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ABSTRACT: We demonstrate that a high-index dielectric Si
metasurface with a designed chiral unit structure possesses an
exceptional point (EP) when it is described by a non-Hermitian
Hamiltonian associated with the transmission matrix. By encircling
any path in the parameter space around the EP, topologically
protected 2m-phase accumulation occurs. These typical non-
Hermitian properties are ascribed to complex scattering phenom-
ena related to the coupling between electric and magnetic dipolar
modes from the high-index dielectric Si metasurface. The
topologically guaranteed entire 27-phase accumulation and chiral
distinction around the EP open up many promising possibilities in
nanophotonic device designing; for instance, phase-only and
polarization multiplexing holograms are realized in this work.

Article Recommendations |

Amplitude

1. INTRODUCTION

Metasurfaces, periodic arrangements of artificial subwavelength
antennas with different shapes and sizes,'~” have better optical
performances than conventional optical counterparts. Up to

now, however, most of the works have focused on plasmonic
metasurfaces, wherein the phenomena related to non-Hermitian
properties such as anomalous transparency,”’ unidirectional
foa) 38—41 . . 42,43 . i
transmission, power oscillation, and so on mainly arise

now, nano-optical devices based on metasurfaces have been
widely used in holograms,” ' wave plates,"”™"° metal-
enses,'°"'? and so on. From a fundamental perspective, these
constituent subwavelength antennas, which are treated as optical
multipolar resonators and thereby subject to radiative loss or
dissipation under illumination, can be described by an open
system of non-Hermitian Hamiltonians.””~>* In recent years,
quite a lot of works have demonstrated that some non-
Hermitian systems possess passive parity-time (PT) symmetry,
though in the absence of optical gain, and present different
optical behaviors from Hermitian systems. For example,
eigenvectors of a non-Hermitian Hamiltonian do not require
to be orthogonal, and at certain points in the parameter space
called exceptional points (EPs), two eigenvectors, as well as their
eigenvalues, coalesce. Metasurfaces provide an excellent arena
for exploring the underlying physics of non-Hermitian systems
because they can be engineered with precise control over the
structural parameters that govern resonator properties and easily
be measured by standard optical reflection or transmission.*”>"
Recently, PT-symmetric metasurfaces and their topological
features of non-Hermitian matrices near EPs have been
investigated;31_3531_35 for example, Genevet et al. demon-
strated that by precisely designing the sizes of Al nanoantennas, a
planar chiral plasmonic metasurface exhibits 27 topological
phase accumulation distributed along any arbitrarily closed
parameter loop encircling the EP in a reflection regime.*® Up to
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from electric dipolar scattering and decaying of metallic
nanoantennas, completely irrespective of other orders of
resonant modes.

In this work, we propose a high-index dielectric Si metasurface
that displays a chiral shape of “E” and introduces the coupling
between electric and magnetic dipolar modes. The light
transmission through the metasurface can be well described by
a non-Hermitian Hamiltonian, which presents spontaneous PT-
symmetry breaking in the parameter space. In particular, the EP
is associated with the structural chirality of the metasurface, and
topologically protected 2z-phase accumulation occurs by
encircling any path around the EP. These properties can be
exploited in phase-only and polarization multiplexing holo-
grams.

2. RESULTS AND DISCUSSION

As schematically shown in Figure 1a,b, a unit cell of our designed
high-index dielectric (here, taken as Si) metasurface contains
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Figure 1. (a) Schematic of a high-index Si metasurface on a glass substrate in a perspective view, which is made up of arrays with “E” shape structures.
(b) Top view of a unit cell, which contains three parallel separate boards and another one orthogonally contacts them. In our simulation, the fixed
geometrical parameters are H = 250 nm, P = 250 nm, S, = 210 nm, and w = 30 nm, and the varied parameters are S;, which is the length of the three
parallel boards, and Ay, which is the deviation from the central dash line O, to the middle board line O, in the y-direction. (c) Scattering cross section of
the “E” structure, where S_1 = 180 nm and Ay = 25 nm. (d, ) Electric field (Ex) distribution of ED and MD of the middle board on the x—z plane,

respectively.

