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Subwavelength control of light transport at the
exceptional point by non-Hermitian metagratings

Yihao Xu', Lin Li't, Heonyeong Jeong*t, Seokwoo Kim?, Inki Kim*3, Junsuk Rho

Yongmin Liu'3*

The concept of non-Hermitian physics, originally developed in the context of quantum field theory, has been
investigated on distinct photonic platforms and created a plethora of counterintuitive phenomena. Interfacing
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non-Hermitian photonics and nanoplasmonics, here, we demonstrate unidirectional excitation and reflection of
surface plasmon polaritons by elaborately designing the permittivity profile of non-Hermitian metagratings, in
which the eigenstates of the system can coalesce at an exceptional point. Continuous tuning of the excitation or
reflection ratios is also possible through altering the geometry of the metagrating. The controllable direction-
ality and robust performance are attributed to the phase transition near the exceptional point, which is fully
confirmed by the theoretic calculation, numerical simulation, and experimental characterization. Our work
pushes non-Hermitian photonics to the nanoscale regime and paves the way toward high-performance plas-
monic devices with superior controllability, performance, and robustness by using the topological effect asso-

ciated with non-Hermitian systems.

INTRODUCTION

Non-Hermitian systems, which are open systems that can exchange
energy, matter, or information with their surroundings by engineer-
ing the distribution of gain or loss materials, have shown notable
phenomena since the seminal work by Bender et al. (1, 2). It is com-
monly accepted in quantum mechanics that Hamiltonians need to
be Hermitian to produce real eigenvalues. However, if the spatially
varying complex penitential energy V(7') in a system satisfies
V(r) = V*(— 1), implying that the non-Hermitian Hamiltonian
obeys parity-time (PT) symmetry, then entirely real eigenvalue
spectra can exist under certain thresholds, known as exceptional
points (EPs). Because of the equivalence of the mathematic form
between the Schrodinger equation and the paraxial equation of dif-
fraction in optics, people have demonstrated that photonic systems
can serve as an alternative platform to study non-Hermitian
physics. Since the refractive index acts as an equivalent “optical po-
tential” in the paraxial equation, the requirement for a PT-symmet-
ric photonic system then becomes n,(7)=n,(—r) and
ni(r) = —n;(— 1), where n, and n; are the real and imaginary
parts of the refractive index, respectively. Many intriguing phenom-
ena and applications in non-Hermitian photonics have emerged,
including controllable mode selection (3-5), singularity-enhanced
sensing (6-10), robust mode propagation (11-13), waveguide
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mode control (14-17), non-Hermitian induced topology (18-24),
temporal photonic lattices (25), transient growth and dissipation
of waves (26, 27), and stable single-mode lasers as well as perfect
absorbers (28—-34). However, most of the reported works on non-
Hermitian photonics have relied on elements with dimensions
comparable to or larger than the wavelength, including microring
resonators and coupled waveguides (4, 8, 28, 30, 35), which are
not desirable for device miniaturization and integration purpose.
On the other hand, it remains challenging to implement subwave-
length building blocks for non-Hermitian systems, and there are
only a handful reported works along this direction (36-38). The
major hurdle lies in the increased sensitivity near the EPs in non-
Hermitian systems (7, 8, 10). It means that the EPs are difficult to
reach and maintain unless we can have precise control of both the
design parameters and the ambient conditions.

In parallel to non-Hermitian photonics, plasmonics has drawn
considerable attention in the optics community because of the com-
petence of surface plasmon polaritons (SPPs) to surpass the diffrac-
tion limit and enhance light-matter interactions (39-43). Owing to
the two advantages, plasmonics has been applied in many areas, in-
cluding spectroscopy (44), sensing (45), amplifiers and lasers (46),
and nanolithography (47). In particular, it is envisioned that plas-
monics is a promising candidate for the next-generation optical
circuit (48, 49). In this regard, it is of great importance to achieve
controllable manipulation of the SPPs with superior directionality
and robustness. At the early stage, nanoslits (50-53), apertures (54),
and nanoantennas (55, 56) were used to compensate for the mo-
mentum mismatch, and at the same time, the interference of
plasmon waves from these nanostructures can generate SPPs prop-
agating along the selected direction. However, without periodic pat-
terning, the scattering loss of the isolated nanostructures could be
severe. Recently, the emergence of metasurfaces enlightens new
possibilities in the manipulation of SPPs (57, 58). Metasurfaces
can achieve high performance in terms of controllability, while
the directional excitation of SPPs is usually manipulated by the po-
larization of the incident light. However, the meta-atoms, the
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building blocks of metasurfaces, need to be patterned as a two-di-
mensional (2D) array, which unavoidably suffers from a high loss
because of the increasing number of meta-atoms and, in the mean-
time, raises the fabrication difficulties.

