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Exceptional points (EPs) can achieve intriguing asymmetric control in non-
Hermitian systems due to the degeneracy of eigenstates. Here, we present a
general method that extends this specific asymmetric response of EP photonic
systems to address any arbitrary fully-polarized light. By rotating the meta-
structures at EP, Pancharatnam-Berry (PB) phase can be exclusively encoded
on one of the circular polarization-conversion channels. To address any arbi-
trary wavefront, we superpose the optical signals originating from two
orthogonally polarized -yet degenerate- EP eigenmodes. The construction of
such orthogonal EP eigenstates pairs is achieved by applying mirror-symmetry
to the nanostructure geometry flipping thereby the EP eigenmode handedness
from left to right circular polarization. Non-Hermitian reflective PB meta-
surfaces designed using such EP superposition enable arbitrary, yet unidirec-
tional, vectorial wavefront shaping devices. Our results open new avenues for
topological wave control and illustrate the capabilities of topological photo-
nics to distinctively operate on arbitrary polarization-state with enhanced
performances.

Hermiticity'™, as a physical property of conservative systems, plays an  original Hermitian operator is broken, leading to the potential coa-

important role in quantum mechanics. Energy conservation endows
Hermitian operators with real eigenvalues and orthogonal
eigenstates™®. However, when a system with energy gain and loss is
concerned’, the dynamics becomes non-Hermitian®™", characterized
by the continuation of eigenvalues from the real to the complex fre-
quency plane. Interestingly, the eigenstates orthogonality of the

lescence (i.e., degeneracy) of eigenstates as well as of eigenvalues at
specific points, known as EPs'>?°, Such degeneracy of eigenstates has
aroused extensive interest in the asymmetric control of the eigenstates
by researchers in various fields, such as mechanics”, acoustics”, and
electromagnetism®. Among them, optics is considered to be an ideal
platform for observing the physical phenomena corresponding to EPs.
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Recent results led to chiral absorbers that can absorb perfectly only
one particular state of the input wave*, chiral mode switching by
encircling an EP* or asymmetric transmission of circular polarized
light®®. This asymmetry is thus endowed by the handedness of the EP
(i.e., the system cannot coincide with its mirror image), which distin-
guishes between two opposite circularly-polarized beams. However,
these efforts have always been limited to the exploitation of a single EP,
restricting the response of the system to one single-polarization
eigenstate defined by the handedness of the EP. In other words, using
EPs and their topological properties” to engineer arbitrary states
remains elusive.

Metasurfaces, arrays of rationally designed subwavelength micro/
nano-structures that enable the flexible control of light properties®,
provide a great platform for such asymmetric behaviors at EPs,
including asymmetric reflection and asymmetric transmission®**°.
Specifically, a non-Hermitian metasurface, composed of sub-
wavelength anisotropic structure arrays, can be designed to reach a
degenerate eigenstate response at an EP, resulting in reflection
singularities*’. This peculiar behavior is extremely interesting when it
occurs on the polarization states, i.e., considering an EP of the Jones
matrix, because the response of the interface totally vanishes for one
of the two circular polarization (CP) states, leaving the other crossed
CP channel unaffected with high reflection. In essence, these reflection
singularities manifest as the zero values of the off-diagonal terms in the
reflection Jones matrices. Also, we note that similar behavior can be
observed for transmission zeros*>. Meanwhile, by rotating such sin-
gular meta-structure, a PB phase*® is introduced on the CP conversion-
channel unaffected by the considered EP, while the response of the
system for the EP conversion-channel is by construction zero. This
way, it is possible to utilize the PB phase to encode phase profile on
both crossed CP independently, rotating each of the EP structure to
address the phase value of the considered channel only. However,
because of the intrinsic asymmetric behavior at the EP, previous sys-
tems operate only on a specific polarization state.

