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ABSTRACT: Polaritons, part-light-part-matter waves, enable the control of light at the subwavelength scale. Interfacial behaviors play a
critical role in polariton manipulation, with negative refraction showing promise for high-resolution focusing. However, reflections pose
a substantial challenge, especially in applications where backscattering is unwanted. To address this issue, we propose a structure com-
posed of planar junctions of metasurfaces, each supporting in-plane hyperbolic polaritons with misaligned optical axes. We demonstrate
that when the asymptote of the incident hyperbolic isofrequency contours (IFCs) aligns with the interface normal, the reflected waves
transform into highly lossy one-dimensional ghost polaritons (HL-1DGPs), channeling energy near the interface. The refracted waves
also convert into HL-1DGPs when the outgoing IFC asymptote aligns with the interface normal. Leveraging these phenomena, we design
polaritonic lenses and absorbers with greatly reduced reflection. These insights into the interfacial behaviors of hyperbolic polaritons
under symmetry breaking have implications for creating polaritonic elements beyond the diffraction limit.

1. INTRODUCTION

olaritons represent a unique class of interface waves origi-
Pnating from light-matter interactions [1-4]. Owing to their
strong field localization capabilities, polaritons provide an op-
timal platform for controlling electromagnetic fields at the ex-
treme scale [5, 6], enabling the development of waveguides [7—
11], prisms [12—14], lenses [15-22], and other polaritonic el-
ements with resolutions far beyond the diffraction limit [23].
Refraction in polaritonic systems occurs as polaritons cross in-
terfaces between two media with distinct effective indices. Par-
ticularly, negative refraction can enhance focusing resolution
by directing refracted energy flux on the same side of the inter-
face normal as the incident polaritons [24]. Negative refraction
of polaritons has been demonstrated in both theoretical [25-33]
and experimental studies [34—37]; however, it often coincides
with undesired reflections, which pose a challenge for applica-
tions relying on refraction-based polaritonic elements. Mitigat-
ing these reflections is therefore highly desirable but remains
challenging.

In light of momentum conservation along the interface, an
open isofrequency contour (IFC), also known as equifrequency
contour, is crucial for achieving reflectionless refraction. This
concept has been validated in photonic Weyl systems featur-
ing surface arc states [38,39]. In such systems, electromag-
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netic waves with hyperbolic IFCs could eliminate reflection
during refraction under appropriate conditions [40]. While
similar mechanisms have been explored in the microwave
range [41, 42], their application to polaritonic systems has re-
ceived limited attention. Given that polaritons as evanescent
waves require additional considerations in the out-of-plane di-
rection when their IFCs are calculated [43], which complicates
the rigorous analysis of their behavior at interfaces.

Here, we theoretically investigate the interfacial behavior of
hyperbolic polaritons with slanted optical axes, with special
emphasis on cases where hyperbolic IFC asymptotes align with
the interface normal. We find that when the incident or outgoing
IFCs are rotated by a specific angle, the reflected and refracted
polaritons transform into highly lossy one-dimensional ghost
polaritons (HL-1DGPs), channeling their energy near the inter-
face. This insight could inform the design of reflection-resistant
polaritonic lenses and absorbers, providing new directions for
the subwavelength light control in planar polaritonic devices.

2. RESULTS

We first consider the refraction and reflection behaviors of
polaritons, which can be understood geometrically via IFCs.
These contours represent the projection of wavevectors (k) at a
given frequency (w) and are schematically illustrated in Fig. 1.
Here, we take in-plane hyperbolic polaritons with positive dis-
persion as the incidence (;—,:’1 > 0). Solid blue curves in

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIER24120305

PIER He et al.

@ Orthogonal optical axes

P
®) . Parallel o

FIGURE 1. IFC analysis of the interfacial behaviors of polaritons. (a) Negative refraction between hyperbolic polaritons with orthogonal optical
dhy1 . dky2 () (b) Negative refraction between hyperbolic

> dky1  dkga
polaritons with parallel optical axes, where Zil d‘”Q <0 and yl < 0. (c), (d) IFC analysis of interfaces between hyperbolic polaritons with
slanted optical axes. Reflection is expected to be forbldden When the asymptote of the incident IFC aligns with the interface normal (c). When the
asymptotes of both the incident and outgoing IFCs align with the interface normal (d), both reflection and refraction appear to be prevented, which

is physically implausible. Black solid lines represent interfaces. Solid, dashed, and dotted purple (green) arrows denote the incident, refracted, and

dwy
> dky

. d“’z > 0, but the slopes are opposite
dkyg

axes, where both dispersions are positive

reflected wavevectors (Poynting vectors), respectively.

