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ABSTRACT: Singular optics are commonly explored through scalar or vectorial singularities, whereas matrix-level singularities remain far
less developed for wave manipulations. Here, we experimentally demonstrate polarization-addressable singular Jones metasurfaces using
reflective plasmonic nanostructures. By engineering polarization conversion in the reflection subspace, the Jones matrix can be driven to
a singular condition, mapping an incident polarization eigenstate to a vectorial zero output. The corresponding eigen-polarization can be
addressed across the Poincaré sphere by tailoring meta-atom geometries. Encircling the singularity in a two-dimensional parameter space
can yield a full 2π topological phase winding, enabling dual-channel meta-holography and vortex generation. Extreme coupling breaking
further produces circularly polarized zero-output eigenstates, revealing chiral Jones singularities. These results establish singular Jones
metasurfaces as a compact platform for matrix-level singular optics, polarization-selective extinction, topological wavefront shaping, and
chiral light-matter interactions.

1. INTRODUCTION

Optical singularities have become a central framework for
controlling light [1–5], where most demonstrations are

built around scalar phase singularities or vectorial polarization
singularities [6–12]. These singularities have enabled robust
phase winding [13–16], structured-light generation [17, 18],
metasurface holography [19–21], and chiral or topological pho-
tonic responses [22–24]. In these cases, however, the singular-
ity is usually defined directly in an optical field, a polarization
texture, or a projected output channel. A more general route is
to engineer singularities at the level of the optical input-output
operator [15, 25–27], where the Jones or scattering matrix pos-
sesses a zero determinant and maps a nonzero input eigenstate
to a vectorial zero output. Such matrix-level singularities pro-
vide a distinct degree of freedom for wave extinction and topo-
logical wave manipulation [25, 28], yet they remain far less de-
veloped than conventional scalar and vectorial singularities.
Previous matrix-level singular responses have mainly been

realized in multi-port scattering systems [29, 30], such as co-
herent perfect absorption (CPA), where a scattering-matrix zero
is accessed by coherently injecting multiple input waves with
prescribed amplitude ratios and phase delays [26, 31]. This
requirement makes the response powerful for coherent con-
trol [32–34], but also increases experimental complexity and
obscures the role of polarization as an addressable degree of
freedom. In particular, it remains challenging to realize a com-
pact single-beam platform in which the singularity is encoded
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by the Jones matrix of a metasurface and can be readily ad-
dressed across the Poincaré sphere [10, 35–37].
Here, we experimentally demonstrate polarization-

addressable singular Jones metasurfaces using reflective
plasmonic nanostructures. By engineering polarization con-
version in the reflection subspace, we drive the Jones matrix
to a singular condition and map selected nonzero incident
polarization eigenstates to a vectorial zero output through the
interactions between orthogonal polarization components. The
zero-output eigen-polarization is tunable across the Poincaré
sphere by tailoring meta-atom geometries. By encircling the
singularity in a two-dimensional structural parameter space,
the metasurface acquires a full 2π topological phase winding,
which enables dual-channel meta-holography and optical
vortex generation. With stronger coupling breaking, the
eigenstate can be driven toward circular polarization, giving
rise to handedness-selective chiral Jones singularities. This
capability highlights a route to engineering singular optical
responses directly at the Jones-matrix level, where polarization
extinction, topological phase control, and chiral selectivity can
be integrated within a single metasurface platform.