three parallel separate boards in subwavelength sizes, and
another one orthogonally contacts them on the side, displaying a
shape of “E” from the top view (Figure 1b), which is a
characteristic of planar chirality. The specific geometric
parameters are labeled in Figure 1a,b. The whole metasurface
is composed of two-dimensional (2D) arrays of “E” structures
with a period of 250 nm in the x- and y- directions. The high-
index dielectric metasurface is favorable to enhance light—
matter interaction in the nanoscale, generating resonance-based
multipole and multimode optical responses. Here, the scattering
properties of the middle board within the individual “E”
structure were calculated by commercial finite-difference time-
domain software (Lumerical FDTD). The refractive index of Si
was taken from Palik’s book.”* The index of the surrounding
medium was taken to be 1. From the calculated scattering
spectrum shown in Figure ¢, two main resonance peaks appear
at wavelengths of 573 and 700 nm, which correspond to electric
dipole (ED) and magnetic dipole (MD) modes, respectively.
These modes are clearly identified by their characteristic
distribution of electromagnetic fields at the respective resonance
positions,45 as shown in Figure 1d,e, where the Ex field
distribution is taken from the x—z plane of the central board.
Note that the other three boards are also dominated by the two
modes; the intensity and wavelength position of ED and MD
modes slightly vary on changing the geometrical parameters of
the “E” structure.

In consideration of the ED and MD being subject to radiative
loss or dissipation under light illumination, the “E” structure
thus would be well described by non-Hermitian Hamiltonians.
The ED is expressed as p = p ¢, and MD is expressed as m=
i1 &, which couple strongly to the incident radiation field E; =
(E;,y E;,)e™". In a rough approximation, p is dominated by p,, and
m is dominated by m,, which are orthogonal mutually. The

dipole moments are related to the incident electric field through
the polarizability matrix as follows

5x - ]}lx —K Px ngix
—K 0, — 7,

m}’ gyEiy (1)

where J,, are the frequencies detuning from the resonances of
ED and MD, respectively, 7,,, are the damping rates of the two
dipoles, respectively, k is the coupling strength between the two
dipoles, and g, , are the coupling factors between the incident
field and the two dipoles, respectively. For clarity, we define
o, — jr, —K
Q= (_K 6}/ - ]yy
is the superposition of the incident field and the scattered fields
of the two dipoles, expressed in the linear polarization bases x-
and y-directions as

) in the following. The transmitted field

- - xx Ty

Eout = ’IiinEin = Ein
ye o Ty
2 .
8.5 —ir) s8x E,)  (E
=Q 5 E +1 E
88K 8,0 —jr) ] @)
where Q = “h 1 andIis the unit matrix. The transmission

sz det(Q)’
matrix then takes the form

8O, —jr) ggx
T.=Q +1
lin 2 .
88K 8,0 —jr,) 3)

https://doi.org/10.1021/acsomega.2c04448
ACS Omega 2022, 7, 44743—-44749


https://pubs.acs.org/doi/10.1021/acsomega.2c04448?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04448?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04448?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04448?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

o
)

Amplitude
o
[}

20
15 130

Amplitude

140 145

Sy (nm)

0.2 .
130 135 150

(b)

Phase

140 145

Sy (nm)

135

“130

Figure 2. Eigenvalues near the EP on the self-intersecting Riemann surfaces. (a) Amplitude and (b) phase of two eigenvalues at A = S0 nm in R = (S,
Ay) parameter space. The orange and blue pieces correspond to the two eigenvalues. The EP is indicated by black dots, where the corresponding
parameters are (S;, Ay) = (141 nm, 26 nm). For the given values of Ay, the intersection behaviors with the amplitude and phase of the eigenvalues are
opposite. When the value of Ay is fixed, (c) amplitude and (d) phase of the eigenvalues are as the function of parameter S;. The solid and dashed lines

represent Ay = 24 nm and Ay = 28 nm, respectively.

and its eigenvalues are

Q . :
ir=1+;[gf(ﬁy—vy)+gf(5x—17x)i\/X] @

where

A= 4gngy21<2

When A = 0, the eigenvalues as well as the eigenstates coalesce,
implying the occurrence of an EP.

For the high-index metasurface, T, # T, due to the planar
chiral anisotropy, and T,, = T,, due to the approximate optical
reciprocity arising from mirror symmetry across the plane of the
metasurface. Taking into account the mentioned properties of
the components of Ty, it is more straightforward to re-express
the transmission matrix in the circular polarization basis as

I, T,
cr = T_+ T
(Izcx + tyy) + ](’I;cy - ’I;Jx) (’I;cx - Tyy) - ]
1 (T, + T,,)
2 (’I;cx - Tyy) + ](’I;cy + ’I;Ix) (]:cx + Tyy) =j
(6)
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where subscripts + and — represent left circularly polarized
(LCP) and right circularly polarized (RCP), respectively. It can
be seen from the transmission matrix that T,, = T__, and the
eigenvalue are t, = T, , + /T, _T_,. The condition required

to achieve EP is

LT ,=0 (7)
By comparing eqs 5 and 6, it is found that
A= 4LT T
Q@ (8)

which is in agreement with condition 7. Considering the ED and
MD modes occurring in the “E” structures, we can adjust the
electric and magnetic resonances with respect to each other by a
variation of the “E” structural parameters, in consequence, allow
for engineering the transmission behaviors, and thus arrive at
condition 7, i.e, T,_=0o0r T_, = 0.