Fig. 1(a) depict the corresponding IFC, while dashed curves in-
dicate the IFC at a slightly higher frequency. For anisotropic
polaritons, the directions of k and Poynting vectors (S) are usu-
ally non-collinear, meaning that they do not align, except when
ky or ky equals zero. For high-k approximations, S is normal
to IFCs, and it points to the negative y direction when the slope
of the incident IFC is positive, 5 k” > 0, and vice versa.

Upon encountering an interface (black line in Fig. 1), causal-
ity dictates that refracted power flows outward, while reflected
power flows back toward the source [44]. Using IFCs, we can
derive refraction and reflection behaviors geometrically based
on interface wavevector conservation, as shown in Fig. 1. The
direction of the refracted Poynting vector (S,) is determined by
the slope of the IFC in the outgoing medium ( dk2y) follow-
ing a similar mechanism to S; in the incident medium. Com-
paring the directions of S; and S,, it might be safe to con-
clude that at a y-oriented interface, positive refraction occurs

dky,  dks, . . .
when ¢ - 724 > 0, while negative refraction takes place
when Z:ii . % < 0. This principle applies to both positive

and negative dispersion polaritons and holds for both open and
closed IFCs. In previous works, however, negative dispersion

% < 0), also referred to as negative group velocity, was of-
ten required for negative refraction due to similar incident and
outgoing IFC topologies (Fig. 1(b)) [27,30,45,46]. However,
this constraint can be relaxed when IFCs undergo topological
transitions [28, 31-36].

The reflected wavevectors (k;) and Poynting vectors (S;)
can be similarly derived. In the cases shown in Figs. 1(a), (b),
negative refractions are accompanied by reflections because
there are always intersections between the interface normals

and IFCs, indicating a real solution for k3. However, due to
the open nature of the incident hyperbolic IFCs, it seems that if
the interface normal is in line with the asymptotes of hyperbo-
las (Fig. 1(c)), no intersection occurs, suggesting that reflection
should be forbidden. Consequently, if one of the asymptotes
of the outgoing hyperbolas is also parallel to the interface nor-
mal, both refraction and reflection seem impossible (Fig. 1(d)).
However, this deduction violates energy conservation, indicat-
ing that the above interfacial matching condition cannot be es-
tablished solely based on current IFC analysis. Previous studies
have suggested that reflected flow along the interface could be
a potential solution [31,47], but a rigorous analysis has been
lacking, which is the focus of this work.

We attribute the above paradox to the formation of recently
proposed one-dimensional ghost polaritons (1DGPs), with their
energy dissipating along a direction close to the interface. To
verify this hypothesis, we consider a realistic structure com-
posed of laterally arranged hBN ribbon arrays. It has been pro-
posed and demonstrated that such metasurfaces can introduce
symmetry breaking in isotropic systems, leading to in-plane hy-
perbolic polaritons [48—50]. The left and right metasurfaces
of the y-oriented interface are designed to support in-plane hy-
perbolic polaritons with different orientations. The geometric
parameters are detailed in the caption of Fig. 2(a). Compared
to natural materials that support in-plane hyperbolic polaritons,
this structure provides new tuning knobs for polaritons, i.e., ge-
ometric parameters, and avoids potential gaps or steps between
the two metasurfaces and could be fabricated within a mono-
lithic hBN slab using lithography followed by an etching pro-
cess [49, 50].
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FIGURE 2. TFC analysis based on HL-1DGPs. (a) Real part of the IFCs calculated by modelling the slanted hBN metasurfaces as a 2D conductive
sheet, with the cyan area representing the IDGP region. Inset shows a schematic (top view) of the slanted hBN metasurfaces, with the thickness (d),
width (w), gap (g), and period (p) of 20, 60, 40, and 100 nm, respectively. The oblique angle (¢) is 34°. The imaginary part of the wavevectors

(}k;’ / ko‘ is color-coded. The central circle corresponds to the IFC of free-space light with the wavevector of ko. (b) Corresponding imaginary

