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Abstract. Hyperbolic polaritons are known to exist in materials with extreme anisotropy, exhibiting exotic
optical properties that enable a plethora of unusual phenomena in the fields of polaritonics and photonics.
However, achieving simultaneous low-dimensionality, high-speed controllability, and on-demand
reconfigurability of the polaritons remains unexplored despite their excellent potential in light–matter
interactions, photonic integrated circuits, and optoelectronic devices. Here, we propose a metasurface
approach to integrating artificially engineered electromagnetic anisotropy with fast-controllable electronic
elements, offering a new route to realize active topological polaritons. Experiments showcase the proposed
reconfigurable metasurface can support real-time transitions of designer polaritons from elliptical to flat, and
then to hyperbolic and circular isofrequency contours. Correspondingly, the in-plane surface wavefront
undergoes the transitions from convex to collimating, concave, and eventually back to convex. By exploiting
the topological variations in polariton dispersions, we observe intriguing phenomena of controllable field
canalization and tunable planar focusing. Furthermore, we report the concept of a planar reconfigurable
integrated polariton circuit by spatially tailoring the distributions of polariton isofrequency contours, unveiling
rich dispersion engineering possibilities and active control capabilities. We may provide an inspiring platform
for developing planar active plasmonic devices with potential applications in subdiffraction-resolution imaging,
sensing, and information processing.
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1 Introduction
Polaritons, the composite quasi-particles with photons stem-
ming from strong coupling between light and collective electron
oscillations, have been extensively investigated in various ma-
terials due to their unique advantages in manipulating light–
matter interactions.1–7 Recently, there has been a growing focus
on emergent hyperbolic polaritons that arise in materials with
extreme anisotropy, primarily due to their remarkable hyper-
bolic dispersion, which enables a plethora of intriguing phenom-
ena, such as strong wave confinement, enhanced spontaneous
emission, and photonic modes with large momentum, offering
promising opportunities for designing advanced photonic
devices.8–12 Particularly, the phenomenon of elliptical-to-hyperbolic

topological transition will occur in the extremely anisotropic
medium when the polariton isofrequency contour (IFC) changes
from a closed ellipse to an open hyperbola,13 analogous to the
well-known Lifshitz transition,14 and here, the optical IFCs
play the role of Fermi surface for electrons. There have been
numerous demonstrations of photonic topological transition
in various materials, such as van der Waals (vdW) materials,15,16

array of graphene strips,17,18 and optical crystals,19,20 opening
exotic avenues for the control of polaritons. In addition to
naturally occurring two-dimensional materials with intrinsic hy-
perbolic dispersion, artificially hyperbolic metasurfaces (HMs)
composed of judiciously engineered meta-atoms with in-plane
anisotropy have also emerged as an exceptional platform for
realizing photonic topological transition.21–25 These HMs exhibit
captivating performance due to their low-loss, simple-to-
fabricate, and easy-to-integrate features. Numerous practical im-
plementations, such as one-dimensional silver/air gratings,26,27
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planar metal–dielectric–metal,28,29 and metal–dielectric30,31 peri-
odic arrays supporting topological transition, have been demon-
strated across optical, terahertz, and microwave frequencies.

Recently, there has been a rapidly growing interest regarding
the dynamic modulation of polariton dispersion due to its ex-
cellent advantage in facilitating on-demand reconfigurability
that can be harnessed for the design of advanced photonic de-
vices. Consequently, this phenomenon has sparked widespread
research into topologically reconfigurable polaritons. Many ef-
forts have been devoted toward this goal, with two primary
methodologies in general, i.e., geometry deformation and
modulation of intrinsic material properties. For the geometry
deformation method, the twistronics concept has played an
enlightening role in polariton dispersion engineering since the
discovery of flat-band superconductivity at the so-called magic
angle.32–34 Such a concept has been widely adopted in twisted-
stacked bilayer configurations composed of natural hyperbolic
materials35–37 or artificial HMs,38 leading to significant advances
in realizing topologically reconfigurable polaritons associated
with moiré physics. For instance, the tunable topological tran-
sitions controlled by geometric twisting operation have been
demonstrated in vdW bilayer systems (such as graphene bi-
layers, α-MoO3 bilayers, and others).39–42 The modification of
interlayer coupling and hybridization of wave functions be-
tween two closely spaced layers enables polariton canalization
and the enhancement of light–matter interaction at the photonic
magic angle and also facilitates promising interface optics
applications.40,42 In addition, the polariton dispersion can also be
realized through origami deformation using three-dimensional
(3D) shape-deformable metamaterials.43 Nevertheless, the
abovementioned structure-deformation-inspired topological
transitions have limitations in terms of tuning speed and
geometry deformation accuracy, which inevitably affect their
integration into photonic integrated circuits and optoelectronic
components where high-speed responsive reconfigurability
and robustness are required for repeated operations. On the
other hand, the active tuning on intrinsic properties of low-
dimensional vdW crystals, such as refractive index and conduc-
tivity, offers a possible route to engineer anisotropic polaritons
dispersion with high speed. For instance, the proposal of a
graphene-covered α-MoO3 heterostructure enables dynamic
topological transition of polariton dispersions by controlling
the Fermi level in the graphene layer.37,44,45 Nevertheless,
the operating wavelength of the natural hyperbolic materials
is inherently limited by their crystal structure and can only
be slightly tuned by environmental factors.21 In this regard,
an artificially structured HM composed of flexibly tailorable
meta-atoms with desired EM properties may overcome such
problems and achieve continuously controllable, high-speed
responsive, and stable reconfigurability of the polariton
dispersion.