2. RESULTS

CPA is commonly formulated in lossy two-port scattering sys-
tems, where it is identified by a zero of the scattering-matrix de-
terminant and can therefore be viewed as a form of matrix-level
singularity. To access the associated zero-output eigenstate, ex-
citations at two spatial ports must have a specific amplitude ra-
tio and phase delay. This requires amplitude modulation using
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FIGURE 1. Concept of singular Jones matrix and polarization addressability. (a) Singular Jones matrix is realized in a polarization-conversion
system under single-beam excitation with eigen-polarization ES . The outgoing vectorial zero possesses a twofold topology, appearing as a phase
singularity in each basis component. (b) Engineerable plasmonic nanostructures with polarization selectivity enable such matrix-level singularity
and Poincaré-sphere addressability of its eigen-polarization.
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FIGURE 2. Structural design for singular Jones metasurfaces and simulated results of addressable eigen-polarization states. Engineering plasmonic
geometries (rod and L shapes) and the resultant Jones coupling breaking for controllable singular eigen-polarizations, from (a) single rod, (b) L shape,
to (c) coupled rod-L shape, and (d) rotated rod-L shape. The corresponding coupling-breaking levels of the Jones matrix and eigen-polarization states
are shown in the bottom panels of (a)–(d), where the ideal geometric phase can operate as an encircling term. The extreme case in (d) marks chiral
Jones singularity, and mirror symmetry can be used to access the opposite hemisphere. (e)–(h) Simulated spectra of Jones-matrix determinant
corresponding to the structures in (a)–(d).

an attenuator or a two-arm interferometer with a tunable light
path difference [27, 30, 38].
Similarly, we propose the realization of singular Jones

metasurfaces through the zero of the Jones-matrix determinant
(Fig. 1(a)). The scattering subspace is described by two
orthogonal polarization states, such as left- and right-circular
polarizations (LCP and RCP). Polarization tuning can address
the singular Jones matrix response at the targeted eigen-

polarization ES = [−a c]
T , with the outgoing field expressed

as EO = JES , where J =

[
a b
c a

]
is the reflective Jones

matrix in the normal direction and the outgoing field EO

degenerates to a vectorial zero at the Jones singularity. This
singular Jones response provides intrinsic polarization selec-
tivity enabled by precise nanoscale engineering of plasmonic
meta-structures (Fig. 1(b)).
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FIGURE 3. Simulated and experimental results of topological singular Jones metasurfaces. (a), (e), (i) Geometries for realizing singular Jones matrices
with eigen-polarizations evolving from small to large ellipticity. (b), (f), (j) Simulated outgoing intensity under the incident eigen-polarization in 2D
parameter space (p1, p2) and the outgoing topological phase under two orthogonal states. (c), (g), (k) Scanning electron microscope (SEM) images
of the fabricated plasmonic metasurfaces. Scale, 500 nm. (d), (h), (l) Experiments on meta-holograms and vortex generation under two orthogonal
states using the topological nature of the Jones-matrix singularity. The parameter space of (p1, p2) in (a) is the length and width of rod, (e) is the
short length and width of L shape, and (i) is short length of L and length of rod.

By tailoring the anisotropy, inter-element coupling, and ori-
entation of the plasmonic meta-atoms, the amplitude and phase
of the reflection coefficients are adjusted to satisfy the singu-

lar condition of the Jones matrix of det(J) = 0. At this point,
a nonzero incident polarization eigenstate is mapped to a vec-
torial zero output, defining the singular Jones response. To
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FIGURE 4. Chiral singular Jones metasurfaces. (a), (d) Structure layout and its mirror-symmetric counterpart of chiral singular Jones metasurfaces.
(b) Simulated spectrum of Jones-matrix determinant showing a C-point eigen-polarization. (c) Measured spectrum of outgoing intensity for the
chiral Jones singularity. Inset shows SEM image of the fabricated sample. Scale, 500 nm. (e) SEM image of the mirror-symmetry sample. Scale,
500 nm. (f) Measured spectrum of the switched chiral Jones singularity at the opposite handedness.

demonstrate polarization addressability of zero-output eigen-
polarization states, we constructed various plasmonic geome-
tries as shown in Fig. 2. With a single rod per unit cell and nor-
mal incidence as shown in Fig. 2(a), the singular matrix condi-
tion of det(J) = 0 requires the two components to satisfy |a| =
|c| and therefore yields a linear eigen-polarization, which can
be further tuned through the geometric phase. Ideally, chang-
ing the rotation introduces a relative phase shift between the
cross-polarization components, so the eigen-polarization com-
pletes one azimuthal loop on the Poincaré sphere. In practice,
deviations from this ideal trajectory may arise from more sub-
tle interactions, such as orientation-dependent local responses
and inter-cell coupling. In Fig. 2(b), an L shape slightly dis-
rupts the coupling of |a| = |c|, resulting in a small elliptic-
ity in the zero-output eigen-polarization. The coupled rod-L
shape geometry induces a larger coupling breaking bringing the
eigen-polarization closer to circular polarization as shown in
Fig. 2(c). To approach the circular polarization (C point), we
rotate the rod and L shapes and observe an extreme coupling-
breaking case where a → 0, forming a chiral Jones singularity
as shown in Fig. 2(d) (see Supplementary Materials). We thus
engineer the eigen-polarization to address the top hemisphere
of the Poincaré sphere, while the bottom hemisphere can be
realized through structural mirror symmetry. In our simula-
tion, a zero-valued Jones-matrix determinant is observed for
each plasmonic geometry as shown in Figs. 2(e)–(h), respec-
tively, confirming the singular response in the Jones system.
The corresponding Jones-matrix components are shown in Sup-

