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Polaritons arewell-established carriersof light, electrical signals, and even heat
at the nanoscale in the setting of on-chip devices. However, the goal of
achieving practical polaritonic manipulation over small distances deeply
below the light diffraction limit remains elusive. Here, we implement nanos-
cale polaritonic in-plane steering and cloaking in a low-loss atomically layered
van der Waals (vdW) insulator, α-MoO3, comprising building blocks of custo-
mizable stacked and assembled structures. Each block contributes specific
characteristics that allow us to steer polaritons along the desired trajectories.
Our results introduce a natural materials-based approach for the compre-
hensive manipulation of nanoscale optical fields, advancing research in the
vdW polaritonics domain and on-chip nanophotonic circuits.

The pursuit of light propagation at extreme subwavelength scales has
been a prominent subject within nanophotonics. Achieving control
over this phenomenon is pivotal for the realizationof photonic circuits
and on-chip devices1,2. I n t his context, metamaterials offer a con-
structive paradigm formanipulating light through the arrangement of
numerous subwavelength unit cells3–6. I n addition t o artificial struc-
tures, polaritons i n natural materials, which are hybrid l ight-matter
modes, offer a powerful f ramework f or l ight control with field con-
finement f ar below t he diffraction l imit7–14. Thus, polaritons have
emerged as effective carriers of light, electrical signals, and even heat
at the nanoscale within on-chip circuits15.

The behavior of polaritons depends on intrinsic material proper-
ties. Hyperbolic materials possess permittivity components having
opposite signs along different crystal directions, which l eads to the
creation of hyperbolic dispersion contours f or polaritons. I n recent
years, hyperbolic polaritons i n vdW materials have attracted much
attention due t o t heir high spatial confinement, l ong l ifetimes, and
extreme a nisotropy16–22. Multiple v ersions of hyperbolic polariton
modes23–25 and anomalous propagation characteristics26–37 have been
demonstrated a s well. T hese r apid a dvancements i n p olaritonic
research of appealing materials have opened up exciting possibilities

for achieving practical polaritonic steering at the nanoscale. Such a
function requires the i ntegration of complex transmission character-
istics across different interfaces, which has remained elusive thus far.

In this study,we introduce a strategy that enables the steering and
cloaking of hyperbolic polaritons, which is leveraged by vdW crystals
ofα-MoO3 as the fundamental building blocks of customizable stacked
and assembled structureswith great versatility. Each block contributes
layer-specific characteristics that effectively mold t he flow of polar-
itons along desired t rajectories. Based on a high polaritonic t rans-
mission across various structures and interfaces, which benefits from
the robust hybridization and strong modal-profile alignment of pho-
non polaritons, we demonstrate in-plane polaritonic cloaking devices
deeply below the light diffraction limit. Our study provides a promis-
ing platform for realizing practical polaritonic circuits.

Results
Directional control of transmission by twist angles
In our experiments, hyperbolic polaritons in the bottom α-MoO3 film
are launched by a resonant gold antenna38, as depicted i n Fig. 1a and
detailed i n Methods and Supplementary Note 1. α-MoO3 i s a highly
anisotropic vdW material t hat supports hyperbolic polaritons along
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the [ 100] c rystal d irection w ithin t he R eststrahlen b and I I
(816 cm−1–972 cm−1)1 9,39,  which we capitalize in this work. These polar-
itons refract at the i nterface of the twisted double films, propagate
inside the twisted region, and refract again into the original film. Fig-
ure 1a sketches real-space i nfrared nanoimaging of polariton propa-
gation a nd t ransmission i n t his g eometry u sing s cattering-type
scanning n ear-field o ptical microscopy ( s-SNOM) ( Supplementary
Figs. 1 and 2). The measured i mages i n Fig. 1b–f i llustrate polariton
refraction at different twist angles. The regions above the gray hor-
izontal line represent the bottom singleα-MoO3 film, where polaritons
propagate with regular hyperbolic wavefront. However, a topological
transition o ccurs due t o t he r obust h ybridization of h yperbolic
polaritons in the twisteddouble films26,27,40,41 (see the theoreticalmodel
in Supplementary Fig. 3 and Supplementary Note 2 along with t he
corresponding isofrequency contours (IFCs) in Supplementary Fig. 4).
We have f urther marked t he r efraction process of various t ypical

incident directions. By conserving the polariton wave vector along the
direction of the refracting interface, we can obtain the corresponding
refraction direction f or each i ncident wave vector ( Supplementary
Fig. 4). Upon transmission of hyperbolic polaritons across the i nter-
face, our analysis reveals a transition from normal to negative refrac-
tion by rotating the top α-MoO3 film.