Here, we propose, design, and experimentally demonstrate
an electrically reconfigurable HM that enables a series of
high-speed tunable polariton functionalities, including dispersion
topology control, negative polariton refraction, controllable
field canalization, etc. The description of “high-speed” means
that the response time needed to efficiently switch different
topologies of the polariton dispersions is very short. The
voltage-driven varactor diode has been extensively utilized in
metasurface designs, such as wireless communication,46 infor-
mation processing,47 wave absorption,48 digital holographs,49

and dynamic imaging,50 due to its inherent advantages of

high-speed response and stability in practical applications.
In this work, we combine the unique electrical properties of
the varactor diode—especially its ability to function as a con-
tinuously tunable capacitive load—with artificial anisotropic
metastructure to provide a new approach for dynamically engi-
neering polariton dispersions. The proposed reconfigurable HM
allows for real-time (switching time of 1.6 μs according to the
measurements) tunable transitions from elliptical to flat and then
to hyperbolic topologies, resulting in transitions from convex to
collimating and concave wavefronts. Based on the topological
transitions of IFCs associated with the designer polaritons,
we experimentally validate controllable field canalization and
tunable planar focusing. Furthermore, by spatially tailoring
the distributions of polariton IFCs, we demonstrate the concept
of a reconfigurable polariton circuit that facilitates flexible
manipulation, guidance, and propagation of surface polaritons,
unveiling rich dispersion engineering possibilities. A series of
experiments is conducted in the microwave region, revealing
excellent agreement between the numerical simulations and
experimental measurements. Our findings may open up new
avenues for achieving high-speed reconfigurable plasmonic
engineering and on-chip multifunctional devices, with potential
applications in high-resolution imaging, sensing, information
processing, etc.

2 Results

2.1 Principle and Metasurface Design

The conceptual schematic of the HM for reconfigurable polar-
itons, which allows for the dynamic switching between the
elliptical, flat, and hyperbolic topology of polariton dispersions
under real-time control from the external voltage source, is
shown in Fig. 1(a). Hence, the spatial wavefront of the surface
polaritons is then changed among convex, collimating, and con-
cave. Controlling the anisotropic properties of the metasurface is
the key to realizing designer dispersion. Here, we design an
anisotropic meta-atom, as shown in the inset of Fig. 1(a), which
consists of a copper ground layer with a complementary
rectangle-shaped ring, a substrate, a metallic hole, and a top
layer with complementary H-shaped pattern. The proposed unit
cell is an electromagnetic (EM) resonator, which can be equiv-
alently regarded as an inductor-capacitor (LC) circuit where the
central metal pattern mainly functions as an inductor of induct-
ance L and the gaps between the metallic patches as capacitors
of capacitance C. Obviously, the structure possesses different
geometries along x and y directions due to the lack of C4 sym-
metry, leading to the EM anisotropy of the unit cell. Anisotropic
polariton topologies arise when a surface satisfies specific con-
stitutive parameter conditions, for example, an inductive surface
with a positive imaginary part of both orthogonal conductivity
components [ImðσxxÞ > 0 and ImðσyyÞ > 0] can support ellipti-
cal topology, while hyperbolic dispersion topology arises when
the surface behaves as a capacitive and inductive one along the
orthogonal direction, respectively ðsgn½ImðσxxÞ�·sgn½ImðσyyÞ�<
0Þ, according to the rigorously derived dispersion equation.17

Analogously, the proposed unit cell with well-designed
geometries can support the elliptical or hyperbolic dispersion
topologies over certain frequency bands, depending on the
anisotropic EM responses (or resonance properties) of the
LC circuit. To this aim, an electrically driven varactor diode
(namely, Cv) is loaded to the meta-atom structure, serving as
the key tunable element to provide continuous control of the
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resonance properties, thus changing the polaritons’ dispersion
and enabling the reconfigurable topological transition over the
certain frequency band of interest. More details of the equivalent
circuit analysis can be found in Sec. S1 in the Supplementary
Material.

