPhPs in
a-MoO; on a Au-air hybrid substrate at w = 900 cm™ (c) and its Fourier transform
(F.T.) spectrum revealing FPhPs and HoHPhPs (d). The inset shows a near-field
line profile extracted from c. e,f, Control experiment analogue to ¢ (e) and d (f)
where the antennais placed on the suspended a-MoO; flake.

inSupplementary Fig.10d, at asuspension height of246 nm, the wave-
length of HOHPhPs is 492 nm, which is consistent with that of the infi-
nite suspensionregion.

The efficient excitation of HOHPhPs through boundary-induced
scattering provides an excellent platform for investigating their key
properties. To quantitatively assess the wavelength confinement and
propagation characteristics within the suspended region, we analysed
line profiles extracted from the experimental near-field image in Fig. 2c
(Supplementary Fig.12 shows additional profiles at different excitation
frequencies).Filtering of the line profiles enables the separation of the
different HPhP orders (Fig. 3a).

Weinvestigated the dispersion of the HPhPs by performing meas-
urements of their wavevector at various frequencies within the hyper-
bolic Reststrahlen band. These wavevectors are subsequently mapped
onto the theoretically calculated dispersion (pseudo-colour plot)
presentedinFig.3b. As expected, bothF . and H})ut polaritons exhibit
a decrease in wavelength with increasing frequency (Supplemen-
tary Fig.13). The green and red solid dots represent the experimental
data for FPhPs (F,,) and first-order HPhPs (Hp,) extracted from the
near-field profiles shown in Supplementary Figs. 11-13, showing good

agreement with the theoretical dispersion calculations (pseudo-colour
plotinFig.3b).

The excitation of higher-order modes can be further enhanced
when a Au strip is placed on top of the a-MoO; layer above the Au-air
hybrid substrate boundary, forming a Au-a-MoO,-Au sandwich struc-
ture (Supplementary Fig. 14). This allows for the excitation of
second-order HPhPs (Hﬁut) in the suspended a-MoO; region (Fig. 3b,
blackcircles). The wavelength of the Hf,ut HPhPsisapproximately 1/50
of the incident light wavelength in free space and 1/4 of FPhPs in the
«-MoO; layer on the Au substrate (Supplementary Fig. 14).

Monocrystalline Au flakes provide an atomically flat, low-loss
substrate for HPhPs*?, whereas in the suspended a-MoO; layer
substrate-induced HPhP losses are maximally reduced. This combi-
nation practically eliminates roughness-mediated HPhP scattering
and HPhP dissipationin the subtrate, respectively. Consequently, our
structure enables long-distance propagation of HoHPhPs, which can
be quantified by a figure of merit (FOM) and propagation distance
L, defined as FOM = Re(g,)/Im(q,) and L =1/(2Im(g,)), respectively®.

The first-order HPhP profile shown in Fig. 3c is well fitted with a
model that describes HPhPs as damped plane waves. From this fitting
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Fig. 3 | Dispersion and loss analysis of HOHPhPs. a, Experimental near-field
amplitude profiles of fundamental and first-order HPhPs on the suspended
a-MoO; region, extracted from Fig. 2c. Output FPhPs (F,,, black profile) and
first-order HPhPs (H})ut, red profile) were separated by spatial filtering.

b, Theoretically calculated dispersion (pseudo-colour plot) of HPhPsina
suspended a-MoO; layer of 380 nm thickness. Dots are experimental data
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extracted from near-field images shown in Supplementary Fig. 11. Circles are
obtained from simulated near-field images. ¢, Loss analysis of first-order HPhPs.
Red curve shows the fit of the experimental near-field amplitude profile (dots;
same dataasred curveina).d, FOM (triangles) and propagation distance
(squares) of first-order HPhPs (H%,ut) inthe suspended a-MoO, regionasa
function of illuminating frequency. The solid curves are guides to the eyes.