The i n-plane symmetry of the polariton I FC i s broken when the
interface is not alignedwith the natural crystal axes ofα-MoO3, leading
to a change in the direction of polariton refraction, as shown in Fig. 1c-
e. As the twist angle θ increases, the direction of polariton propagation
gradually deviates f rom t he original direction a fter c rossing t he
interface. Thedeflectionangleφ is dependent on the orientation of the
polaritonic IFCs in the twisted region (Supplementary Fig. 5). Besides,
the dielectric function in twisted α-MoO3 can be expressed as a linear
superposition of the dielectric functions of the layers42, which results
in t he presence of off-diagonal t erms. Therefore, t he distorted and
asymmetrical hyperbolic modes i n t he t wisted region can be i nter-
preted as a shear mode t hat has recently been observed i n natural
crystals w ith l ow s ymmetry s uch a s monoclinic β -Ga2O3 a nd
CdWO4

24,25.  

To quantify losses during propagation and refraction, we extract
the quality f actor Q associated with t he overall propagation path
including transmittance at the interfaces, and defined in terms of the
polariton i ntensities i n different t raversed s patial r egions ( Supple-
mentary Fig. 6 and Supplementary Note 3). Thanks t o t he i nherent
robustness of the topological transition and the appropriate match of
modal profiles, the transmittance remains over 85% to 95% at various
twist angles, as demonstrated in Fig. 1g and SupplementaryNote 4 and
Figs. 7 and 8. The trend of the change in the experimentally measured
transmittance with the twisting angle does not match well with simu-
lations. We a ttribute t his disagreement t o t he f act t hat negative
refraction produces focusing and enhances the transmittance37.

Compared t o conventional bulk material, t he l ayered structure
formed by vdW i nteractions minimizes the i ntroduction of structural
roughness during fabrication, leading to a reduced level of scattering
losses at t he i nterfaces. Besides, gold flakes serve as a flat l ow-loss
substrate i n our experiments because a new i mage mode i s formed,
which stems from the coupling between collective charge oscillations
and hybridization of polaritons with their mirror i mage i n the metal.
Notably, t he i mage phonon polaritons provide both s tronger field
confinement and a longer lifetime compared to phonon polaritons on
a dielectric substrate43–47. Therefore, having such low interface losses,
combined with t he near-field amplitude enhancement produced by
the mirror image in the gold substrate, the ad hoc overall quality fac-
tors remain around 30 for different twist angles (Fig. 1h). The experi-
mentally o bserved p ropagation d irection a nd f ringe wavelength
(Fig. 1b-f) are i n agreement with numerical simulations (Supplemen-
tary Fig. 9).

Steering polaritons with differently oriented microribbons
The long propagation and low refraction losses of mixed polaritons in
twisted α-MoO3 r ender t hese s tructures a powerful platform f or
demonstrating advanced optical f unctionalities. We accomplish t his
potential by assembling highly anisotropic α-MoO3 ribbons with var-
ious cut orientations, for which we choose the ribbon width close to
the polariton wavelength. As depicted i n Fig. 2a and Supplementary
Figs. 1 0 and 1 1, nanofabrication with t ypical exposure and etching
conditions enables cutting α-MoO3 microribbons with t he r equired
widths and smooth edge quality.

When the hyperbolic polariton i s l aunched i n the underlying α-
MoO3 film (Fig. 2b, c, h, i), it undergoes refraction twice as it traverses
the r egion decorated with each microribbon ( Fig. 2d, e, j , k). This
results i n a horizontal deflection of t he propagation direction ( we
accompany the near-field i mages with red-dashed arrows i ndicating
Poynting vector propagation directions), performing a zigzag-shaped