2.2 Numerical Calculation and Experimental
Characterization

We numerically investigate the dispersion characteristics of
the designer polaritons in reconfigurable HM by using the
eigenvalue module of a commercial software Computer

Fig. 1 Electrically reconfigurable topology of polariton dispersions with tunable metasurface.
(a) Conceptual schematic of topologically reconfigurable polaritons, where the proposed recon-
figurable metasurface allows for surface wavefront control from convex to collimating and
eventually to concave and convex, by applying different external bias-voltage. The black arrow
represents the excitation source. Bottom-right panels show the schematic of the unit cell. (b),
(c) Dispersions of the polaritons along the (b) x and (c) y propagating directions. The right
panels show the dispersion diagrams of the polaritons with different loaded capacitance values
Cv . (d) Reconfigurable topology of IFCs of the polaritons with loaded capacitances of 0, 0.24, 0.30,
and 0.52 pF, respectively. The dashed lines show the IFCs of the first band in the first Brillouin
zone at different frequencies. The color maps for the dispersion of polaritons are obtained by
simulations in the commercial software Computer Simulation Technology Microwave Studio.
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Simulation Technology Microwave Studio. The optimized
parameters are p ¼ 8.5 mm, Ly ¼ 6.7 mm, Lx ¼ 3.8 mm,
w ¼ 0.3 mm, la ¼ 1.2 mm, and lb ¼ 1.8 mm. The thickness
of the substrate (permittivity 2.2) and copper ground layer
(conductivity σ ¼ 5.96 × 107 S∕m) is ts ¼ 1 mm and tm ¼
0.035 mm, respectively. To gain an insight into the underlying
mechanism, we have established the effective circuit models of
the unit cell and analyzed the tunable dispersion characteristics
of the polaritons, as detailed in Sec. S1 in the Supplementary
Material. Based on the equivalent circuit theory, the spoof
surface plasma frequencies of the designer polaritons can be
calculated as the resonance frequency of the meta-atom.28,51–53

We denote the spoof surface plasma frequencies as fx and fy
when the polaritons propagate along the x and y directions
of the meta-atom, respectively. The dispersion topologies de-
pend on the relationship among f0, fx, and fy; here, f0 repre-
sents the observational frequency. The polaritons can propagate
along both the x and y directions with the elliptical dispersion
topology when f0 < fx < fy, while a hyperbolic one can be
realized when fx < f0 < fy, and the polariton propagating
along the x direction will no longer exist. The dispersions of
the designer polaritons as functions of the capacitance Cv are
plotted in Figs. 1(b) and 1(c). Parameters kx and ky represent
the wave vectors of the designer polaritons along the x and y
propagating directions, respectively. The dispersion diagrams
with four typical capacitance values, i.e., 0, 0.24, 0.30, and
0.52 pF are illustrated in detail in the right panels of Figs. 1(b)
and 1(c), where the dotted lines show unconventional
dispersion effects like those natural surface plasmon polaritons
with high confinement in optical frequencies. Increasing
(decreasing) loaded capacitance Cv can decrease (increase)
the spoof surface plasma frequencies, which are 5.07, 4.65,
4.53, and 4.13 GHz for fx, and 8.00, 6.70, 6.35, and 5.33 GHz
for fy, with the loaded capacitance of 0, 0.24, 0.30, and 0.52 pF,
respectively.

The strong in-plane anisotropy consistently occurs with vari-
ous capacitance values, resulting in distinct dispersion diagrams
of designer polaritons along orthogonal propagation directions.
These properties can also be evidenced by the surface current
distributions of the unit cell, illustrating different modes of po-
lariton propagation along the x and y directions (see Sec. S2 in
the Supplementary Material). Thus, we can flexibly engineer the
dispersion properties of the unit cell and achieve reconfigurable
topology of polariton dispersions. Figure 1(d) presents the
polariton IFCs of the first band in the first Brillouin zone with
different loaded capacitances (see Sec. S3 in Supplementary
Material). As anticipated, topological transitions of the designer
polaritons occur with the increase of the loaded capacitances,
in which we can see obvious variation tendency of the IFCs.
For instance, the red lines indicate that when the observational
frequency is fixed as 6.1 GHz, the IFC curve can be sequentially
changed from elliptical to flat and then hyperbolic with increas-
ing momentum.