IFCs. (c) Real IFC for the same structure as in (a), but including the intrinsic material loss, showing two HL-1DGP subregions (red areas) within the
IDGP region. (d) Calculated IFC with its transverse axis parallel to the y axis, i.e., ¢ = 90°. Two models are used for the analytical calculation: a
2D conductive sheet (blue-yellow curves) and a three-layer waveguide (pink curves). IFC analyses based on the matching condition are conducted
at high-k region (black dotted line) and HL-1DGP region (black dashed line). (e¢) Simulated electric field distribution, represented by Re(E.). A
z-polarized dipole (gray dot) is placed 1.5 um to the left of the interface (gray line). Inset shows the Fourier transform (FT) spectrum, quantitatively
matching the calculated incident (yellow) and outgoing (green) IFCs. (f) Corresponding simulation result for the magnitude of the electric field. (g),

(h) Same as (e), (f) except that the point dipole is placed at the interface.

We first investigate the scenario depicted in Fig. 1(c), where
one of the asymptotes of the incident IFC is parallel to the =
axis. To quantitatively calculate IFCs, we model hBN meta-
surfaces as two-dimensional (2D) conductive sheets with sur-
face conductivity tensor @ = —idegEey [51, 52], where d is the
slab thickness, ¢ the vacuum dielectric permittivity, and g
the effective permittivity tensor calculated from the effective
medium approximation [48—50]. To exclude the impact of in-
trinsic material loss, we omit the real part of . IFCs are ob-
tained by solving the complex-valued k, = k; + zk: for the
given purely real k, values. The detailed calculation process
is provided in Supporting Information. The real and imaginary
IFCs for the slanted ribbon arrays at w = 1430 cm ™" are dis-
played in Figs. 2(a), (b), where wavevectors are normalized to
ko = 27/ Mo, with \g being the incident free-space wavelength.
The oblique angle (¢) relative to the y direction is set equal
to the open angle (6) of the hyperbolic IFCs to the = direc-

tion, following ¢ = 6 = arctan/ —egf/ef‘,ff =34°. A region
(cyan area) in Figs. 2(a), (b) is 1dentified where both /{i; and
k;' are nonzero, which is caused solely by geometric symmetry
breaking, as intrinsic material loss is neglected. Polaritons un-
der this condition exhibit properties of ghost waves, combining
characteristics of both propagating and evanescent waves [53—
56]. Unlike previous ghost polaritons that propagate and decay

within bulk crystals, the polaritons in our configuration are con-
fined along the quasi-one-dimensional interface, which should
be referred to as 1DGPs, a polariton realization of ghost line
waves at the interface between planar junctions of metasur-
faces [57, 58].

However, the presence of 1DGPs alone does not fully satisfy
the interfacial matching condition, as there exists a scenario in
which the boundary of the IDGP region remains parallel to the
interface normal. Notably, in deriving the IFCs in Fig. 2(a), we
neglected the intrinsic material losses. When the real part of &
is included, as is necessary for realistic polaritonic materials,
k; increases substantially near the 1DGP region boundary, as
shown in Fig. 2(b). This increase in k; reduces k;,, bending
the IFCs towards the center. A subregion enclosed by two IFC
branches emerges, highlighted by the red region in Fig. 2(c),
which we designate as the HL-1DGP region.

For comparison, the real IFCs derived from the well-
established waveguide-like dispersion relation of polaritons
(Supporting Information) are shown as pink dashed curves
in Figs. 2(c), (d). When the transverse axis of the hyperbolic
IFC aligns with the y axis (Fig. 2(d), ¢ = 90°), the calculated
IFC from this method aligns well with the 2D approximation.
In contrast, a marked deviation is observed under symmetry
breaking, as seen in Fig. 2(c), underscoring the critical role
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of HL-1DGPs in understanding the interfacial behavior of
hyperbolic polaritons with slanted optical axes.

Utilizing HL-1DGPs allows us to resolve the above paradox
in Figs. 1(c), (d). We propose a planar junction of metasurfaces
(insets of Figs. 2(c), (d) and investigate the electric field distri-
bution across the planar junction. To reproduce the refraction
process, we position a z-polarized dipole on the left side of the
interface at 1.5 um. The real part of the electric field in the z
direction, Re(FE.), is shown in Fig. 2(e), and its Fourier trans-
form (FT) is consistent with the IFCs presented in Figs. 2(c),
(d). The directions of the incident (S1n) and refracted Poynt-
ing vectors (Sap), extracted from the magnitude of the electric
field in Fig. 2(f), agree with the IFC analysis based on high-
k modes outside the 1DGP region (black dotted line). Addi-
tionally, using IFC analysis within the HL-1DGP region (black
dashed line), we identify the energy flows of 1DGPs in Fig. 2(f),
denoted by Sig, Sz¢, and S3, for the incident, refracted, and re-
flected waves, respectively. However, these signals are weak
and barely observable due to stronger high-£ signals.

