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Abstract

Negative refraction of nanolight (e.g., polaritons, hybrid light, and matter excitation) pro-
vides a promising building block for nanophotonics, as it paves the way for developing
cutting-edge nanoscale applications, such as super-resolution and subwavelength imag-
ing. In the visible regime, negative refraction of surface plasmon polaritons has been
extensively studied in conventional plasmonic and metamaterial systems; however, the
inherent metallic losses remain a challenge that hinders their practical applications. Herein,
we demonstrate negative refraction of low-loss and highly confined hyperbolic plasmon
polaritons (HPPs) in a lateral heterojunction of a natural hyperbolic van der Waals material,
molybdenum dioxide chloride (MoOCl,). Owing to the exotic and ray-like propagating
properties of HPPs, the negative refraction-inspired superlens can easily reach into the
deep subwavelength scale, with spatial confinement of 800 nm near-infrared light wave-
lengths to below 150 nm focal spots. By elaborately adjusting the orientation directions of
two-sided MoOCl,, the mirror-symmetric superlensing effect can be tilted, and therefore,
the focal spots are tuned and steered to deviate from the vertical interfacial lines. Our
results applying the concepts of in-plane negative refraction with vdW materials achieve
deep subwavelength light confinement and manipulation, offering new possibilities for
constructing efficient and compact nanophotonic and opto-electronic devices.
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1. Introduction

Negative refraction [1-6], an extraordinary optical phenomenon, occurs when refracted
light and incident light reside on the same side of the normal at the interface between two
media. In recent decades, negative refraction and superlensing have been predicted and
demonstrated in a variety of metamaterial [7,8] and photonic crystal [9,10] systems, across
the electromagnetic and optical spectrum. However, owing to the limits of lithography
and patterning, such artificial nanostructures are hard to fabricate, especially in the visible
frequency range. Recently, the realization of negative refraction of highly compressed
polaritons—particularly those excited by two-dimensional van der Waals (vdW) materials
such as graphene plasmon polaritons—marks a crucial step in nanophotonics. On the
one hand, the confinement factors (1g/Ap), (defined as the ratio of polariton wavelength
to free space photon propagation wavelength), of over 50 have been achieved for both
graphene plasmons [11,12] and h-BN or «-MoOj3 phonon polaritons [13,14], which means
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that infrared light (5-20 um) can be squeezed with wavelength down to a few hundred
nanometers. This ability to localize light is of great technological significance as it allows
super-resolution within deep-subwavelength scale devices. On the other hand, such
negative reflections rely on the extreme anisotropic properties of layered vdW materials,
which largely reduce the fabrication difficulties. In addition, the vdW materials allow them
to be stacked arbitrarily, and the atomically thin nature makes them amenable to being easily
tuned by electric fields and environmental dielectrics. These technological innovations
open new horizons for numerous applications in photonics and optoelectronics [15-21].

In 2018, Lin et al. first predicted the broadband and all-angle negative refraction of
vdW polaritons in a lateral heterojunction of graphene and h-BN in the infrared regime [3],
and later demonstrated negative refraction in hyperbolic metasurfaces constructed from
natural or nanostructured hyperbolic 2D materials. These hyperbolic metasurfaces were
created using anisotropic 2D materials (e.g., black phosphorus) or engineered nanostruc-
tured 2D materials (e.g., graphene nanoribbon arrays) and meta-gratings [22]. In such
systems, the iso-frequency contours of graphene plasmons supported by the left/right
metasurface regions satisfy wavevector conservation, allowing polaritons incident from
the left region at arbitrary angles to undergo negative refraction at the boundary. Despite
these advancements in polaritonic negative refraction research, the majority of studies
remain focused on the mid-infrared spectrum [2]. By contrast, investigations into visible-
light-spectrum polariton negative refraction are relatively scarce, partially limiting the
applicability of this field. In fact, two decades ago, in-plane negative refraction of surface
plasmon polaritons (SPPs) had already been predicted [23] and experimentally demon-
strated [24] in metal structures in the visible frequency range. However, the damping by
optical losses in plasmonic modes and the complexity of fabrication for the metamaterial
structures have saturated progress in those systems.