In this paper, we present a general method to span the effect of
systems operating at EPs to any arbitrary polarization states, bypassing
the intrinsic limitation of individual EP, which operates on just one
defined polarization state. To illustrate our approach and confirm our
theoretical treatment, we propose a plasmonic non-Hermitian
metasurface** ¢ that sustains a pair of EPs in a controlled manner.
Previously, in the process of reconstructing fully polarized channels*’*¢
utilizing PB structures, cross-polarized twin images were always pro-
jected at the opposite diffraction angles. Here we address this issue by
endowing a pair of EPs on the two channels over which the PB phase
operates, producing vectorial holographic images with arbitrary spatial
polarization and free of undesired twin images. To construct a pair of
EPs with opposite handedness we build upon symmetry considera-
tions, in particular mirror symmetry. Based on the asymmetric and
independent reflections of the left circular-polarized (LCP) and right
circular-polarized (RCP) light at each EP, an orthonormal basis of states
is constructed in the polarization space, paving the way to fully control
any polarization states and lifting thereby the strong practical restric-
tion imposed by the exclusive CP response of a single EP. Moreover, by
decoupling the intensity and polarization information*>*°, we utilize
the plasmonic non-Hermitian metasurface to independently encode
the azimuth (¢) and ellipticity (y) angles of the polarization in a uni-
formly distributed intensity profile. The corresponding far-field polar-
ization encoded images that have been experimentally measured do
not come with the usually undesired twin images, thus solving the
problem of multiple diffraction orders and background signal.

Results

Design method

The design principle of the topological vectorial metasurface is shown
in Fig. 1, which consists of metal-dielectric-metal layers (Fig. 1a). At the

top, “[_"-shaped meta-structure (denoted as S) arrays are used to

construct the metallic device layer. The system is excited at normal
incidence using a horizontally polarized light (LP-H) impinging on the
device in the -z direction. Among the different structural parameters of
the meta-structures (Fig. S1), L; and L5 are the two main parameters
varied to achieve the desired EP response. The simulated current

response of the “| ”-shaped meta-structure with E, incidence is

shown in Fig. 1b. The simple physical idea underlying the full-
polarization control enabled by pairs of EPs consists in considering a
mirror-symmetric meta-structure of the original one with respect to

the yz plane, i.e., an “A”-shape (denoted as S™). In the following the

superscript m represents the mirror-symmetric meta-structures S™
and no superscript represents the original meta-structures S. For each
of the mirror-symmetric meta-structure S™, the current distribution of
the vertical arm switches the flow direction with respect to those in S as
shown in Fig. 1c, resulting in the flipping of the degenerate eigenstate
from E, — iE, to E, +E,, i.e., from RCP to LCP (denoted as |R) and |L),
respectively). To investigate the reflection matrix coefficients of the
mirror-symmetric structure, mirror symmetric operator I1is applied to
the reflection matrix M of given structure (Supplementary Note 1). Eq.
S10 shows that under the condition of CP basis, the reflection matrix

coefficients of M and M™ have a strict relationship of chiral inversion,
which means that the polarization conversion capability of S structures
on RCP light is exactly equal to that of S™ for LCP light. Therefore, the
existence of symmetric structures relieves the limitation of the single
channel imposed by the degenerate response of a single EP, and rea-
lizes the symmetric conversion of the two CPs. Most notably, RCP and
é) in the CP basis,
respectively, which means that a set of orthogonal eigenvectors
forming two bases in the polarization space are obtained. Full coverage
of the two-dimensional polarization space can be realized by properly
regulating the PB phase associated to each of the two kinds of meta-
structures on each of their unaffected associated polarization-
conversion channels. It is worth noting that using pair of dual EPs is
not only applicable to the above photonic system, but can also be
proven useful for the design of many other physical systems involving
EPs, whether they display inherent chirality or not. (see more details in
Supplementary Note 2).