To more effectively excite 1DGPs, we place the dipole di-
rectly at the interface. As expected, polariton modes con-
fined near the interface are observed from the simulation re-
sults in Figs. 2(g), (h). Another key observation is the asym-
metry in field intensity over the slanted metasurfaces, reflected
in an asymmetric FT signal: the field is stronger on one side
of the slanted hyperbola, in agreement with the calculated
IFCs in Fig. 2(c) but contrasting with the symmetric FT sig-
nal in Fig. 2(e). This mirror symmetry breaking is akin to
the phenomenon in shear hyperbolic polaritons supported by
monoclinic crystals, such as 5-Ga,;03 [59] and CdWO, [60],
which result from non-orthogonal phonon modes and asym-
metric losses in low-symmetry crystals. Consequently, we can
conclude that in the case of Fig. 1(c) the reflected polaritons
are not forbidden; instead, they transform into HL-1DGPs with
their energy dissipating near the interface (y axis). This effect
becomes pronounced when the dipole is close to the interface,
accompanied by asymmetric field distributions.

We next consider the case in Fig. 1(d). To do so, the hBN rib-
bon arrays on the right side of the interface are mirrored con-
figurations of those on the left. The corresponding mirrored
IFCs are displayed in Figs. 3(a), (b), where the interface normal
intersects both the incident and outgoing IFCs within the HL-
1DGP subregions. Under these conditions, both reflected and
refracted waves convert into HL-1DGPs that decay near the in-
terface. The simulation results in Figs. 3(c), (d) indicate that the
transmitted signal is almost undetectable, both in the field dis-
tributions and in the FT spectrum (inset). When the point dipole
is positioned at the interface, HL-1DGPs appear on both sides,
with an asymmetric field intensity within the slanted hyperbola
in Figs. 3(e), (f). Such mirror symmetry breaking is similar to
that observed in Fig. 2(g), supporting our previous IFC analysis.
Although the electric field of HL-1DGPs remains tightly bound
to the interface, the canalization effect seen in Figs. 3(e), (f)
cannot be attributed solely to HL-1DGPs, as the field intensity
here is significantly stronger than in Figs. 2(g), (h). In fact, this
strongly canalized field near the interface arises from a com-
bination of HL-1DGPs and canalized polariton modes induced
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FIGURE 3. Channeling polaritons along the interface using HL-1DGPs.
(a), (b) Mirrored IFCs for the incident (a) and outgoing (b) metasur-
faces. Inset depicts schematics of the metasurfaces with mirrored con-
figurations relative to the interface (y axis). (c), (d) Simulated field
distributions excited by a dipole (gray dot) positioned 1.5 um to the left
of the interface. Inset shows the Fourier transform (FT) signal, which
aligns with the calculated incident (yellow) and outgoing (green) IFCs.
(e), (f) Same as (c), (d), but with the point dipole placed at the interface.

by the nearly flat IFCs in slanted metasurfaces [50, 61, 62]. The
asymmetric field intensity within the two hyperbolic sectors,
however, serves as a distinct signature for identifying the for-
mation of HL-1DGPs on both sides in this configuration.
Since polaritons allow energy transport in subwavelength
scales, their super-focusing capability is of great interest. Neg-
ative refraction of polaritons has been employed to construct
planar lenses capable of focusing polaritons with resolutions
far beyond the diffraction limit [27,29,36]. Building on this
mechanism, we design a planar lens composed of two laterally
arranged hBN metasurfaces with orthogonal patterns, which
is sketched in Fig. 4(a). As expected, the simulated elec-
tric field in Fig. 4(b) reveals a focal spot with a linewidth of
0.48 um ~ \¢/14.6. However, this configuration results in sig-
nificant backscattering, a phenomenon also observed in previ-
ous polaritonic lenses based on negative refraction with similar
configurations [28]. To mitigate backscattering, we reconstruct
the incident part of the structure using two mirrored metasur-
faces with ¢ = 6 (Fig. 4(c)). This setup converts reflected
waves into HL-1DGPs that dissipate along a direction near the
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FIGURE 4. Planar polaritonic elements with suppressed backscattering. (a) Schematic of a polaritonic lens based on reflection-accompanied negative
refraction, consisting of laterally arranged metasurfaces with orthogonal optical axes. (b) Simulated field distribution (left) and line scan signal
(right) along the green dashed line, with the latter fitted using a Lorentzian equation (gray curve). (c), (d) Schematic (c) and field distribution (d)
of a reflection-resistant polaritonic lens. (e), (f) Same as (c), (d) but for a reflection-resistant polaritonic absorber, where the transmitted signal is