The eigenvalues and eigenstates of the transmission matrix
(eq 6) can be solved as a function of geometrical parameters that
was defined as a parameter space R = (S;, Ay). The chosen
parameters can more effectively tune the loss and coupling of the
ED and MD, so the EP can be achieved at the appropriate
parameter values when the requirement of T,_=0or T_, =0 is
satisfied. The amplitude and phase of the eigenvalues of the
transmission matrix are presented in Figure 2a,b, respectively. It
is found that the EP is located at the point of intersection (S; =

https://doi.org/10.1021/acsomega.2c04448
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Figure 3. Evolution of polarization eigenstates of the transmission matrix by changing S. With the same Ay =26 nm, (a) S; = 122 nm, (b) S; = 134 nm,
(c) S;=141nm, (d) S, = 147 nm, and (e) S, = 174 nm. (f) Polarization eigenstates for different parameters plotted on the Poincaré sphere with LCP at

the north pole.
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Figure 4. Amplitude and phase of circular polarization conversion coefficients of the transmission matrix. (a) T_, and (b) T, _ in the parameter space in
the range of S; € [120, 160 nm] and Ay € [10, 50 nm]. An EP appears at (S;, Ay) = (141 nm, 26 nm) in T_,. The color bar in the figure represents the
phase of the transmission coefficient. The vortex phase distribution and topological protected 27-phase accumulation of T_, can be found by wrapping

around the EP.

141 nm, Ay = 26 nm) on a self-intersecting Riemann sheet,
which means that the real and imaginary parts of two eigenvalues
degenerate into a point. Very clearly, the eigenvalues will not
return to their original values under one full loop around the EP
but will rather be swapped, and they will return to their original
values only under two full loops. This is direct and strong
evidence for proving the existence of the EP. For a closer look,
cut from Figure 2a,b, we checked the different behaviors of
eigenvalues with S, at the fixed Ay = 24 and 28 nm (Figure 2c,d),
respectively. Taking the “E” structure into account, the variation
of Ay implies that the near-field coupling between the
subwavelength boards is to be varied. Ay = 24 nm represents
weak coupling and Ay = 28 nm represents strong coupling. The
amplitude of eigenvalues undergoes an anticrossing behavior at
Ay =24 nm with S}, while crossing at Ay = 28 nm. The phase of
eigenvalues has exactly the opposite processes, which undergoes
a crossing behavior at Ay = 24 nm, while anticrossing at Ay = 28
nm. This intersecting behavior is a unique feature of self-
intersecting Riemann surfaces, which fully follows the intrinsic

44746

topology of non-Hermitian systems. These characteristics
strongly confirm that the EP is located at 24 nm < Ay*" < 28 nm.

The eigenstates of the transmission matrix are two corotating
polarization ellipses, which display different ellipticities and
orientation angles determined by the chosen parameters. Here,
Ay was set to be 26 nm, and the evolution of polarization
eigenstates of the transmission matrix with S, is shown in Figure
3a—e. At S| = 122 and 134 nm, the relative loss of the system is
small, so y < 2« (here, g, = g, 6,=6,, 7 = ly, — 1)), corresponding
to the PT-symmetric state. The polarization eigenstates show
that the angles between the major axis and the y-axis are +45°
(Figure 3a,b). For S; = 141 nm and y = 2, the coalescence of the
eigenstates from two polarization ellipses into one circular
polarization roughly emerges, implying the occurrence of the
degenerate of the eigenstates. Unlike the Hermitian system,
eigenstates are no longer described by a complete basis, and the
eigenspace is defective, where the two degenerate polarization
eigenstates are left circularly polarized (LCP), indicating that
despite the absence of rotational symmetry, LCP light transmits
through the high-index dielectric metasurface without any
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Figure 5. Simulation and design of the phase-only high-index metasurface hologram. (a) The preset image for the 2D hologram. (b) Phase distribution
of the hologram with 100 pixels X 100 pixels. (c) The “E” structure program of partial metasurface that implements the phase distribution of (b). The
inset shows the magnified “E” structures and the corresponding phase for each unit. (d) The transmission hologram under LCP incidence at 4 = 550
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Figure 6. Design and simulation of the polarization multiplexing high-index metasurface hologram. (a) A designed metasurface hologram in which two
distinct chiralities of the “E” structures are contained within a unit. (b) For Ay > 0, the 27-phase accumulation holds for the LCP. (c) For Ay < 0, the
27-phase accumulation holds for the RCP. (d, e) Two target images under different chirality incident lights. (f) Under LCP incidence, the holographic
image is “dolphin1”. (g) Under RCP incidence, the holographic image is “dolphin2”. The incident wavelength is A = 550 nm.

conversion to right circular polarization (RCP; Figure 3c). At S;
= 147 and 174 nm, the relative loss increases, which means y >
2k, known as a PT-symmetric breaking state. These polarization
eigenstates are still corotating polarization ellipses, whereas the
angles between the major axis and the y-axis are 0 and 90°,
respectively (Figure 3d,e). The eigenstates are represented on
the Poincaré sphere (Figure 3f), and it can be seen that although
the spatial symmetry of the transmission matrix remains

unchanged, the PT-symmetry breaking results in a sudden 45°
rotation of the azimuth.