Fig. 1d defines the parameter space of the meta-structure with
mirror-symmetry. By setting L; in meta-structure S (|_) to be
positive and in $™ (_]) to be negative, a summary diagram of dif-
ferent structures with L; and L as x- and y-axis can be obtained. To
find the EPs of the mirror-symmetric structures, CP conversion
coefficients were simulated by sweeping the lengths of L; and L3
and the results are shown in Figs. le, 1f and S4. The parameter space
is set to L;€[-100, 100 nm] and L5€[50, 250 nm]. Particularly, a pair
of singularities induced by the EPs are obtained at (L, L3) = (%52,
119 nm), and described with solid white (M, =0, Fig. 1e) and black
(M7}, =0, Fig. 1f) stars. Two zero-reflectivity singularities constitut-
ing phase vortices with opposite topological charge are observed.
The key feature underlying our strategy is that for a given structure
(let’s say, S and its associated EP), the other polarization conversion
channel (which is the coalesced eigenstate of the complementary
EP, corresponding to the S™ structure) does not show a singularity
at that point of parameter space, as represented by the hollow
stars in Fig. 1le, f. Furthermore, in the regions of parameter space
corresponding to the complementary EP parameter regions of
respective mirror symmetric structures (identified by the two hol-
low stars), the amplitude (denoted as the length of the arrows)
and phase (denoted as the rotation angle of the arrows) of the
CP conversion coefficients remain relatively constant and
non-zero.

LCP can be represented by vectors <(1)> and <
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According to the properties of PB phase, when the meta-structure is
rotated by a certain angle ¢, the incident RCP (or LCP) will be con-
verted to the other one and will be imposed a geometric phase, i.e.,
IRy — e 2¢|1) and |L) — €2?|R). When the meta-structures S and S™
rotate —¢ and + ¢ respectively, the incident LCP (for S) and RCP (for
S$™) will be converted to the corresponding cross-polarization, simul-
taneously adding a PB phase of —2¢. Conversely, when RCP is incident
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Fig. 1| Design principle of topological vectorial metasurfaces with EPs pair.

a Perspective view of the structural unit of topological vectorial metasurface. The
incidence of horizontally linear polarized (LP-H) light is perpendicular to the
metasurface along the -z direction. The inset figure on the upper right depicts the
top view of the structure layer. The lengths of the three rods in the meta-structure
are denoted by L,, L, and L, respectively. b, ¢ Simulated surface current distribu-
tions of (b) meta-structures S and ¢ S™ with x-direction linear polarized incidence.
d Top view of mirror-symmetry structures with different L, and L;, where L;<0in S™
and L;>0in S. e, f Complex amplitude of the simulated CP conversion coefficients in
the parameter space covered by £,€[-100, 100 nm] and L3€[50, 250 nm], where the
length and angle of the arrows represent the amplitude and phase of the complex
amplitude. The solid white and black stars represent the EP pair observed for both

structures S and S™ respectively, while the hollow stars show the other CP con-
version channel. g, h Schematic of the asymmetric wavefront modulation by the
combination of EPs and PB phase with rotating mirror-symmetric structures. The
LP-H input light can be decomposed into RCP + LCP beams. The structures S in (g)
work for LCP input light and the structures $” in (h) work for RCP. The polarization
states of the output beams are marked on the Poincaré sphere below, where the
north and south poles represent RCP and LCP, respectively. i Full-polarization-
reconstruction through the superposition of output RCP and LCP beams at the EP
pair with arbitrary phase and amplitude is realized by inputting the same LP beams.
With the arrangement of two types of meta-atoms (S and S™) on a single meta-
surface, arbitrary output polarization states can be realized.