The polariton dispersion at 6.1 GHz is clearly presented in
Fig. 2(a), where the polariton IFC starts from open elliptical
topology (0 pF), to a flat line (0.24 pF), and then it changes
to hyperbola (0.3 pF). Eventually, the polariton IFC features
an approximate circle when the loaded capacitance Cv is
changed to 0.52 pF. In this case, the IFCs of the first band
in the first Brillouin zone no longer exist at 6.1 GHz [right panel
of Fig. 1(d)] because the observational frequency f0 (6.1 GHz)
is larger than the spoof surface plasma frequencies of fx

(4.13 GHz) and fy (5.33 GHz). Here, the topology of polariton
dispersion is extracted from numerically simulated results of
dispersion diagrams of the second band in the first Brillouin
zone (see Sec. S4 in the Supplementary Material). Based on
the uniaxial surface conductivity tensor, we calculated and
analyzed the dispersions of the anisotropic surface based on
the dispersion equations (see Sec. S5 in the Supplementary
Material).

Next, we carry out numerical simulations to confirm the elec-
trically tunable polariton dispersions, including field distribu-
tions in position space and corresponding polariton IFCs in
momentum space (k-vector space) based on the proposed meta-
surface; here, k represents the wave vector of the designer polar-
itons (see Sec. S3 in the Supplementary Material). In the full-
wave simulations, the metasurface consists of 54 × 36 unit cells
with a total size of 459 mm × 306 mm. To efficiently excite the
designer polaritons, a dipole source is put between the two metal
layers of the unit cell located at the bottom edge of the metasur-
face [Fig. 1(a)].

The wavefront of the polaritons [Fig. 2(b)], obtained by full-
wave simulations, undergoes intriguing transitions from convex
to collimating, to concave, and eventually to convex patterns
with the increase of the loaded capacitance Cv, just as indicated
by the polariton IFCs.54 The propagation characteristics of polar-
itons can be explained through the analysis of group velocity vg,
defined as vg ¼ ∂ω∕∂k, which is perpendicular to the IFCs.
Here, ω represents angular frequency. Thus, as shown in the left
panel of Fig. 2(b), the polariton is guided into two main propa-
gating directions when it comes to an open elliptical topology of
IFC (also see Video 1 in the Appendix). When the loaded
capacitance increases, the polaritons can still propagate in a
splitting manner with a decreasing radiation angle. Until the flat
topology of IFC appears, the second panel of Fig. 2(b) shows
that the polariton propagates in a self-collimating manner with-
out diffraction (also see Video 2 in the Appendix); such special
property was originally studied in photonic crystals.55 As the
loaded capacitance Cv continues to increase, indicating extreme
anisotropy of the unit cell, we can see that the polariton prop-
agates in a convergent manner due to the hyperbolic dispersion
[third panel of Fig. 2(b)], where the wavefront of the polariton is
concave (also see Video 3 in the Appendix). When reaching
a capacitance value of 0.52 pF [last panel of Fig. 2(b)] or
larger, the polariton propagation vanishes along the y direction
(see Video 4 in the Appendix). The corresponding in-plane
dispersion of the designer polaritons can be intuitively viewed
by the fast Fourier transform (FFT) of Re (Ez), as shown in
Fig. 2(c). Topological transitions are observed in momentum
space where open elliptical shapes transition into flat lines
and then into open hyperbolas before closing into circles.
The circle-shaped IFCs in k-vector space in first three panels
of Fig. 2(c) originate from the electric fields radiated by the ex-
citation source, which locate in the center position of k-space
but with much smaller momentum than that of the designer
polariton.