plementary Fig. S1, where the individual components generally
remain nonzero, but their interaction leads to deep zero output.
This is the key characteristic of a Jones singularity that distin-
guishes it from conventional scalar scattering zero. The slight-
and strong-decoupling cases represent two representative lati-
tudes along a geometry-mediated coupling-tuning path, where
varying the coupling modifies the relative strength and phase
delay, thereby moving the eigen-polarization through the inter-
mediate region of the Poincaré sphere.
The singular Jones response originates from the singularity

of the Jonesmatrix and exhibits a robust twofold topological na-
ture. The zero-output response acts as a vectorial zero, mean-
ing that both field components vanish simultaneously in two
orthogonal bases. When projected onto the two bases, this vec-
torial zero appears as a phase singularity in each component,
thereby producing a twofold topology. Using three different ge-
ometries with distinct eigen-polarizations (Figs. 3(a), (e), (i)),
ranging from small to large ellipticity χ, we show the emer-
gence of outgoing vectorial zeros in a 2D parameter space with
(p1, p2) representing two structural parameters of the meta-
atoms. When projected onto right- and left-circular polarization
states, as used in the experimental polarization-detection pro-
cess, the reflection exhibits topological phases with 2π winding
around the singularity in both orthogonal channels, as shown
in Figs. 3(b), (f), (j). This enables the exploitation of meta-
hologram and vortex generation using dual nontrivial phases
from the singularity [4, 5, 39], with robust functionality even
when evaluated at two orthogonal states. Holographic images
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of letters “C”, “P”, and “A” are encoded into three samples
using the Gerchberg-Saxton algorithm with the corresponding
scanning electron microscope images shown in Figs. 3(c), (g),
(k), respectively. In experiments, by shining the targeted zero-
output eigen-polarizations (see Supplementary Fig. S2), meta-
holograms of “C”, “P”, and “A” are retrieved at two circular
states of {R,L} in Figs. 3(d), (h), (l). Phase vortices of charge
2 are also demonstrated through three phase-winding samples.
This verifies the topological singular Jones response and its dis-
tinctive twofold topology under two orthogonal states induced
by the vectorial zero.
By breaking the Jones-matrix coupling to the maximum con-

dition, a chiral singular Jones metasurface can be realized as
shown in Fig. 4(a) (see Supplementary Fig. S3). We simulated
the matrix determinant spectrum and the corresponding evo-
lution of the Stokes parameter S3 of the eigen-polarization as
a function of wavelength (Fig. 4(b)). At the chiral singular-
ity near 483 nm, the S3 value approaches 1, indicating near-
complete absorption of the LCP incidence. We also note that
this corresponds to an exceptional point in the Jones matrix,
where both eigenvalues coalesce to zero (see Supplementary
Materials and Supplementary Figs. S4–S5). Experimentally
measured reflected outgoing power confirms the chiral Jones
singularity under normal incidence, with a dip observed in LCP
intensity (Fig. 4(c)). Chirality switching is achieved through
structural mirror symmetry (Fig. 4(d)), with the fabricated sam-
ple shown in Fig. 4(e). The switched chiral Jones singularity
is experimentally confirmed through the measured spectrum,
which shows a dip in RCP in Fig. 4(f). Ideally, mirror sym-
metry reverses the handedness of the chiral Jones singularity
without shifting its resonance wavelength. The observed shift
is mainly attributed to fabrication differences between the two
samples, such as linewidth variations, edge roughness, corner
rounding, and lift-off morphology, which slightly modify the
plasmonic resonance and the amplitude–phase balance.