on S orLCPon S™, there is no output cross-polarized beam because the
conversion term (M, or M%) in the corresponding Jones matrix is
zero (note that this is exactly true only at the EPs). To realize asym-
metric vectorial wavefront control for arbitrary polarization state
reconstruction, for LCP incident light we arrange the S meta-structures
on a horizontal line and rotate them clockwise with the set initial
orientation angle and an angle increment of ¢, for each adjacent meta-
structures, i.e., to deflect the resulting RCP output light to the right
side with a deflection angle of 8, (Fig. 1g). Similarly, for RCP incident
light, by rotating the S™ meta-structures counterclockwise with
another initial orientation angle and setting the same angle increment
@4, the output LCP can achieve the same deflection angle (Fig. 1h).
Importantly, taken into account that any polarization of the light
beams can be described by a superposition of LCP and RCP (More
details in Supplementary Note 3), a single metasurface composed of
two types of crossed polarized meta-atoms has been used to project
holographic images at arbitrary polarization. Here, we additionally
preserve the asymmetric wavefront operation characteristics of EP
designs by choosing two symmetrical EP meta-atoms, each respec-
tively operating at one of the two orthogonal polarization states
(Fig. 1i). By encoding the holographic phase information on both LCP
and RCP beams starting from the initial orientation angle and applying
a modified Gerchberg-Saxton (GS) algorithm*®, arbitrary polarized
meta-hologram can be achieved. It is worth noting that, due to the
symmetric processing capability of the PB phase for circularly polar-
ized light, the other CP beam generally appears in the —6, direction.
However, the introduction of an EP pair totally suppresses redundant
images in unnecessary directions, yielding to asymmetric meta-
hologram with single order. In brief, the design method uses the PB
phase to realize the vectorial holographic images while avoiding
unnecessary orders thanks to the degeneracy of the EP, providing a
general strategy for asymmetric control of the vectorial wavefront.

The simulation results of the EP pair are shown in Fig. 2. Two
singularity points in the corresponding reflection matrices of the
mirror-symmetric structures, where M,;;=0 and M}, =0, are
observed simultaneously at A =600 nm (Fig. 2a). On the contrary, at
those same points My, and M}, remain stable without significant
change. Fig. 2b, ¢ shows the corresponding eigen polarization states
on the Poincaré sphere for the meta-structures S and S™, respec-
tively, with the incident wavelength ranging from 550 to 650 nm. The
eigenstates associated to each of the structures degenerate as RCP
(Fig. 2b) and LCP (Fig. 2c), respectively, at A= 600 nm, proving the
existence of an EP pair. For in-depth understanding of the eigenstates
at the wavelength of 600 nm, the azimuth and ellipticity angles of
eigenstate 1 and 2 in the parameter space covered by L e
[-100,100 nm] and L5 € [50,250 nm] are shown in Fig. 2d-g. In the EP
pair, i.e., L;=%52nm and L;=119nm, the azimuth and ellipticity
angles of eigenstate 1 and eigenstate 2 degenerate. Stars indicate the
position in the parameter space where EPs emerge. The white and
black stars represent the degeneracy of two eigenstates into RCP and
LCP, respectively. All the above simulations confirm that a pair of EPs
are obtained at L; = +52nm and L5 =119 nm.

Asymmetric and arbitrarily-polarized meta-hologram

To verify the design principle, we demonstrate four meta-holographic
images with different polarization states using a pair of EPs combined
with PB phase. Simulation results of the CP conversion efficiency and
relative PB phase of the metasurfaces are shown in Fig. 3a, b. When
structures S and S™ are rotated, only one of the polarization channels is
converted (LCP for S and RCP for $™), and the corresponding PB phase
is introduced. The conversion efficiencies of the two symmetric
structures are both about 20% in the above available channels, and the
phase coverage can reach 2m. Meanwhile, as requested by the hand-
edness of the associated EP, the conversion coefficient of the other
channel is near-zero. In the experiments, the horizontally polarized
light (corresponds to x-polarization, LP-H), which can be viewed as a
superposition of LCP and RCP, was generated by a linear polarizer and
used as the incident beam. By changing the number of rows of S and S™
to adjust the amplitude, and the rotation angle between the two rows
to introduce the phase difference between LCP and RCP components
(More details in Supplementary Note 3), we realized the holographic
images with LCP (Fig. 3¢), RCP (Fig. 3d), linear polarization (LP, Fig. 3e)
and elliptical polarization (ELP, Fig. 3f). According to the formula:

. (2
0, = arcsin (%) @®

The holographic images are set to 30° by controlling the orien-
tation angle increment ¢, =45° (where k is the wavenumber in the
free space and p is the period of the unit-cell). As expected, four dif-
ferent holographic images (L, R, A and H letters) with designed
polarization states clearly appeared at the angle of 30° when LP-H light
was incident. More importantly, no redundant images appeared at -30°
(some faint and incomplete images are observed due to the fabrication
imperfection, to be compared with completely equivalent images
when no EP is used), proving the realization of the asymmetric control
of the meta-hologram. The polarization states of the resulting holo-
graphic images are shown in Fig. 3g, where the blue and red dots on the
Poincaré sphere represent the designed and measured polarizations,
respectively. Their close positions indicate that the experimental
results are in great agreement with theoretical expectations.

Asymmetric vectorial meta-hologram

In the following, we independently encoded the azimuth and ellipticity
angles of the polarization information with controllable amplitude
distribution, known as vectorial meta-hologram. A pixel containing two
rows of rotated mirror-symmetric structures is designed to achieve
arbitrary combination of spatially varying amplitude and polarization
information, as shown in Fig. 4a. By keeping the rotation angle of the
top and bottom rows opposite to each other, so as to impose equal but
opposite sign of phase gradients, RCP and LCP beams will be generated
at the same angle of 6,. Fig. 4b shows the SEM image of the fabricated
metasurface. The intensity of the profile is set to a constant value in the
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f Azimuth and g ellipticity angles of the eigenstate 2. The parameter space is set to
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region of interest. Then, according to the formula: =6 and

Z::::Zii by manipulating the amplitude (a,, az) and phase

difference (6) of the two CPs over the far-field spatial distribution,
arbitrary combinations of ellipticity and azimuth angles can be achieved
in the selected region (Supplementary Note 4). The modified
Gerchberg-Saxton (GS) algorithm*® of vector field is used to realize the
decoupling of amplitude and far-field polarization information. It is
noteworthy that because the number of rows of S and S™ in the meta-
surface is equal, there is no additional degree of freedom to control the
intensity difference between LCP and RCP. As compensation, the azi-
muth and ellipticity angles need to be tuned (translated and scaled) to
make the total strength of LCP and RCP equal in the far field. Simulation
results of the distribution of intensity, azimuth and ellipticity angles in
the far-field are shown in Figs. S5a-5c. A circular bright spot like the sun
confirms the uniform distribution of intensity, while the images of
“Infinity” (Fig. S5b) and “Tai Chi” (Fig. S5¢) represent the azimuth angle
and ellipticity angle, respectively. Measured intensity results are shown

X = }arcsin

in Fig. 4c with designed vectorial holographic image at 30° but no image
at -30°. The decoding of the polarization information is based on the
Stokes parameters®, which can be obtained by introducing a quarter-
wave plate and a linear polarizer in the optical setup. As expected, a
circular intensity distribution (Fig. 4d) with spatial distribution of
polarization in azimuth angles of “Infinity” (Fig. 4e) and ellipticity angles
of “Tai Chi” (Fig. 4f) are displayed respectively. Furthermore, grayscale
images were used to demonstrate the enormous potential of the
Modified GS algorithm. In Fig. S11, three grayscale images are selected
as intensity, azimuth and ellipticity angles respectively, and the corre-
sponding simulation results show that the meta-holograms are well
reconstructed, indicating that the algorithm can achieve arbitrary
combinations of intensity, azimuth and ellipticity angles in the selected
area. It should be noted that the asymmetric vectorial hologram can be
designed to provide broadband response since the channels My, and
M} are always larger than M,, and MF; in a wide frequency range as
shown in Fig. 2a.
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Discussion