Experiments were conducted to validate the reconfigurable
topology of polaritons using the proposed metasurface. The
samples were fabricated through a standard printing circuit
board technology. Complementary H-shaped patterns are peri-
odically printed on an F4B substrate (permittivity εr ¼ 2.2 and
tangential loss tan δ ¼ 0.001). An off-the-shelf commercial
varactor diode of type MA46H120 was selected as the tunable
capacitive element in each unit cell due to its flexible tunability
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and stability,56 with a tunable capacitance range from 0.149 to
1.304 pF, a parasitic resistance of <2 Ω, and a parasitic induct-
ance of 0.05 nH extracted from the experimental measurements
(see Sec. S6 in Supplementary Material).57 The fabricated recon-
figurable metasurface is composed of 24 × 16 unit cells, with a
total size of 204 mm × 136 mm. Due to the limitations in
achieving minimum realizable capacitance values, an additional
sample composed of identical unit cells but without varactor di-
odes was fabricated to verify the case of Cv ¼ 0 pF, namely,
open elliptical topology of the polariton dispersion. In fact,

there are alternative options for varactor diodes based on
specific manipulation requirements, for instance, the diode type
MGV125-08 (0.055 to 0.6 pF) offers a wide range of control-
lable capacitance, while the MAVR-011020-1411 (0.03 to
0.24 pF) covers the low capacitance region.

For the measurements, the fabricated samples are placed on a
3D movement platform, as shown in Fig. 2(d). In this setup, the
top and bottom layers of the metasurface are connected to neg-
ative “−” electrode and positive “+” electrode of a DC voltage
source, respectively. All the unit cells of the metasurface are in

Fig. 2 Simulations and experiments of the topologically active polaritons by the proposed recon-
figurable metasurface. (a) Elliptical, flat, hyperbolic, and circular topology of IFC of the polaritons at
the observation frequency of 6.1 GHz. (b), (c) Simulated field distributions [real part of the z com-
ponent of the electric field, Re (Ez )] in the xy plane that is 7 mm above the proposed reconfig-
urable metasurface (upper panels) and the corresponding dispersions in momentum space
[FFT of Re (Ez )] at 6.1 GHz (bottom panels). The observation area covers 54 × 36 unit cells with
a size of 459 mm × 306 mm. (d) Photograph of the fabricated sample and experimental setup.
(e), (f) Measured field distributions [Re (Ez )] in the xy plane that is 1 mm above the proposed
reconfigurable metasurface (upper panels) and the corresponding dispersions in momentum
space [FFT of Re (Ez )] at 6.1 GHz (bottom panels). The observation area covers 24 × 16 unit
cells with a size of 204 mm × 136 mm. The DC voltages are set as 8 V (Cv ¼ 0.25 pF), 6.5 V
(Cv ¼ 0.29 pF), and 3 V (Cv ¼ 0.52 pF) for the measured results of the last three columns.
The abbreviation a.u. represents arbitrary units.
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parallel connections that share the same DC bias voltage. A sub-
miniature version A convertor, connected to the transmitting
port of the vector network analyzer (VNA), is used to connect
the top and bottom layers of the metasurface to excite the polar-
itons propagating on the metasurface. A monopole antenna
serving as the detector is connected to the receiving port of
VNA for probing the electric field distributions during the sam-
ple movement. The measured electric field distributions of the
metasurface are shown in Fig. 2(e), where the wavefront of
the designer polariton changes from convex to collimating and
to concave. Simultaneously, the corresponding polariton IFC
changes from an open ellipse to a flat line and then to a hyper-
bola with increasing momentum in k-vector space, as shown in
the first three panels of Figs. 2(e) and 2(f). In addition, a circle
topology of polariton dispersion is also experimentally ob-
served, when a large capacitance Cv is realized by applying
a smaller bias voltage onto the metasurface, as shown in the last
panel of Fig. 2(f). In general, it might be slightly different be-
tween the realistic capacitance and fitting value of the varactor
diode due to the measurement error, as well as the fabrication
tolerance of the varactor diode. Within a reasonable margin of
error, the measured results are consistent with the simulated re-
sults, fully validating the reconfigurable topological transition
of the metasurface polaritons. In addition, experimental mea-
surements demonstrate that the response time of the topology
switching is around 1.6 μs, enabling high-speed responsive
reconfigurability of the proposed metasurface (see Sec. S7 in
the Supplementary Material).