we determine the FOM of first-order HPhPs at 900 cm™, reaching a
notable value of FOM = 39, which corresponds to a propagation dis-
tance L =12.5 um. Dampingis primarily attributed to HPhP scattering
at acoustic phonons and impurities (such as isotopic impurities or
oxygen vacancy defects). Figure 3d depicts the dependence of the
FOM and propagation distance of HoHPhPs in the suspended a-MoO,
regionasafunction of frequency (Supplementary Fig.12). We find that
the FOM can reach up to 45 at an illuminating frequency of 893 cm™
(L =15.2 um). As the frequency increases, the mode confinement and
group velocity increase, which leads to agradual decrease in the FOM
and propagation distance. Future measurements at low temperatures
may reduce phonon-phononscattering, potentially leading to anota-
ble enhancementin the FOM and propagation distance of HoOHPhPs®**,

The low-loss propagation of HOHPhPs enables us to investigate
their uniquerefraction properties. According to Snell’s law, refraction
requires the conservation of the tangential wavevector component® %,
For that reason, when HPhPs impinge on the Au-air boundary at an
obliqueangle, theyrefract along two distinct directions,a phenomenon
werefer to as pseudo-birefringence. This effect arises from the differ-
ing opening angles of the IFCs of the different HPhP orders (Fig. 4a).

InFig.4a, weillustrate how theincident polaritons with awavevec-
tor kfn refractatthe Au-airboundaryinto the suspended a-MoO, region.
The wavevectors of the refracted polaritons are indicated by kzut and
k(';"ljt, whereas the Poynting vectors (indicating the polaritonic energy
flow) are indicated by ST , SF  and S . By varying the angle of inci-
dence, the direction of the wavevector of the outgoing FPhPs and
HoHPhPs, as well as the angle between these wavevectors, can be con-
trolled (Supplementary Fig. 15).

To experimentally demonstrate pseudo-birefringence involving
different HPhP orders, arectangular Au patch with asidelength of 3 pm
(Fig.4b) isused to excite plane-wave HPhPsin a-MoO, on Au, which are

characterized by the wavevector kiFn. Because the polariton wavevector
component parallel to the Au-air boundary is conserved, pseudo-
birefringence occurs when the HPhPs refract at this boundary
(Fig. 4c,d). On the suspended a-MoO; region, we thus observe two
distinct modes propagating in different directions. They correspond
to FPhPs and first-order HPhPs. To determine the direction of S for the
different polariton orders, we extracted multiple near-field profiles
along various propagation directions. By comparing these profiles, we
identify the direction with the longest propagation length, which cor-
responds to the direction of S (ref. 69). By contrast, Kis perpendicular
to the polariton fringes (Supplementary Note 2 and Supplemen-
tary Figs.16 and 17a,b). The directions of the refracted polariton Poynt-
ing vector S and wavevector k agree well with both the numerical
simulation (Fig. 4d) and theoretical prediction (Fig. 4a). We note that
not only the near fields of the Au patch but also the near fields at the
Au-airboundary and the tip apex launch HPhPs, resulting in unwanted
interference fringes parallel to the boundary. To isolate the
antenna-excited polaritons from the near-field images, we applied a
filtering procedure thatis described in Supplementary Fig. 18.

We also studied the pseudo-birefringence for different illumina-
tionfrequencies between 893 cm™and 918 cm™ (Supplementary Fig.19).
By extracting the wavelengths and refraction angles of the tworefracted
polaritons’ orders at different frequencies, we obtained their disper-
sion (Supplementary Fig. 20a) and frequency-dependent refraction
angles (Fig. 4e and Supplementary Fig.17c). We find that the refraction
angle of both FHPhPs and first-order HPhPs associated wilth S exhibit
astrong frequency dependency ((pg"“‘ €(0.2°-11.5°) and (p?(’"t € (40.2°-
49.3°); Fig. 4e), whereas the refraction angle associated with k shows
a pronounced frequency response only for FHPhPs ((pi“‘ € (71.3°-
81.7°)) (Supplementary Fig.17) andis nearly constant for the first-order
HPhPs (Supplementary Fig. 16). Our experimentally measured
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deviceis shown at the top of the panel. b, Optical image of a typical device,
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illuminating frequency is w = 893 cm™. Scale bar, 3 pm. qog"“‘ and (p?}’“‘ denote the
refraction angle of the Poynting vector for FPhPs and first-order HPhPs in
suspended a-MoO,, respectively. The subscript S in ¢ denotes the Poynting
vector. e, Refraction alngle @, of the Poynting vector of FPhPs ((pg"”‘) and