In conclusion, we have demonstrated a general approach to extend
the application of EPs to any arbitrary polarization states, thereby
surpassing the inherent limitation of the degenerate response that
EP brings to the system. Using a plasmonic non-Hermitian meta-
surface as the experimental platform and thanks to the strategy of
mirror-symmetric transformation, the inversion of an EP handed-
ness is achieved. The design flexibility of metasurfaces enables
combining both EPs generated from a meta-structure and its mirror-
image to generate a pair of EPs with opposite phase circulation
singularity. Thanks to the EP pair we implemented the asymmetric
reflection of the two CP beams, extending the metasurface response
to all polarization states beyond the CP states. The combination of

an EP pair with the PB phase is shown to suppress unnecessary
redundant images that limits the technological use of PB-phase
metasurfaces while achieving full polarization reconstruction. To
demonstrate the multi-channel multiplexing capability of the non-
Hermitian metasurfaces, we encoded complex polarization infor-
mation into the intensity distribution. Overall, this work breaks the
inherent limitation of topological metasurfaces, improving the
possibility of topological wavefront-shaping for wide applications,
and opens the way for optical communications, data encryption,
and high-density optical data storage with topological meta-
surfaces. We believe that the idea of coupling a pair of EPs to realize
the expansion of the asymmetric response can be applied to a wider
range of EP systems.
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Fig. 4 | Asymmetric vectorial meta-hologram with spatially distributed polar-
ization profile. a Top view of the structure design with the combination of S and
S™. b SEM image of the fabricated metasurface. ¢ The full-view of the intensity

distribution of the measured meta-hologram. A clear image is shown at 30° but no

f Ellipticity angle (°)
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image at -30°. d-f Measured vectorial meta-hologram at 30° with distribution of
d uniform encoded intensity, e spatially distributed azimuth (“Infinity”) and
fellipticity (“Tai Chi”) angles of the polarization in the far-field. The blue scale bar in
d-f represents 1cm.

Methods

Device fabrication

The fabrication processes are shown in Fig. S2. The cleaned silicon
wafer is diced into 1x1 cm? square substrates. Then thermal eva-
poration is used to grow an aluminum (Al) layer with a thickness of
150 nm on the substrate as metal ground. Subsequently, SiO, spacer
layer of 40 nm is deposited on the Al layer by magnetron sputtering.
Whereafter, ~-120 nm thick CSAR 62 resist is spin-coated on the spacer
layer and then baked at 180 °C for 90 seconds. Furthermore, electron-
beam lithography (Elionix ELS-7500) exposure is performed at 50 kV,
while the structural design is made by BEAMER-GenlSys software. After
development of CSAR 62 with ZED-N50 solution for 4.5 minutes, IPA
fixing process is performed for 30 seconds. Next, 30 nm Al layer is
deposited using thermal evaporation. Finally, the liftoff process is
operated using Remover PG. Followed by IPA and deionized water
rinsing, the metasurface is created.

Optical setup

Schematic diagram of the optical setup is shown in Fig. S3. A laser
beam at a wavelength of 600 nm passes through a linear polarizer with
a horizontal transmission axis, therefore, a LP-H beam is obtained.
Then the beam propagates through a lens and is weakly focus on the
meta-hologram. Since the system works in reflection, projector and
incident beam are found on the same side of the metasurface. In
addition, there is a hole in the center of the projector to allow incident
light to pass through. The detection of the polarization state of the
beam is done by a polarimeter (Thorlabs PAX1000VIS).

In order to characterize the polarization information in the far-
field, a quarter-wave plate and a linear polarizer are placed in front of
the holographic image. By adjusting the rotation angle of the linear
polarizer and controlling the addition/removal of the quarter-wave
plate, the intensity values under different polarization filtering condi-
tions can be obtained. The corresponding azimuth and ellipticity
angles can be obtained after post-processing.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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