2.3 Controllable Field Canalization and Tunable Planar
Focusing

As the polariton propagation is highly correlated with the
dispersion characteristic that can be flexibly manipulated at a
certain frequency band, the proposed reconfigurable metasur-
face may find plenty of applications for polariton manipulation.
As the proof of concept, we here experimentally present and
discuss the intriguing phenomena of controllable field canaliza-
tion and tunable planar focusing enabled by the tunable polar-
iton dispersions. When the polariton dispersion is switched to
flat line fashion, the metasurface can yield diffraction-free
propagation wave due to the flat topology of IFC [the second
column of Fig. 2(b)]. This phenomenon is known as canalized
propagation,39,58–60 with excellent potential in realizing hyper-
lensing,10,61 subdiffraction-resolution imaging,26 retroreflection,62

and position sensing.63 Here, the proposed reconfigurable meta-
surface benefits from the utilization of voltage-controllable
varactor diodes, enabling us to achieve a broad bandwidth of
field canalization. Figure 3(a) clearly depicts the topological
transition regions as functions of frequency and loaded capaci-
tance Cv, in which blue, light green, and red regions represent
the closed elliptical, open elliptical, and hyperbolic polariton
dispersions, respectively. The gray region denotes that the polar-
iton IFCs of the first band in the first Brillouin zone no longer
exist. For a fixed capacitance or bias voltage, we can only
observe the field canalization phenomena in a very limited fre-
quency band, due to the inherent dispersion of the metasurface
structure. Differently, by adaptively applying different bias volt-
age, such dispersion can be counteracted to yield canalization
propagation with enhanced bandwidth, as depicted by the green
dashed line, the presence of flat polariton IFCs. The green
circles in Fig. 3(a) denote the measured canalization points

under different bias voltages. Figure 3(b) shows the measured
electric field distributions at 5.5 GHz (VC ¼ 4 V, Cv ¼
0.42 pF), 5.9 GHz (VC ¼ 6 V, Cv ¼ 0.31 pF), 6.2 GHz
(VC ¼ 10 V, Cv ¼ 0.21 pF), and 6.3 GHz (VC ¼ 12 V,
Cv ¼ 0.19 pF), where we observe obviously the polaritons
propagating in a self-collimating manner at different frequencies.
More simulated and measured results can be found in the
Supplementary Material (see Sec. S8 in the Supplementary
Material). Considering the ohmic loss of the parasitic resistance
of the varactor diode, detailed information about the propagation
loss of the field canalization mode is further provided (see
Sec. S9 in the Supplementary Material).

As the landmark feature of hyperbolic polaritons, hyperbolic
dispersion has garnered significant attention due to its exotic
optical properties and potential applications in all-angle nega-
tive refraction,27,64 planar focusing,28,30 waveguiding,65 and spin
control.66 Here, we demonstrate tunable planar focusing based
on the proposed reconfigurable metasurface. Figure 3(c)
presents the schematic of the tunable polariton focusing, where
light blue and light yellow blocks are the reconfigurable meta-
surface and air regions, respectively, and the green dashed circle
placed at the bottom side of the metasurface represents the
excitation source. The metasurface is switched to the state of
hyperbolic dispersion by the bias voltage. The propagation
directions of the polariton, illustrated by the red arrows, are
included within the IFCs to schematically show the dispersion-
induced hyperbolic propagation, which will be focused into a
hotspot as the polariton propagates into the surrounding air
medium. Measurements are conducted in the air region repre-
sented by the red dotted frame to confirm the tunable planar
focusing and excellent performance can be observed from
6.04 to 6.6 GHz. Figure 3(d) presents the measured intensity
distributions (jEzj2) at 6.1 GHz (VC ¼ 6 V, Cv ¼ 0.31 pF),
6.3 GHz (VC ¼ 7.3 V, Cv ¼ 0.27 pF), 6.43 GHz (VC ¼
8.8 V, Cv ¼ 0.23 pF), and 6.6 GHz (VC ¼ 11.8 V, Cv ¼
0.19 pF), where the efficient energy focusing of the designed
polaritons is verified by the focal points in the air, with a full
width at half-maximum of around 0.5 λ. More simulated and
measured results are provided in the Supplementary Material
(see Sec. S10 in the Supplementary Material).