Here, we propose and demonstrate subwavelength non-Hermi-
tian metagratings that enable unidirectional control of SPPs at the
EPs, by synergistically interfacing non-Hermitian physics and
nanoplasmonics. Our approach, in contrast to most of the published
works, relies on the PT symmetry criterion to guide the subwave-
length design and control of multiple elements inside each unit
cell. Our design not only provides large degrees of freedom for ma-
nipulating SPP excitation but also guarantees the robustness of the
unidirectionality due to the characteristics of EPs. The merging of
non-Hermitian physics and nanoplasmonics has profound impacts.
First of all, the large flexibilities of structural design enabled by plas-
monics can provide exciting opportunities to realize subwavelength
synthetic test beds to study non-Hermitian physics in the nanoscale
regime. For instance, we can readily design plasmonic nanostruc-
tures with complex permittivity modulation and desired coupling
to construct a non-Hermitian system, so that SPPs can be modulat-
ed in unusual ways as we will discuss in this paper. Second, the strat-
egy of gain and loss manipulation based on PT symmetry in non-
Hermitian physics could help to address the long-standing issue of
energy dissipation in plasmonics, using the lossy components for
mode selection (3, 28, 35). The orthogonality of the eigenmodes
gradually breaks during the continuous transition from the PT-
symmetric phase to the PT-broken phase, along with a complex
pair of eigenenergies, one of which corresponds to a high-loss
state while the other corresponds to a low-loss or even amplified
state. Therefore, we can potentially transform the undesired lossy
plasmonic structures into superior optical elements with substan-
tially improved efficiency. Last but not the least, disorder, defects,
and environmental variations, which often exist in any practical
systems, strongly influence the response and performance of plas-
monic nanostructures. The topological states in non-Hermitian
systems (20, 59) manifest the potential to address this issue. Ulti-
mately, we may develop integrated plasmonic devices with low
power consumption, small footprint, and robust performance for
optical information processing, secure communications, enhanced
sensing, and other applications.

RESULTS

The first example of non-Hermitian plasmonics that we want to
show is unidirectional excitation of SPPs when linearly polarized
light is normally incident on a non-Hermitian metagrating, as illus-
trated in Fig. 1A. By designing the geometric parameters and the
spatial distribution of permittivity (¢ = ¢, — ig;) within one unit
cell of the grating, a passive PT symmetry can be approximated.
The underlying mechanism is attributed to the EP behavior in the
non-Hermitian system. To start with, let us consider an ideal metal-
dielectric interface where the dielectric layer has the following per-
mittivity profile

e(x) = &4 + Alcospx — iVysin(fx — )]
= &q + ALexp(ifx) + Agexp(—iPx) (1)

Here, g4 is the background permittivity, Vj is the relative mod-
ulation amplitude of the imaginary part of the permittivity, f is the
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wave number of the SPPs, ¢ describes an additional phase shift of
the imaginary modulation, and A represents the perturbation
strength that is much smaller than g4 (i.e., A < g4). We start with
this ideal system for the following reasons: First, such an ideal
setting for permittivity distribution has an analytical and simple
mathematical form while keeping the periodic and weakly per-
turbed properties of a practical grating system. We therefore can
theoretically examine how this non-Hermitian system behaves in
the parameter space because the ideal platform makes it simple to
change the parameters (V, and ¢). The modulation of the permit-
tivity, which is treated as a perturbation to the background permit-
tivity 4, can be decomposed to the two Fourier components at the
first order with coefficient given by Ag,;. Apparently, when ¢ = 0 or
7, e(x) = € (—x) is satisfied, ensuring the PT symmetry in this
system. The dispersion diagram of the propagating SPPs is depicted
in Fig. 1B. By solving Maxwell's equations, we can find that the
magnetic field amplitude of the excited SPPs along the +x direction
(Hgyp) is linearly proportional to Ay, (see note S1), that is