More recently, new types of vdW polaritons have been reported in thin films of
molybdenum dioxide chloride (MoOCl,) [25-31], a natural vdW crystal in the visible and
near-infrared frequencies. Compared with existing nanostructured metal-dielectric hybrid
materials [7,32,33] that respond in the visible light band, natural hyperbolic materials can
avoid the drawback of only being able to operate in the long-wavelength limit [7]. Recently,
CrSBr thin films have been reported to support hyperbolic polaritons, but only at extremely
low temperatures. In contrast, MoOCl, allows for the propagation of low-loss and highly
confined ray-like hyperbolic surface plasmon polaritons (HPPs). Therefore, MoOCl, pro-
vides an ideal material platform for visible range applications, such as hyperlensing and
super-resolution imaging, without the drawbacks of metamaterials. Within this context,
here we study and unveil the counterintuitive negative refraction phenomena in such natu-
ral vdWs material-based heterojunctions in the visible and near-infrared frequency. Our
results show that HPPs not only surpass the optical diffraction limit in the visible spectrum
but also enable nanoscale light information transmission and processing, thereby further
advancing the application of in-plane negative reflection in nanophotonics. Furthermore,
conventional negative refraction is often confined to focusing effects along the vertical
interfacial direction. In our study, we ingeniously rotated the crystal orientation of MoOCl,
in the right heterojunction region, achieving tunable focal point steering [34] of hyperbolic
polaritons across the 2D plane. This approach not only breaks traditional limitations but
also allows free adjustment of the focusing position over a wide range. This discovery
leverages the unique properties of polaritons in van der Waals (vdW) materials, opening
the door to a range of applications, such as nanoscale light guiding, enhanced quantum
emission, sub-diffraction imaging, optical cloaking, and the design of novel optical devices
that are smaller yet more powerful in function.
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In the future, the designed structures can be further fabricated and experimentally
tested by using electron-beam lithography (EBL) cutting and AFM nanomechanical pushing
techniques [35,36].

2. The Principle and Design of Heterojunctions

To elucidate the physical mechanism regarding negative refraction in such MoOCl,-
based heterojunctions, we begin by analyzing the dispersion of hyperbolic polaritons.
MoOCl,, as a layered van der Waals material, belongs to the oxychloride subclass, with
its crystal structure exhibiting monoclinic characteristics. The single-layer structure of this
crystal is centered around a central plane composed of Mo-O chains, with each side of
the plane sandwiched by a layer of chlorine (Cl) atoms. Due to the significantly stronger
lattice binding force of the Mo-O atoms in a specific crystal direction compared to other
directions, its microstructure manifests as one-dimensional isolated chain-like units. This
structural characteristic results in strong coupling along the direction in which the Mo-O
chains extend, while the interchain interactions significantly diminish in the orthogonal
direction perpendicular to the chains. This anisotropic structural feature directly shapes its
unique band structure, leading to a pronounced optical anisotropic response in the visible
light band. The anisotropy of MoOCI, serves as the primary driving force for its hyperbolic
nature. The high degree of anisotropy in MoOCl, is manifested by its metallic behavior
(ex < 0) and dielectric behavior (ey > 0) in two orthogonal in-plane directions, respectively,
while exhibiting dielectric behavior (ez > 0) in the out-of-plane direction. This unique set
of dielectric constants endows polaritons with hyperbolic wavefronts, namely, hyperbolic
polaritons, as schematically shown in Figure 1a. This deep subwavelength on-chip light
focusing originates from the wavelength-squeezing nature of hyperbolic polaritons, as
illustrated by the dispersion diagram shown in Figure 1b. Here, the dispersion was
calculated for a 10-nm-thick MoOCl, layer on a SiO; substrate, describing the frequency-
wavevector relationship of HPPs. In the coordinate system, the x and y axes correspond to
the crystalline directions [100] and [001] of MoOCl,, respectively. A three-layer transfer
matrix formalism is derived to trace the dispersions of HPPs [37,38]. The positive q-axis
indicates the wavevector (qx) along the [100] crystal direction of MoOCl,, and the negative
g-axis corresponds to the wavevector (qy) along the [001] crystal direction. It’s clear that, at
visible frequency, HPP modes are supported along the [100] crystal direction (Figure 1b),
whereas forbidden along the orthogonal [001] direction due to the in-plane hyperbolicity.
As the ratio of k/k0 increases, the FWHM decreases, and the wavelength squeezing factor
extends to 5. By interpreting this dispersion diagram, researchers can understand the ray-
like propagating mechanisms of HPPs in MoOCl,, which provide a theoretical foundation
for designing novel hyperbolic devices, for example, in-plane hyperbolic superlens as
we detailed following. Figure 1c illustrates the quality factor of MoOCl,, highlighting its
low-loss characteristics. As shown in the figure, within the wavelength range of 700 nm to
900 nm, the quality factor (Q factor) of MoOCl, is higher than 15 and can even exceed 30 at
900 nm, indicating extremely low losses.