2.4 Planar Reconfigurable Integrated Polariton Circuit

Furthermore, the proposed metasurface can realize the concept
of planar reconfigurable polariton circuits, where the individual
control of each meta-atom IFC is achieved through external
voltages. This allows for regional control over the dispersion
curves of the meta-atoms and enables the combination of differ-
ent anisotropic topologies to generate intriguing polariton func-
tions. As the design examples, Fig. 4(a) shows the schematic of
the planar reconfigurable polariton circuit composed of two
different metasurface regions. The blue and orange blocks re-
present the arrays of unit cells with the loaded capacitance of
Cv1 and Cv2, respectively, which can be realized by applying
different voltages on the corresponding regions. At the interface
[dashed line in Fig. 4(a)] of two regions, the on-demand
manipulation and guidance of propagation of polaritons can
be engineered by tailoring the distributions of topologies of
polariton dispersions with flexibility and diversity. The green
dashed circle is the excitation source placed at the bottom side
of the metasurface. Simulations of several extraordinary propa-
gation phenomena are conducted at 6.1 GHz, as shown in
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Figs. 4(b)–4(d). The polariton IFCs in two regions are presented
in the right panels, where the black solid arrows represent the
group velocity vg, corresponding to the propagation directions
of designer polaritons (black dotted arrows in left panels). As
shown in Fig. 4(b), the negative refraction occurs at the interface
when the polariton IFC is set to be hyperbolic dispersion in re-
gion 2 (also see Video 5 in the Appendix). Figure 4(c) shows the
wave-splitting functionality (also see Video 6 in the Appendix),
where the designer polariton propagates along two symmetric
directions at the interface by combining the open elliptical
and flat topology of polariton dispersions. In contrast, the polar-
iton propagation can be suppressed along the y direction when
the varactor diodes of region 2 are tuned as large capacitance
value (e.g., Cv ¼ 0.52 pF in Fig. 2), as shown in Fig. 4(d).
In this case, the collimating wavefront is launched on region
1 and propagates toward region 2, but eventually spreads out
as convex wavefront in region 2 (also see Video 7 in the
Appendix). It should be noted that the proposed reconfigurable
integrated polariton circuit in Fig. 4(a) is a reciprocal system, and
the demonstrated transformation of the polariton propagation re-
gimes in Figs. 4(b)–4(d) is still feasible in reverse. In addition to
the results presented above, other functionalities for manipula-
tion of polaritons can be realized, such as collimating refraction
[see Fig. S16(a) in Sec. S11 in the Supplementary Material and

also Video 8 in the Appendix] and the suppression of polariton
propagation for convex wavefront [see Fig. S16(b) in Sec. S11
in the Supplementary Material and also Video 9 in the
Appendix]. These results show promise for their use in design-
ing reconfigurable spatial multiplexers. Notably, unlike the
passive metasurfaces where polariton propagation is fixed
once fabricated, our designs offer on-demand reconfigurability
through voltage-driven electronic elements, which represents
a fundamental difference from the existing approaches. Serving
as the illustration examples, here we only consider the proposed
reconfigurable polariton circuit composed of two different
regions of unit cells for simplification. In fact, there is much
potential for other extraordinary propagation phenomena of
polaritons and advanced functions by a polariton circuit with
more complex combination of topologies of polariton dispersion
(see Sec. S12 in the Supplementary Material), and even by a
planar programmable integrated polariton circuit (see Sec.
S13 in Supplementary Material). Particularly for the planar
programmable integrated polariton circuit, a series of cases for
polariton propagation (supporting multi-excitation sources,
multi-ports, and flexibly designable propagation routes) has
been designed and simulated, which significantly expanded
the possibilities for polariton manipulation and guidance and
may shed new light on the design of subwavelength surface

Fig. 3 Controllable field canalization and tunable planar focusing based on topological transition
of polariton dispersions. (a) Topological transition regions as a function of frequency and loaded
capacitance value Cv , which is extracted from the numerical simulations of dispersion diagrams of
both the first and the second band in the first Brillouin zone. (b) Measured field distributions
[Re (Ez )] in the xy plane that is 1 mm above the reconfigurable metasurface at different frequen-
cies. The observation areas consist of 24 × 16 unit cells with a size of 204 mm × 136 mm.
(c) Schematic of the planar focusing as the polaritons propagate from the metasurface into
the surrounding air medium. The inset shows the hyperbolic topology of polariton dispersion
at 6.1 GHz with the Cv ¼ 0.32 pF. The red arrows indicate the propagation directions of the
polaritons and the red dot represents the focal point. (d) Measured intensity distributions (jEz j2)
in the xy plane that is 1 mm above the reconfigurable HM at different frequencies. The observation
areas have a size of 136 mm × 136 mm.
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waveguides. The proposed metasurface that supports topologi-
cally reconfigurable polaritons makes it a promising candidate
for on-chip advanced photonics systems and may shed new light
on designing planar multifunctional plasmonic devices and in-
tegrated optoelectronic circuits, etc.