Hg
Hy,

Ag
AL

(2)

Therefore, we conclude that A, contributes to the momentum
compensation for the SPPs propagating to the right/left side (+x/—x
direction), as indicated by the blue and red arrows in Fig. 1B, respec-
tively. When Ay or A; equals zero, which corresponds to the EPs of
the system (see note S2), an ideal unidirectional excitation of SPPs
can be achieved.

By varying the perturbation strength of the imaginary modula-
tion (V;) and the additional phase shift of the imaginary modula-
tion (), we can theoretically predict the complex eigenvalues (i.e.,
\ = w/®, as defined in eq. S20) of the two SPPs eigenmodes. The
real and imaginary parts of eigenvalues, as a function of V, and ¢,
are presented in a 2D polar parameter space as shown in Fig. 1 (C
and D). In both plots, the value of V| (varying from 0 to 2) is
denoted by the distance from the origin (indicated by the star
symbol), and the value of ¢ is denoted by the azimuthal angle.
The two eigenvalues A, = w, /®gand\_ = w_ /@, are represented
by the blue and red sheets in the plot. The value of A\ in the plot, as
defined in eq. S20, is linearly related to the perturbation strength A.
Only a half-space [¢ € (—7n/2, 1/2)] is plotted because of the mirror
symmetry along the Vj cos ¢ axis. The simultaneous degeneration
of the eigenvalues in both plots indicates the existence of an EP at
(Vo, ) = (1, 0) (i.e., Vo cos ¢ = 1 and Vj sin ¢ = 0). Note that the two
eigenmodes of the SPPs coalesce at the EP, corresponding to unidi-
rectional SPPs mode toward the +x direction, while the other EP
occurs at (Vy, ¢) = (1, n) (in the other half-space), corresponding
to unidirectional SPPs toward the —x direction. We use the polar
space considering the periodic nature of the parameter ¢, so that
the feature in the vicinity of the EPs can be better visualized. The
EP behavior in 1D parameter space (by sweeping V, or ¢) is also
calculated, and the results are presented in note S2.

Despite being mathematically simple, the ideal system is not
practical for fabrication. It requires a continuous PT-symmetric
permittivity profile with balanced gain and loss, which is extremely
challenging if not impossible in practice. Therefore, we choose a
design of metagratings consisting of discrete nanostrips, which
can approximate the passive version of the PT-symmetric distribu-
tion. As a result, unidirectional excitation of SPPs also occurs in
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Fig. 1. Unidirectional excitation of SPPs at the EP. (A) Schematic of the metagrating for unidirectional excitation of SPPs. (B) Mechanism of controllable excitation of
SPPs. The two first-order Fourier components of the permittivity profile contribute to the excitation of SPPs along the +x direction. Real (C) and imaginary (D) parts of the
eigenvalues of the two eigenmodes of SPPs in a 2D polar parameter space (X = V, cos ¢, Y = V, sin ¢), in which the two eigenvalues are represented by the blue and red
sheets, respectively. One EP occurring at (Vo, ¢) = (1,0) is marked in the figure. The origin of the polar plot (at V, = 0) is indicated by the star symbol.

such a non-Hermitian system although a strict PT symmetry is not
preserved. We generate the design candidates with a high Ar/Ap
ratio based on the methodology described in note S3. Then, after
considering all practical factors, we choose the design with the
highest field contrast using full-wave modeling, in which the scat-
tering and back-reflection of each grating are taken into account.
The designed and optimized geometric parameters of the unit cell
are shown in the inset of Fig. 1A. The widths of two nanostrips are
wy = 83 nm and w, = 162 nm, and the heights of each layer are t; =
80 nm, t, = 30 nm, and f; = 22 nm. The center-to-center separation
distance between the two nanostrips is s = 280 nm. This quarter-
period shift corresponds to the required phase shift between the
peak of real [i.e., cos(-)] and imaginary [i.e., sin(-)] modulations at
the EP when ¢ = 0°. The entire metagrating array consists of nine
unit cells in total. The period is set as A = 1140 nm, which is de-
signed to compensate the momentum mismatch between free-
space wave and SPPs according to the following formula