Figure 1d illustrates the schematic of the assembled heterojunction. The heterojunction
is constructed by two MoOCl, layers with different oriented dielectric constants, initially
differing by 90 degrees in their principal axis orientations. The crystal directions are marked
by arrows in Figure 1d. We place a dipole 50 nm above the left MoOCl, region to excite
HPPs; the dipole is located 800 nm away from the heterojunction interface. Once the HPP
is triggered at the lift side, it propagates to the boundary, undergoes negative refraction,
and finally focuses on the right side.
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Figure 1. Mechanism of negative refraction in MoOCI,-based heterojunction. (a) Schematic of HPPs
excited in MoOCl,. (b) The calculated dispersion diagram for 10 nm-thick MoOCI, in the visible
frequency range. In this dispersion diagram, the positive half of the horizontal axis represents
gx, which denotes the component of the wavevector q along the x-direction; the negative half of
the horizontal axis represents qy, denoting the component of the wavevector q in the y-direction.
(c) Quality factor of MoOCl,. The wavelength range of the dipole light source varies from 500 nm
to 900 nm. (d) The schematic illustration of negative refraction in a MoOCl, heterojunction. The
heterojunction is formed by horizontally juxtaposing two MoOClI, layers with different crystal
orientations. A dipole light source excites the HPPs on the left side. These polaritons propagate along
the in-plane direction and undergo negative refraction at the interface, converging at a single point
on the left side. (e) A schematic diagram illustrating the principle of negative refraction. Owing to
the anisotropy of the dielectric constant, the dispersion of HPPs exhibits a hyperbolic shape. The
left/right regions depict the iso-frequency contours of the HPPs supported by the left/right MoOCl,
layer, respectively. The two side HPPs satisfy the wavevector matching condition, in which the
dipole source excited HPPs on the left region converge to a single point on the right region, thereby
achieving negative refraction.

The mechanism of negative refraction is explained in Figure le. The left and right
panels in Figure le present the iso-frequency contours of hyperbolic MoOCl, polaritons
supported by the left/right side MoOCI, layers, respectively. The left panel shows a
hyperbolic dispersion opening along the y-axis. The right panel displays the contour for
the right MoOCl; layer under identical thickness and wavelength conditions but with a
rotated dielectric tensor orientation. Here, the hyperbolic dispersion opens along the x-axis.
As a quintessential example, negative refraction—one of the most counterintuitive optical
phenomena that bends light in the opposite direction to conventional refraction—requires
opposite group velocities of two side HPPs. Through meticulous design (maintaining a
90-degree orientation difference between the two independent MoOCl, materials), we
achieved an opposite group velocity for the incident and transmitted polaritons in the
direction parallel to the interface. Since the direction of power flow is determined by the
group velocity, the power flow components of the incident and transmitted polaritons
exhibit opposite orientations in the direction parallel to the interface. In this configuration,
when the hyperbolic polariton excited on the left side reaches the interface, it satisfies the
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wavevector matching condition, causing the polariton on the right side to focus on a single
point, thereby realizing ray-like negative refraction.

By leveraging the wavevector matching conditions in our proposed MoOCI, het-
erojunction, we next demonstrate the realization of negative refraction and its angular
deflection through the tilted orientation of two MoOCl, layers. Finite-Difference Time-
Domain (FDTD) methods were employed for numerical simulations. In the FDTD model, all
boundary conditions are set as Perfectly Matched Layers (PMLs), specifically the stretched-
coordinate PML type. The heterojunction was constructed by joining two MoOCI, mate-
rials with different oriented dielectric constants. Each piece of molybdenum oxychloride
(MoOCl,) material has a length of 2400 nm in the x-direction and 4800 nm in the y-direction,
with an initial thickness of 20 nm. In FDTD simulations, the dielectric constants of the
two materials were initially oriented 90° apart. To ensure computational accuracy, a grid
step size of 0.25 nm was adopted. Field monitors were positioned at the top surface of the
MoOCl, material. The dipole source was fixed at a location 800 nm away from the interface
on the left side of the heterojunction.