3 Discussion
Here, we propose, fabricate, and experimentally demonstrate
topologically reconfigurable polaritons over a varactor diode-
based tunable metasurface. The combination of a continuously
tunable capacitive diode with judicious metastructure anisotropy
presents a new strategy for electrically engineering the polariton
dispersions, revealing topological transitions from elliptical to
flat, hyperbolic, and circular IFCs, as well as functional designs
of controllable field canalization and planar focusing. Compared
with previous methods related to dynamic modulation of
polaritons, our work features continuous controllability and
particularly supports high switching speed of reconfigurable
polaritons, making it more appealing for practical applications.
We further report the concept of reconfigurable polariton circuit
that enables engineered topologies of polariton dispersions on
demand, thus realizing flexible manipulation, guidance, and

propagation of polaritons. The great potential of the proposed
reconfigurable HM in dispersion and active engineering may
inspire novel programmable plasmonic circuits. Although dem-
onstrated at microwave frequencies, the concept of electrically
tunable polaritons can also be applied to higher frequencies,
such as millimeter-wave and terahertz-wave, by possibly using
millimeter-wave semiconductor diodes67 and liquid crystals.68

With the advancement in on-chip polaritonics, we anticipate that
the proposed methodology for actively engineering topological
polariton and the concept of planar programmable integrated
polariton circuit may offer an untapped platform toward on-chip
advanced polaritonics and photonics for interface optics appli-
cations, with potential applications in high-resolution imaging
systems, subwavelength surface waveguides, multichannel
power dividers, information processing, and other functional
devices.

4 Appendix: Supplementary Videos
Video 1. Propagation of polariton with the open-elliptical

topology of IFC over reconfigurable HM, as shown in
the first panel of Fig. 2(b) (MP4, 1.01 MB [URL:
https://doi.org/10.1117/1.AP.6.4.046005.s1]).

Fig. 4 Reconfigurable integrated polariton circuit. (a) Schematic of the planar reconfigurable polar-
iton circuit composed of two regions (region 1 and region 2) represented by blue and orange blocks,
respectively. The loaded capacitances of unit cells are different in region 1 and region 2, leading to
different topologies of polariton dispersions. (b)–(d) Simulated field distributions [Re (Ez )] in the xy
plane that is 7 mm above the polariton circuit. The right panels show the polariton IFCs in two
different regions. The loaded capacitances in region 1 and region 2 are (b) 0.03 and 0.32 pF
for realizing the negative refraction, (c) 0.28 and 0.03 pF for realizing the wave splitting, and
(d) 0.28 and 0.52 pF for realizing the suppression of polariton propagation. The green dashed circle
represents the excitation source. The dotted lines indicate the main propagating directions of the
polaritons. The observation areas consist of 64 × 48 unit cells with a size of 544 mm × 408 mm.
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Video 2. Propagation of polariton with flat topology of IFC over
reconfigurable HM, as shown in the second panel of
Fig. 2(b) (MP4, 864 KB [URL: https://doi.org/10.1117/1
.AP.6.4.046005.s2]).

Video 3. Propagation of polariton with hyperbolic topology of
IFC over reconfigurable HM, as shown in the third panel of
Fig. 2(b) (MP4, 920 KB [URL: https://doi.org/10.1117/1
.AP.6.4.046005.s3]).

Video 4. Propagation of polariton with circular topology of IFC
over reconfigurable HM, as shown in the last panel of
Fig. 2(b) (MP4, 544 KB [URL: https://doi.org/10.1117/1
.AP.6.4.046005.s4]).

Video 5. Negative refraction of polariton over reconfigurable po-
lariton circuit, as shown in Fig. 4(b) (MP4, 1.06 MB [URL:
https://doi.org/10.1117/1.AP.6.4.046005.s5]).

Video 6. Polariton splitting over reconfigurable polariton circuit,
as shown in Fig. S4(c) in the Supplementary Material
(MP4, 1.05 MB [URL: https://doi.org/10.1117/1.AP.6.4.
046005.s6]).

Video 7. Suppression of polariton propagation for collimating
wavefront over reconfigurable polariton circuit, as shown
in Fig. 4(d) (MP4, 756 KB [URL: https://doi.org/10.1117/
1.AP.6.4.046005.s7]).

Video 8. Collimating refraction of polariton over reconfigurable
polariton circuit, as shown in Fig. S10(a) in the
Supplementary Material (MP4, 1.06 MB [URL: https://
doi.org/10.1117/1.AP.6.4.046005.s8]).

Video 9. Suppression of polariton propagation for convex wave-
front over reconfigurable polariton circuit, as shown in Fig.
S10(b) in the Supplementary Material (MP4, 1.08 MB
[URL: https://doi.org/10.1117/1.AP.6.4.046005.s9]).
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