Fig. 1 | Refractive transmission of hyperbolic polaritons. a Schematic of the
device structure and experimental setup consisting of two twisted α-MoO3 films, a
launching gold antenna on the bottom one, and a probing near-field tip hovering
the structures. Einc and Esca represent the incident and scattering electromagnetic
waves, respectively. θ indicates the twist angle between the in-plane crystal-
lographic orientation of the two films; β represents the angle of the cut edge
relative to the crystal axis [001] of the top α-MoO3 film; and φ indicates the
deflection angle of refracted polaritons (at the edge delimiting the boundary
between the single film and the double film) relative to the incident ones. The cut
edge (i.e., the interface) of the top film is kept perpendicular to the antenna long
axis in our experiments, such that polaritons impinge at normal incidence. The
thickness of the α-MoO3 films at the bottom and top is denoted as t0 and t1,
respectively. d0 and d1 represent the propagation distance of polaritons in the
bottom and twisted α-MoO3 region, respectively. b–f Experimental near-field
images (amplitude signal S3) recorded at different twisted angles θ =0°, 22.5°, 45°,
67.5°, and 90°. The thicknesses of the bottomand topα-MoO3 films are t0 = 550 nm
and t1 = 150nm, respectively. The illumination frequency is fixed at 893 cm−1. The
gold antenna is positioned d0≈ 5 μm away from the interface (represented by
horizontal gray lines). Red-dashed arrows indicate the propagation direction of
polaritons. The scale bar indicates 3 μm. Note that experimental near-field images
are normalized in this work, as well as the simulated images. g Experimentally
measured (red dots) and numerically simulated (black curve) polariton transmit-
tance across the interface for various twist angles θ. Error bars indicate 95% con-
fidence intervals. h Ad hoc overall quality factor of the mixed (hyperbolic and
hybrid) polaritons in the stacking structures as a function of twist angle.
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waveguided steering similar to those found in photonic crystals48. The
analysis of IFCs allows for a precise determination of the propagation
direction of polariton energy flow. Note t hat the complexity of the
material anisotropies renders Poynting vectors with a broad range of
components, but we only mark the primary direction.

Although the polaritons cross the i nterface twice, optical l osses
are surprisingly low, as evidenced by the fact that the fringe intensities
in Fig. 2h and j remain essentially constant. Therefore, we can more
aggressively i nstall a s econd t ransverse r ibbon i n t he propagation
direction of the polariton. When the two adjacent ribbons have i den-
tical cutting-edge angles, t he direction of propagation shifts i n t he
same direction twice (Supplementary Fig. 12). Instead, when the edge
angles are mirror-symmetric, the second refraction causes the propa-
gation direction to return to the initial incidence direction (Fig. 2f, g, l,
m). Supplementary Fig. 13 compares the experimental and simulated
refractions and i llustrates the polariton coupling process i n different
structures through the cross-sectional electric field. High wave vector
modes may be l ost at the i nterface because the asymmetry of I FCs
makes it challenging to satisfy all wave vectormatches of the two sides
in the fabricated structures.

Refraction-based polariton cloaking
To realize a more sophisticated optical functionality, we fabricated an
in-plane cloaking device. Previously, this has been accomplished by
employing special designs of materials or structures t o r efractively
obscure an object49,50 or diminish its scattering strength toward l ight

signals f or cloaking carpets of multiple colors and broad bands51,52.
Here, we build a polariton cloaking device made up of f our micro-
ribbons t hat are symmetrically arranged with t wo different orienta-
tions ( Fig. 3a, b). This i s enabled by an AFM-probe-based t ransfer
method that allows us to accurately move the α-MoO3 microribbons
(Supplementary Fig. 10).

The hyperbolic waves are split and deflected by t hese ribbons,
with each of the two split beams undergoing two deflections such that
a central r egion i n t he structure i s hidden f rom t he polaritons, as
shown i n the experimental near-field i mage i n Fig. 3c. Increasing the
cut-edge angle, width, and thickness of the ribbons should extend the
cloaking r egion i n t he y direction. We have conducted a t horough
comparison of polariton transmission and phase accumulation in this
device before and after introducing a defect (a graphite disk) to assess
the effectiveness of the cloaking effect (Supplementary Fig. 14). The
extracted near-field amplitude profiles demonstrate t hat t he defect
has little impact on the intensity and wavelength of the polariton wave
(Fig. 3d,e). The electromagnetic simulations provide further evidence
of the complex field distribution and involved propagation path in the
cloaking d evice ( Fig. 3 f), i n g ood a greement with e xperimental
observations (Fig. 3c). In contrast, the presence of a defect along the
propagation path of t he polaritons without a c loaking s tructure
induces a s ubstantial r eduction i n t he i ntensity ( Supplementary
Fig. 1 5). This e ffect i s primarily a ttributed t o t he s cattering a nd
reflection of propagating polaritons at the defect edge as well as the
modified dielectric environment within the defect region.