nearly undetectable.

interface, while the negatively refracted polaritons remain un-
affected, producing a reflection-resistant polaritonic lens with a
linewidth of 0.42 um ~ A\¢/16.7 (Fig. 4(d)). This performance
is comparable to the lens with reflection in Fig. 4(b). The sig-
nificantly enhanced field intensity at the focal spot in Fig. 4(d)
is primarily caused by the shorter focal length (1 pm) rather
than the increased transmission [22], as verified by the simula-
tion results on another reflection-resistant polaritonic lens with
a similar focal length (3.35 um) to that of the lens in Fig. 4(a)
(Supporting Information). Although transmission does not ap-
pear improved, backscattering is indeed mitigated in this con-
figuration.

In addition to focusing polaritons, we further redirect the re-
fracted polariton flux along the interface by rotating the out-
going metasurfaces clockwise by 6, as shown in Fig. 4(e),
where the left and right metasurfaces are symmetric with re-
spect to the interface. In this configuration, both reflected and
refracted signals are almost invisible (Fig. 4(f)). The field in-
tensity in Fig. 4(f) is approximately 0.004 times that of the lens
in Fig. 4(d) at the same position (focal spot), suggesting that
this setup has the potential to function as a quasi-1D absorber
for hyperbolic polaritons. Using the same configuration, the
polariton canalization can be achieved if the dipole source is
placed at the center of the interface, as verified in simulation
results in Supporting Information.

Notably, although HL-1DGPs have been employed to solve
the paradox in Figs. 1(c), (d), they are not restricted to the spe-
cific situation where the asymptotes of the hyperbolic IFCs are
critically parallel to the interface normal, i.e., ¢ = 6. Specifi-
cally, at w = 1430cm~?!, 1DGPs and HL-1DGPs exist over a
broad range of 0° < ¢ < 44°, where the existence of 1DGPs
is denoted by the finite values of |k, /., | (Supporting Informa-
tion) [58]. When ¢ > 44°, 1DGPs vanish and transition into
evanescent modes as k’ approaches zero. In this case, reflec-
tion is physically possible but hardly observable in our simu-
lations. This phenomenon arises from their large wavevectors
and narrow coverage [31], following a mechanism fundamen-
tally different from the exotic interfacial behavior based on HL-
1DGPs. Comprehensive IFC analyses and simulation results
for 0° < ¢ < 90° are provided in Supporting Information.

3. CONCLUSION

In summary, motivated by the phenomenon of negative refrac-
tion in hyperbolic polaritons, we identify a specific condition
under which one of the asymptotes of hyperbolic IFCs aligns
parallel to the interface normal. Our rigorous analysis reveals
that HL-1DGPs emerge at interfaces between hyperbolic po-
laritons with slanted optical axes. Rather than disappearing,
the reflected and refracted polariton flows are channeled along
the interface. Leveraging this mechanism, we propose the de-
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sign of polaritonic lenses and absorbers with reduced reflec-
tion. This strategy is also applicable to other artificial or nat-
ural hyperbolic polariton systems, such as graphene metasur-
faces [48, 63], a-MoO; van der Waals layers [51, 64], and -
Gay 03 bulk crystals [59], to name a few. Our findings of-
fer new insights into the interfacial behavior of hyperbolic po-
laritons under symmetry breaking and hold promise for the
design of planar polaritonic elements for subwavelength light
control. The configurations proposed here are instructive for
the development of polaritonic prisms, lenses, splitters, fil-
ters, absorbers, and other refractive elements in polaritonic cir-
cuits [65].
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