Figure 4a shows the amplitude and phase of the transmission
matrix element T_,, which also denotes the circular polarization
conversion coeflicient as functions of S; and Ay. As expected, the
transmission matrix from the metasurface can be tailored with
varying parameters, due to the scattering variation of the ED and
MD arising from the “E” structures. Following the analysis of
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T, the location of the amplitude T_, = 0 with S; = 141 nm and
Ay =26 nm is the EP, which is also demonstrated in the section
of eigenvalues and eigenstates. This means that LCP incident
light is preserved through the metasurface, with no conversion to
RCP. While from the phase of point view, the complete 27-phase
accumulation around the EP can be obtained through any closed
path in the parameter space, which is owing to the topological
protection in the complex value space.”® Based on the geometric
symmetry, for T, _, it does not possess any point of satisfying T, _
= 0, and then no complete 27-phase accumulation occurs, as
shown in Figure 4b. Only if the reversal of the “E” structure is in
the horizontal or vertical direction, T,_ = 0.

In the following, we exploited the property of 2z-phase
accumulation encircling EP to generate phase-only holograms. A
dolphin was chosen as the target image, and it is sampled with
100 pixels X 100 pixels (Figure Sa). The phase distribution of
the target image was carried out by the Gerchberg—Saxton
algorithm, which contains many cycles of the Fourier transform
iterative process (Figure Sb). After that, based on T_, in Figure
4a, each phase pixel was precisely mapped to the “E” structure
that justly encircles the EP in the parameter space, delicately
corresponding to the desired phase while maintaining a uniform
amplitude. The final metasurface that realizes the dolphin
hologram is shown in Figure Sc. Compared with the finite
number of phase-variation steps in holography, our study
accurately characterized each discrete phase, which improves
diffraction efficiency and image fidelity. Under LCP incidence,
the holographic image could clearly be shown at A = 550 nm by
FDTD simulations, which fully and completely reproduces the
target dolphin (Figure Sd). The other transmission matrix
element T, _ does not possess EP in the parameter space, and its
phase ranges very narrowly and does not cover 27, so no
holographic image could be formed under RCP incidence.
Considering the chirality of the “E” structure, we verified that if
Ay > 0,an EP is generated in the T_, transmission spectrum, and
the 2z-phase accumulation holds for the LCP. On the contrary,
if Ay < 0, the EP does occur at T_, and 27-phase variation is
responded to RCP. Therefore, polarization multiplexing
holography can be realized by utilizing the chirality of “E”.
Combining two sets of holograms operating with different
incident helicities on the same metasurface is the key step to
achieve multiplexing holography. As shown in Figure 6a—c, in a
unit cell containing two “E” structures, one is Ay > 0,
corresponding to EP at T_, = 0, and the other is Ay < 0,
corresponding to EP at T,_ = 0. First, the discrete phase
distributions of two images were generated using the GS
algorithm, assuming that the pattern illuminated by LCP is
“dolphinl” and the other is “dolphin2” (Figure 6d,e). Then, the
two target phase profiles were encoded onto the metasurface,
corresponding to the chiral responses of “E” structures in a unit
cell. On the illumination of LCP, the metasurface reconstructed
“dolphinl” in the holographic image (Figure 6f); conversely,
“dolphin2” was presented under RCP (Figure 6g).

3. CONCLUSIONS

In summary, we have demonstrated that a high-index Si
dielectric metasurface can be well described by a non-Hermitian
open system, where the eigenvalues and eigenstates of the
transmission matrix can coalesce into an EP with varying
geometrical parameters. The occurrence of EP is ascribed to
adjusting the electric and magnetic dipolar resonances with
respect to each other within the metasurface. By choosing
appropriate metasurface unit structures to encircle the EP in the

parameter space, we can obtain a topologically protected full 2
phase in any closed path. As the phase can be completely
controlled over the 27 range in each unit cell of the dielectric
metasurface by varying parameters, high-resolution computer-
generated holography can be realized. Our work combined a
dielectric metasurface with a non-Hermitian system, exploiting
the nontrivial properties to provide a broader platform for
nanophotonics applications.
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