3. The Results and Analysis of the Numerical Simulation

We examined two pairs of negative refraction cases with different thicknesses, as
shown in Figure 2c,d. Due to the satisfaction of the wavevector matching condition, the
left-side HPPs undergo negative refraction at the interface and converge at a focal point
on the right. For Figure 2c, both electric field distributions were simulated with a MoOCl,
thickness of 20 nm but under different dipole wavelengths. The upper electric field pattern
was excited by an 800 nm dipole source, yielding a focal length of 670 nm and a FWHM of
180 nm. The lower electric field pattern was excited by a 950 nm dipole source, resulting
in a longer focal length of 1270 nm and a broader FWHM of 311 nm. Comparing the two
field patterns in Figure 2¢, despite identical dipole positions, the lowercase with a longer
wavelength (950 nm) exhibits both a larger focal length and FWHM than the uppercase
(800 nm). In Figure 2d, both field patterns were simulated with a MoOCl, thickness of
30 nm. The upper panel, excited by an 800 nm dipole, shows a focal length of 630 nm and
a FWHM of 190 nm. The lower panel, excited by a 950 nm dipole, demonstrates a focal
length of 1001 nm and a FWHM of 217 nm. Similar to the results in Figure 2c, the lower case
in Figure 2d with a longer wavelength (950 nm) produces a larger focal length and FWHM
compared to the shorter wavelength case (800 nm). Therefore, three main parameters affect
the focusing of negative refraction, including the thickness of the MoOCl,, the exciting
dipole wavelength, and the corresponding rotation angle of the two isolated layers.

To obtain deep insight into this hyperbolic negative refraction, we separately discuss
the aforementioned three effects. We first established simulation conditions where only the
thickness of the MoOCl, layer was varied, while the dipole source wavelength was fixed at
800 nm, and the orientation of the dielectric permittivity tensor in the right MoOCl, layer
was rotated 90° from that in the left side MoOC], layer. Simulations were performed for
MoOCl, thicknesses of 5 nm, 10 nm, 30 nm, 35 nm, 50 nm, and 55 nm across the entire
heterostructure. The simulated results are presented in Figure 3a. As can be observed,
for the simulated thicknesses mentioned above, both the focal length and the FWHM
exhibit minor fluctuations within a small range, but the overall variations are relatively
insignificant. From the analysis conducted, it is evident that thickness has an impact on the
focusing of negative refraction as well as on the FWHM of the focused spot. However, this
influence is not particularly pronounced.
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Figure 2. Negative refraction in the assembled MoOC]I, heterojunction. (a,b) Schematics of hetero-
junctions with different thicknesses. (c,d) Numerical simulations of negative refraction. Simulation
details for (c): MoOCl, thickness = 20 nm; dipole wavelengths of 800 nm (top panel) and 950 nm
(bottom panel). Simulation details for (d): MoOC], thickness = 30 nm; dipole wavelengths of 800 nm
(top panel) and 950 nm (bottom panel). The line plots on the right of (c,d) show the electric field
(E-field) distribution along the line perpendicular to the x-axis at the focal spot. The full width at half
maximum (FWHM) can be extracted from these plots. (e,f) Numerical simulation results of negative
refraction in the x-z view obtained from FDTD simulations. The thickness of MoOCl, is 20 nm, and
the wavelengths of the dipole light sources are 800 nm (e) and 950 nm (f), respectively.