first-orderHPhPs ((p;{"”t) insuspended a-MoO, as a function of illuminating
frequency. The solid curves show the result of analytical calculations, whereas
the dots show data extracted from experimental near-field images. Since the
experimental refraction angles ¢ were determined visually, we assign
conservative error bars of +3°.

refractionangles agree well with theoretical calculations (Fig. 4e (solid
lines) and Supplementary Fig.17c).

We note that the pseudo-birefringence phenomenon described
in this work is similar to birefringence observed in traditional aniso-
tropic crystals such as calcite and quartz’. In contrast, the polari-
zation state of the refracted polaritons is preserved. By evaluating
the difference in the effective mode indices of FPhPs and first-order
HPhPs (Supplementary Fig. 20b), we find a mode-index contrast of
An = ny,- n; =17.6-41.8 for illumination frequencies between 893 cm™
and 918 cm™. This difference is more than one to two orders of mag-
nitude larger than the birefringence typically observed in naturally
anisotropy crystals’’. The pronounced pseudo-birefringence of HPhPs
promises new opportunities for the design of novel nanoscale optical
devices, including multimode polaritonic devices for mode-division
multiplexing and demultiplexing withinabus waveguide. While previ-
ous studies have proposed phonon polariton refraction via substrate

engineering’ and phase-change substrates’, our work introduces
boundary-induced HPhP exciation for efficient generation of HoHPhPs
and their spatial separation from FPhPs.

In this work, we introduce a two-step excitation mechanism
for efficiently generating HoHPhPs. The approach combines initial
antenna-mediated launching of HPhPs with subsequent boundary-
induced scattering to produce HoHPhPs, resulting in more than a
sixfold increase in excitation efficiency compared with single-step
excitation. Moreover, exploiting a suspended a-MoOj3 layer mini-
mizes substrate-induced damping, allowing HoHPhPs to propagate
over a distance of 15.2 pm with a quality factor of -45. Leveraging the
high-efficiency excitation and long propagation lengths, we observe
pseudo-birefringence, in which different polariton orders propagate
along distinct directions while preserving their polarization state.
This corresponds to an ultrahigh birefringence of 41.8, exceeding
that of natural anisotropic crystals by one to two orders of magnitude.
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Our findings offer new design strategies for highly efficienent HoHPhP
launching and opens new avenues for multimode polaritonic
devices for applications including mode-division multiplexing and
demultiplexing.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41566-025-01755-5.
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Methods

Nanofabrication of the devices

Square holes (50 um x 50 pm) were patterned on a 300-nm SiO,/
500-pum Si substrate using 100-kV electron-beam lithography (Vistec
5000+ES) on approximately 350 nm of ZEP520A electron-beam lithog-
raphy resist. The patterns were subsequently transferred to the sub-
strate viareactive ion etching (RIE) using C,F;and SF, gases (SENTECH,
Etchlab 200). Then, the substrate was immersed in hot butanone at
80 °C for 25 min and subjected to a gentle rinse of isopropanol for
3 min to remove the resist layer, followed by nitrogen-gas drying
and thermal baking. The remaining residues on the SiO, surface were
further removed by oxygen plasma cleaning with 5 Pa and 80 W for
10 min (ref. 73).

Single-crystalline Au flakes, grown on glass coverslips by the
thermolysis method®’, were transferred onto the patterned substrate
throughadeterministic dry-transfer process using a polydimethylsilox-
ane stamp. Arotation stage under an optical microscopy enabled pre-
cisealignment of the Au edge with the square-hole boundary, thereby
forming awell-defined Au-air boundary. The a-MoO; flakes (Shanghai
Onway Technology) were mechanically exfoliated from bulk crystals
and subsequently transferred onto the aforementioned Au-air hybrid
substrate, covering both the Au flake and the square holes.