We note that most of the optical cloaking works in the literature
have s o f ar been r ealized t hrough t ransformation optics53,54. This
approach has revolutionized the field of cloaking with a great deal of
freedom, flexibility, and high precision in designing and implementing
cloaking devices. We employ anisotropic refraction to steer polariton
propagation and enable cloaking, which arises f rom a t opological
transition i n the i so-frequency contours due to the hybridization of
different hyperbolic modes. Therefore, our s tudy may provide a 
foundation for future designs as well as validation of transformative
polaritons involving the use of pseudo-continuous media or metama-
terials to confine these excitations.

Discussion
We demonstrate the i n-plane steering and cloaking of strongly con-
fined hyperbolic polaritons using carefully designed double-layer vdW
heterostructures t hrough i n-plane stacking and splicing of α-MoO3

with various orientations. This approach allows us to steer polaritons
along any desired t rajectories, l eading t o t he demonstration of i n-
plane cloaking devices at deep subwavelength scales. Customizable
stacked and spliced structures of natural vdW materials provide high
quality factors and low interface losses. From a scientific perspective,
our findings open up a wealth of possibilities for advances i n trans-
formation polaritonics and represent a solid step in the quest towards
achieving the ultimate opticalmanipulation goal through ameticulous
organization of a tomically t hin i nterfaces55,56. Technologically, our
work has s ubstantial potential f or t he development of nanoscale
optical circuits and devices.

Methods
Device nanofabrication
High-qualityα-MoO3 andgraphite bulk crystalswere synthesized using
the chemical vapor deposition (CVD) method and mechanically exfo-
liated onto SiO2 ( 300nm)/Si ( 500 μm) substrates ( Shanghai Onway
Technology Co., Ltd). Optical microscopy was used to select suitable
α-MoO3 films, whose thicknesses were subsequently determined using
atomic force microscopy (AFM).

A 1 00 kV e lectron-beam l ithography ( EBL) s etup ( Vistec
5000+ ES, Germany) was used to define patterns with different cut
angles of α-MoO3 on ~1 μm thickness of PMMA950K lithography resist

Fig. 2 | In-plane steering of polaritons with misaligned crystallographic
orientations. a Illustration of tailored α-MoO3 microribbons with different cut
angles β relative to the crystallographic orientation of a common source film.
b–gOptical images (b, d, f) and atomic force microscopy (AFM) images (c, e, g) of
different polaritonic devices composed of a bottom α-MoO3 film and tailored α-
MoO3microribbons. Twoα-MoO3microribbonswith β = 45° (labeled 1) and β = 135°
(labeled 2) are used in (b–g). h, j, l Near-field amplitude images corresponding to
the devices in (b,d, f), respectively. The polariton propagation path is controlled by
the top tailored α-MoO3microribbons: one deflection at the microribbon labeled 1
in (j), leading to a lateral shift of polaritons; and two deflections with opposite
angles in (l), leading to a final undeflected transmitted beam. Red-dashed arrows
indicate the polariton propagation direction dictated by the Poynting vector S, as
obtained from the IFCs analysis presented in (i, k, m). The thicknesses of the
bottom film and top ribbons are t0 = 184nm and t1 = 154 nm in (h, j, l). Scale bars in
(b, d, f, h, j, l) indicate 3 μm. i, k,m Calculated isofrequency contours of polaritons
(blue curves) corresponding to each region in the devices. Horizontal black lines
(labeled ①-④) indicate interfaces between different regions. Red arrows represent
Poynting vectors S, directed along the energy flow and normal to the IFCs. Scale
bars indicate 20 k0, where k0 indicates the incident wavevector.
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(RDMICRO I nc.). The patterns were etched with SF6 and Ar using
reactive i on e tching ( RIE). The s amples were f urther t reated by
immersion i n hot acetone at 80 °C f or 20min and I PA f or 3min t o
remove a ny r esidual organic materials, f ollowed by nitrogen gas
drying.

To construct the gradually rotatableα-MoO3 structure in themain
text, we used a deterministic dry t ransfer process with a PDMS/PC
stamp. First, t he mechanically exfoliated α-MoO3 flakes were t rans-
ferred onto gold (60 nm)/Si (500 μm) substrates. Then, the α-MoO3

patternswere transferred onto theα-MoO3 flakes step by step (i.e., one
at a time). Specifically, we used a plateau AFM tip to push or rotate the
structures to specific positions.

Gold a ntenna a rrays were p atterned o n t he d evices u sing
approximately 350nmof PMMA950K lithography resist.Wedeposited
50 nmof Au using electron-beam evaporation in a vacuum chamber at
a pressure of <5×10-6Torr, followed by l iftoff to remove any residual
organic materials and the Au film.