Next, we exclusively varied the wavelength of the incident dipole while fixing the
MoOCl, thickness at 20 nm and maintaining a 90° orientation difference in the dielectric
permittivity constants between the left and right MoOCl, regions. Simulations were
performed for dipole wavelengths ranging from 550 nm to 1000 nm, with the resulting
focal length and FWHM trends shown in Figure 3b. As clearly illustrated, the focal length
(blue line) increases monotonically with the dipole wavelength. Among the simulated data,
the shortest focal length of 40 nm is achieved at a dipole wavelength of 550 nm, while the
longest focal length of 1530 nm occurs at 1000 nm. This demonstrates a larger focal length
with increasing dipole wavelength. For the FWHM (red line), the initial value at 550 nm is
212 nm. As the dipole wavelength increases, FWHM first decreases, reaching a minimum
of 135 nm at 650 nm. Beyond this point, further increases in dipole wavelength led to a
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gradual rise in FWHM, culminating in a maximum value of 332 nm at 1000 nm. Therefore,
the exciting wavelength plays a main role in both the focal length and FWHM of the in-
plane superlens. More importantly, owing to the large wavevector and ray-like propagating
properties of HPPs, the negative refraction-inspired superlens can reach into the deep
subwavelength scale, with spatial confinement of 800 nm near-infrared wavelengths to
below 150 nm focal spots.

o
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Figure 3. MoOClI, thickness and incident dipole wavelength-dependent negative refraction. (a) Varia-
tion of focal length (f, vertical distance from focus to interface) and FWHM as a function of MoOCl,
thickness. The dipole wavelength is fixed at 800 nm, and the source-interface distance is set to 800 nm.
(b) Variation of f and FWHM as a function of dipole wavelength for fixed MoOC], layers with a
thickness of 20 nm.

Finally, we varied only the orientation direction of the right MoOCl, layer, the
schematic of which is shown in Figure 4a, in which the MoOCl,’s permittivity is rotated by
a specific orientation angle  relative to the x-direction. The thickness of both side MoOCl,
layers is set as 20 nm, and the incident dipole source wavelength is 800 nm. Due to the
permittivity rotation, when HPPs are excited by the dipole and propagate to the interface,
the negative refraction focus shifts off-center, which leads to tilted negative refraction.
Simulation results for rotation angles (8) ranging from 0° to 90° are shown in Figure 4b.
The blue curve describes the deflection angle variation. As 8 increases from 5° to 75°, the
deflection angle continuously increases but at a decreasing rate. When p exceeds 75° and
approaches 90°, the phase-matching condition cannot be achieved, therefore forbidding
the occurrence of negative refraction. The red curve shows the variation of focal length as a
function of the rotation angle. The focal length grows steadily as p increases from 5° to 75°.
Figure 4c-h display the simulated electric field distributions at 8 = 0°, 30°, 45°, 60°, 75° and
90°, respectively. It is evident that both the deflection angle (i.e., the angle between the red
arrow and the x-axis) and the focal length (i.e., the length of the red arrow) progressively
increase with B from 0° to 60°. When 8 ranges from 75° to 90°, the negative refraction
phenomenon cannot occur.
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Figure 4. Rotation angle-dependent negative refraction. (a) Schematic of rotation angle-dependent
negative refraction. The heterostructure is still composed of two MoOCI, layers. The dielectric
permittivity constant of the left-side MoOCI, layer is fixed with [100] crystal direction along the
y-direction, while the right-side MoOCI, layer’s permittivity is rotated by a specific orientation angle
B relative to the x-direction. (b) Line plots of deflection angle and focal length vs. rotation angle. The
dipole source wavelength was fixed at 800 nm, and the MoOCl, thickness was 20 nm. (c-h) Numerical
simulation results of tunable negative refraction. Electric field distributions for rotation angles of
0°,30°,45°,60°, 75°, and 90°. The horizontal dashed line indicates the mirror-symmetric line of the
incident dipole source, with red arrows indicating the tilted negative refraction focus. The deflection
angle is defined as the angle between the arrow and the horizontal dashed line, while the focal length
corresponds to the arrow’s length.

4. Conclusions

In summary, our research has achieved low-loss, ray-like deep subwavelength negative
refraction highly confined HPPs within the visible and near-infrared light spectrum. By
adjusting the incident dipole wavelength, as well as the orientation angle between two-
sided hyperbolic MoOCl, layers, we have realized tunable focal length and deflection
of negative refraction. Moreover, the aforementioned focusing phenomena inherited the
exceptional light-squeezing capability of HPPs, enabling the confinement of 800-nanometer
near-infrared light wavelengths into focal spots smaller than 150 nanometers with low loss.
Our findings open up new avenues for constructing more compact nanophotonic devices,
facilitating sub-diffraction imaging, stealth technology, and nanoscale optical information
transmission and processing.
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