€air€gold 2m
= Re ko, |—oreld ) _ =T
ﬁ < ’ air + Egold) A

Here, ky = i—: is the wave number of the light in free space, and
the wavelength is set at Ay = 1150 nm. Note that the excitation of the
SPPs can be modified as the separation distance s changes, because
it essentially provides an additional phase term in the imaginary

(3)
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modulation, given by ¢ = 2 —Z Consequently, we can continu-
ously change the ratio between |Agy| and |Ay|, as discussed in
detail in the following.

We have performed full-wave simulations using the commercial
software COMSOL Multiphysics to validate the expected perfor-
mance of the device. In the 2D simulation, the incident light is
set as a Gaussian beam with x-polarization at Ay = 1150 nm,
which covers the entire metagrating array. In Fig. 2A, we plot the
intensity of the transverse magnetic field component (|H,|*). We
can observe unidirectional excitation of SPPs along the +x direction
for the designed geometry sz = 280 nm. The conversion efficiency
from the incident light to SPPs is about 6.8% based on our numer-
ical simulations. The extinction ratio (defined as |Hz/H;|) observed
in the simulation is >>10. When the separation distance between
two nanostrips in one unit cell is increased from 280 to 860 nm,
¢ changes from 0 to n. We actually go along a circular trajectory,
with the star symbol as the center (Vy =1, ¢ = 0 — ), from one
EP to the other EP in the 2D parameter space. The excitation of
SPPs gradually becomes symmetric at s = 570 nm (corresponding
to ¢ = 11/2), and finally, SPPs are steered to the —x direction at s =
860 nm (corresponding to ¢ = 1), as shown in Fig. 2 (B to E). Note
that at s;, = A — sg = 860 nm, the unit cell just becomes the mirror
image of the originally designed one, which also explains the mirror
symmetry of the 2D parameter space. We conduct another set of
simulations on a Hermitian grating system (see note S4). In this
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Fig. 2. Numerical simulation of SPP excitation in metagratings. Simulated magnetic field intensity |Hy|Z as the separation distance between the two nanostrips in the
unit cell of metagratings is varied: (A) s = 280 nm, (B) s = 400 nm, (C) s = 570 nm, (D) s = 740 nm, and (E) s = 860 nm.

case, we cannot observe the high-contrast unidirectional excitation
of SPPs at any separation distance s, which verifies the necessity and
significance of the imaginary modulation to achieve the EPs in a
non-Hermitian system. Moreover, the Hermitian system may
produce high diffraction to the free space and exhibit unstable ex-
citation efficiency when the shift is varied. Further investigation has
confirmed that a transition from a trivial (zero winding number) to
a nontrivial (nonzero winding number) topological phase takes
place as the system evolves along the trajectory from the Hermitian
system (Vj = 0) to the EPs of the non-Hermitian system. The uni-
directionality of SPPs in the non-Hermitian metagrating, which
emerges at the topological transition points, is robust to the permit-
tivity perturbation, which often occurs because of fabrication im-
perfection. In particular, the excitation contrast of SPPs remains
almost unchanged when a single unit cell is perturbed and is

three times more robust than the Hermitian counterpart when mul-
tiple unit cells are perturbed (see note S5). Therefore, the designed
non-Hermitian metagratings can serve as a device to selectively
control SPP propagation with user-defined field contrast and pro-
nounced robustness. We summarize the values of |Ag/Ay| and |Hg/
H;| in Table 1, when s varies from 200 to 900 nm. These two ratios
are always close to each other, and agree well with our theoretical
expectation. It is worth pointing out that our approach to achieving
unidirectional SPPs is fundamentally different from the previous
works. Our design approach relies on the local control of multiple
elements within a subwavelength unit cell, under the guidance of
the global PT symmetry requirement of the complex dielectric cons-
tant, rather than the optimization of scattering units and thus the
relative phases between them (54, 55, 58), or the near-field interfer-
ence of a single radiative source (53). Because of the sufficient