3. CONCLUSION

In conclusion, we propose and experimentally demonstrate
polarization-addressable singular Jones metasurfaces with tai-
lorable eigen-polarizations by engineering plasmonic struc-
tures. Matrix-level singular responses offer a distinct plat-
form for harnessing topology and chirality. By incorporating
both polarization and spatial degrees of freedom, polarization-
selective vectorial extinction provides a versatile platform for
controlling light beyond scalar singularities. Our work may
advance topological wavefront shaping, polarization-addressed
singular optics, and chiral absorbing platforms, while bridg-
ing metasurface engineering and non-Hermitian photonics. Fu-
ture efforts may extend this framework to low-loss dielec-
tric or hybrid platforms, active and reconfigurable metasur-
faces [40], full Jones-matrix reconstruction, and applications in
polarization-multiplexed wavefront shaping [41], chiral sens-
ing, and compact singular photonic devices.

EXPERIMENTAL SECTION
Numerical simulations. The complex-valued Jones matrix of
nanostructures is simulated with finite-element method. Peri-
odic boundary conditions are applied, and perfectly matched
layers are employed to absorb the outgoing waves. The refrac-
tive index of aluminum is taken from experimentally measured
results. The reflected co-polarization and cross-polarization
components are calculated by injecting circularly polarized
light and measuring the reflected S parameters versus wave-
length. To evaluate the existence of a singular matrix, Jones-
matrix determinant is calculated and its zero indicates a singular
condition. The corresponding eigenstate with zero eigenvalue
is called the zero-output eigen-polarization of the singular Jones
matrix.

Sample fabrication. The plasmonic metasurfaces for singu-
lar Jones responses are fabricated through standard clean-room
procedures. First, a cleaned silicon wafer is precisely cut into
square substrates with dimensions of 1×1 cm2. Subsequently, a
150 nm thick layer of aluminum (Al) is deposited onto the sub-
strate by means of thermal evaporation, which functions as the
ground layer. After this, a 40 nm SiO2 spacer layer is deposited
onto the Al layer using magnetron sputtering. Next, a layer
of CSAR 62 resist, approximately 120 nm thick, is spin-coated
onto the spacer layer, and then baked at 180◦C for 90 seconds to
ensure proper adhesion and curing. The pattern exposure is car-
ried out using electron-beam lithography (Elionix ELS-7500)
at 50 kV, with the design being generated by the BEAMER-
GenISys software. Once the pattern exposure is complete, the
CSAR 62 resist is developed in ZED-N50 for 4.5minutes, and
then a 30-second IPA fixing process is applied to stabilize the
pattern. Following this, a 30 nm Al layer is deposited through
thermal evaporation. Finally, the fabrication process is com-
pleted with a lift-off step using Remover PG, and the fabricated
metasurface is rinsed in IPA and deionized water to remove any
residual chemicals, thus obtaining the desired metasurface.

Optical setup. During the measurement of holographic im-
ages and optical vortices, a laser beam with a specific wave-
length passes through a linear polarizer and a quarter-wave
plate. By adjusting the rotation angles of these two components,
a customized incident polarization can be generated, which can
bemeasured using a polarimeter (Thorlabs, PAX1000VIS). The
beam is then weakly focused onto the metasurface using a lens
with a focal length of 150mm. Since the system operates in
reflection mode, both the projection screen and the incident
beam are positioned on the same side of the metasurface. The
projection screen has a central hole that allows the incident
light to pass through. To capture information from a specific
polarization channel, a quarter-wave plate and a linear polar-
izer are placed in front of the holographic image. By alter-
ing their rotation angles, holographic images can be obtained
under the desired polarization filtering condition. As for the
chiral Jones singularity, the spectrum can be measured by re-
placing the single-wavelength laser beam with a supercontin-
uum light source (Anyang, SC-PRO-7) and directing the re-
flected light into a fiber-coupled spectrometer (Ocean Optics,
Maya2000Pro).
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