Two antenna geometries (length x width x thickness: 3 pm x
250 nm x 50 nm and 3 pm x 3 pm x 50 nm) were patterned on differ-
ent samples to fulfill distinct excitation purposes, using the same
electron-beam lithography system with ~350 nm of PMMA950K resist.
After that, electron-beam evaporation was used to deposit 5-nm Ti
and 50-nm Au in a vacuum chamber at a pressure of <5 x 107 torr to
fabricate the Au antennas. The lift-off process was carried out by
immersing the samples in a hot acetone bath at 80 °C for 25 min, fol-
lowed by rinsing withisopropanol for 3 min, nitrogen-gas drying, and
thermal baking.

Near-field optical microscopy measurements

An s-SNOM setup (Neaspec) equipped with a tunable quantum cas-
cadelaser (890-2,000 cm™) was utilized for near-field measurements
using atomic force microscopy tips coated with Pt and an apex radius
of -25 nm (NanoWorld). A tapping frequency and tapping amplitude
of~270 kHz and ~30-50 nm, respectively, was used. The tip was illumi-
nated with a p-polarized mid-infrared beam focused toaspot with alat-
eralsize of ~25 um, which alsoilluminated the antennas. Demodulation
of the detector signal at the third harmonic of the tapping frequency
(§;) provided near-field amplitude and phase images with effective sup-
pression of background signals. In this study, we present and analyze
the near-field amplitude (S,) images™.

Calculation of dispersion and IFCs of phonon polaritons

The transfer matrix method was employed to calculate the dispersion
and IFCs of different-order phonon polaritons in a-MoO;. The system
was modelled as a two-dimensional waveguide consisting of three
stacked layers: a cover layer (air), an intermediate layer (a-M00O,) and
a substrate (Au or air). In this analysis, air and Au were described by
isotropic dielectric tensors, whereas the a-MoO; layer was treated as
anisotropic.

Calculation of excitation efficiency for polaritons with
different orders by dyadic Green’s function theory

The antennawas simplified to an oscillating dipole along the x direc-
tion, placed at a height of z, = 30 nm on the surface, which was used
to mimic the excitation of the antenna. In this case, the electric field
distribution £ along the z direction can be expressed as E, = a,p,,
where a,, = i"*Zﬂ(e”‘z‘z—ZoI + 17 (ky, ky) ek&+70)) denotes an electric field
ofdipolep,. aa:t isthestrength of the dipole, which can be calculated
using COMSOL Multiphysics and r°(k,, k) is the reflection coefficient
of different layers. Further considering the tip as the collector of

polaritonsthat oscillate along the zaxis, we get z,(¢) = b + 6z(1 - cosQt),
where b =60 nmis the distance between the tip apex and the surface
and 6z=130 nmis the tapping amplitude of the tip and Q =270 kHz
is the tapping frequency. Considering the averaged time, we can
define the surface excitation efficiency (a,), of the system (Supple-
mentary Note 1) as

ik _
(&), = ;/%elkﬂﬁmdt’ )

where z, is the point dipole position above the surface, € represents
the dielectric function of the surrounding environment and T is the
period of tip tapping.

Electromagnetic simulations

A finite element method software (COMSOL Multiphysics v. 5.5) was
used to simulate the electromagnetic field. The model was constructed
by following the geometrical specifications in the experimental sam-
ples. Perfectly matched layers were set up at allboundaries around the
model toreducereflections. Theincident light was set as a p-polarized
plane wave with an angle of 45° to the surface. The electric field distri-
bution was calculated on a plane situated 20 nmabove the uppermost
surface of the sample.

Data availability

The data that support the findings of this study are available in the
Articleand the Supplementary Information. Source dataare provided
with this paper.
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