Table 1. Ratios of Fourier components and magnetic fields of SPPs in metagratings. The ratios of the first-order Fourier components (calculation) and ratios of
magnetic field amplitude of SPPs in two directions (simulation) when the separation distance s is varied.

s (nm) 200 280 300 400 500 600 700 800 860 9200
|AR/AL| 3.81 >10 10.71 3.02 1.49 0.85 0.46 017 <0.1 0.16
|Hr/Hy| 3.29 >10 11.08 2.09 1.20 0.81 0.51 0.20 <0.1 0.16
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degrees of freedom in the design, we can obtain the on-demand ma-
nipulation of SPPs while maintaining the device performance in the
presence of perturbation.

We have performed experiments to validate our design. After
fabricating the non-Hermitian metagratings by two-step electron
beam lithography alignment, we characterize their performance
using leakage radiation microscopy. The details of the fabrication
and optical setup for the measurement are discussed in notes S6
and S7. The characteristic of excited SPPs can be observed in
either real space (Fig. 3A, left) or the Fourier space where SPPs
propagating to each direction are projected to a tiny arc in the mo-
mentum space (Fig. 3A, right). From both the real space and Fourier
space images, we can see SPPs propagating only along the +x direc-
tion when distance s is around 280 nm. When s gradually increases,
the relative magnitude of the excited SPPs propagating along the —x
direction also increases. In addition, at s = 860 nm, the excited SPPs
reverse the propagation direction to —x. All the results are in excel-
lent agreement with our design and numerical simulations. To
better characterizing the directional control performance of SPP ex-
citations, we can define the contrast of the excited SPPs as

I -1 @
I+

where I, and I are the intensity of the excited SPPs propagating
along the +x and —x directions, respectively. The value of the con-
trast will be +1 (—1) when an ideal propagating SPPs are excited to
the +x (—x) direction. The detailed method to extract the intensity
from the measurement is discussed in note S8. The measured and
simulated contrasts with respect to s are plotted in Fig. 3B, which
agree with each other very well. It is apparent that the non-Hermi-
tian metagrating can achieve tunable selective excitation of SPPs.
We further explore how to manipulate the reflection of SPPs
based on non-Hermitian metagratings, which is also important
for integrated plasmon devices. Specifically, we demonstrate a meta-
grating to strongly reflect SPPs when SPPs are incident on the
grating from one side (e.g., left side), while a much weaker reflection

Cexc =

occurs when the SPPs illuminate from the other side (e.g., right
side). In other words, the non-Hermitian metagrating behaves as
a one-way invisible reflector. To realize the reflection control of
the SPPs, we need to consider the second-order Fourier component
(i.e., App and Ajp) of the permittivity profile. The magnitude of the
additional momentum that requires to reflect SPPs is 2p (from * to
FB), and a straightforward way to achieve this is to halve the peri-
odicity of the grating array to A = 2% = 570 nm and then adjust the
geometric parameter of the nanostrips. However the periodicity will
be too small to contain two nanostrips with an optimized separation
distance in this case. Therefore, we keep the periodicity to be A =
1140 nm because it can also provide an additional momentum of 23
and increase the separation distance between nanostrips to 3A/8
(see note S9). This design not only improves the fabrication toler-
ance but also provides more degrees of freedom in the design
process. The other geometric parameters optimized in the calcula-
tion and simulation are the following: w; = 130 nm, w, = 130 nm, ¢,
= 48 nm, f, = 26 nm, and ;3 = 16 nm. The separation distance
between the two nanostrips in one unit cell is set as sg = 420 nm,
which is close to 3A/8 and further optimized in simulation, to
ensure A,; > A,g. The simulation results of the unidirectional re-
flection are shown in Fig. 4 (A and C). When the SPPs are reflected
by the designed non-Hermitian metagrating, the incident and re-
flected surface waves will interfere in the overlap region, and a var-
iation of the intensity caused by the standing wave pattern can be
observed. In Fig. 4A, the SPPs are incident from the right, and we
can only see a weak standing wave pattern, indicating low reflec-
tance. The situation is different in Fig. 4C, when the SPPs are inci-
dent from the left. We can observe a strong standing wave pattern
representing a high reflectance of SPPs. Similar to the previous
device, we can vary s to continuously tune the reflection intensity
of SPPs.