In the cloaking device, we also used a graphite disk with 50 nm
thickness and 1 μm diameter as a defect for the following reasons:
firstly, t his s tructure i s e asy t o process a nd a llows f or precise
manipulation; secondly, it introduces significant interference in the
transmission of polaritons; and thirdly, i t avoids excessive excita-
tion o f p olaritons, minimizing i nterference with e xperimental
observations.

Scattering-type scanning near-field optical microscopy (s-
SNOM) measurements
s-SNOM measurements. We u tilized a c ommercially a vailable
s-SNOM (Neaspec GmbH) to perform i nfrared nanoimaging of polar-
itons inα-MoO3. The systememployed aplatinum-coated atomic force
microscope tip (NanoWorld) with an approximate radius of 25 nm as
the primary s canning platform f or approaching and s canning t he
sample. A monochromatic mid-infrared l ight source from a quantum
cascade l aser (QCL) with a tunable frequency range of 890 to 2000

Fig. 3 | Hyperbolic polariton cloaking. a Illustration of the crystallographic
orientation of α-MoO3 microribbons used in the cloaking device and tailored from
the same film. b Optical image of a polaritonic cloaking device composed of four
microribbons with β = 45° (ribbons 1 and 3) and β = 135° (2 and 4). The thicknesses
of the bottom film and four top ribbons are t0 = 207 nm and t1 = 143 nm, respec-
tively. The green dot is a graphite disk (50 nm thickness, 1 μm diameter), which
serves as a cloaked defect. c Experimentally measured near-field amplitude images
from the device in (b) at an illumination frequency of 900cm−1. The incident
hyperbolicwave undergoes splitting and subsequent recombination, thus realizing
in-plane cloaking of the graphite defect. Red-dashed arrows indicate the polariton
propagation direction dictated by the Poynting vector, as obtained from the IFCs

analysis presented onboth sides of the experimental image. The calculated IFCs for
each region in the device are shown as blue curves in the left and right parts, with
scale bars indicating 20 k0. d Measured near-field profiles of the cloaking device
with (red) and without (blue) the defect placed in the hidden region (blue shaded
area). The green shaded area depicts the near-field intensity of the defect. The data
is extracted along the red and blue dashed vertical lines in Supplementary Fig. 11.
eClose-up view of near-field profiles in (d). Gray vertical dashed lines represent the
positionof each peakof the near-field profiles. f Simulated near-field (Re{EZ}) image
illustrating the cloaking performance. The red-dashed circle marks the location of
the defect in correspondencewith the experimental structure. Scale bars in (b, c, f)
indicate 3 μm.
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cm−1 was used to illuminate the tip. The laser beam, with p-polarization
and a l ateral spot size of around 25 μm, was focused through a para-
bolic mirror at an i ncident angle of 55° to 65°. This setup effectively
covered a l arge area of i nterest i n the samples. The near-field nanoi-
mages were captured by a pseudoheterodyne i nterferometric detec-
tion module, with the AFM tip-tapping frequency and amplitudes set
to approximately 270 kHz and 30-50nm, respectively. The detected
signal was demodulated at t he t hird harmonic ( denoted S3) of t he
tapping frequency to obtainnear-field amplitude images thatwere free
of any background interference.

Polariton l aunched by gold antenna. I n s -SNOM measurements,
polaritons can be excited by a variety of structures, i ncluding t ips,
antennas, edges, and even defects. We primarily utilizemetal antennas
as the excitation source due to their ability to separate the excitation
and d etection p rocesses. T his s eparation e nables u s t o d irectly
observe a diversity of refractive transmission of polaritons. When tip
excitation i s employed, only t he i nterference f ringes of t he mode
would be observed, and the refractive transmission cannot be directly
visualized.

In addition,metal antennas canprovide high excitation efficiency.
When i nfrared l ight i rradiates t he metal antenna, i t can excite t he
plasmon resonance i n the antenna and f orm an i n-plane oscillating
dipole, thereby exciting the polaritons i n the sample with high effi-
ciency. To do this, we designed resonant antennas with a l ength of
approximately 3.0 μm.

Data availability
The data that support the findings of this study are available within the
paper and t he Supplementary I nformation. All r aw data generated
during the current study are available from the corresponding authors
upon request.

Code availability
All codes generated during the current study are available from the
corresponding authors upon request.
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