To verify the unidirectionality of this design, we carry out the
experimental measurement. We use a grating coupler made of
only Ge to evenly excite SPPs on both sides. Two identical metagrat-
ings are placed on the left and right sides of the grating coupler,

A Real space s (nm) Fourier space B
260 1 |—Simulated contrast -
'+ Measured contrast |
280 0.75
300
05"
400
0.25
500 .
§ 0
600 Q
700 -0.25
800 -0.5
840 -0.75"
860 1
880 200 300 400 500 600 700 800 900
-X +X  -Kspp +Kspp s (nm)

Fig. 3. Characteristics of the excited SPPs in metagratings. (A) Real space and Fourier space images of SPPs characterized by leakage radiation microscopy. Scale bar,

10 um. (B) Simulated and measured contrast of the excited SPPs.
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Metagratings—»: -

SPPs|iey

1 -=Simulated contrast
+# Measured contrast

560 600 800
s (nm)

Fig. 4. Characteristics of the reflected SPPs in metagratings. Simulated |Hy|2 fields of the interference patterns when SPPs are incident from (A) the right and (C) the left
side of the metagratings. (B) Measured interference patterns of SPPs captured by a CCD camera for sg =420 nm, which corresponds to the interference patterns within the
area indicated by white solid lines in (A) and (C). Scale bars, 2 um. (D) Simulated and measured contrast of the reflected SPPs.

respectively, with a 45-um separation distance to the coupling
grating (see note S10). The interference patterns of the incident
and reflected SPPs are captured using a charge-coupled device
(CCD) camera for different samples with varying separation dis-
tances s. Figure 4B shows the measured field intensity at sg = 420
nm. We can observe a pronounced interference pattern when the
SPP illuminates from the left, which indicates a strong reflection.
The interference is much weaker when illuminating the SPPs
from the right, indicating a low reflection. The situation is reversed
at s, = 720 nm, where the unit cell is the mirror image as sy = 420
nm. All the observations are consistent with the simulation results
in Fig. 4 (A and C). We then analyze the image in a more quantita-
tive manner. From the real space image taken by the CCD camera,
we can extract the exact reflectance of SPPs. The contrast of the re-
flectance is defined as

R, — R (5)
R, +R

where R,, R; are the reflectance of the SPPs when SPPs illuminate
from the +x and —x direction, respectively. In Fig. 4D, we plot the
measured contrast and the simulated contrast of reflectance,
showing good agreement with each other. Moreover, the slight de-
viation of the measured contrast from the simulation results is at-
tributed to both the fabrication imperfection of the metagratings
and the coherent background intensity induced by the laser excita-
tion (60).

Cref =

DISCUSSION

On the basis of the experimental results measured in two different
metagrating systems, we demonstrate on-demand control of SPPs
by elaborately designed non-Hermitian metagratings. When the
permittivity profile of the dielectric medium approximates the PT
symmetry, robust unidirectional excitation of SPPs with high con-
trast can be observed at EPs where the nontrivial topology occurs.

Xu et al., Sci. Adv. 9, eadf3510 (2023) 12 May 2023

The excitation ratio of SPPs on both sides can be continuously
tuned by the separation distance between nanostrips in the unit
cell. Furthermore, one-way reflection of SPPs is experimentally
demonstrated. Our results show that the rich non-Hermitian
physics can be adopted to generate, harness, and transport light
and energy at the nanoscale in an unprecedented manner. By
further investigating and taking advantage of the topological fea-
tures of non-Hermitian systems, we could potentially develop
defect-immune and high-performance plasmonic devices for a
wide range of applications.

MATERIALS AND METHODS

Numerical simulations

The full-wave simulations for the excitation and reflection of SPPs
were performed using COMSOL Multiphysics, a commercial soft-
ware that uses the finite element method. At the top boundary, a
scattering boundary condition with incident light in a Gaussian
profile was defined. Perfectly matched layers were applied to the
left, right, and bottom boundaries. The permittivities of the mate-
rials used in the simulation (i.e., Ge, Cr, and Au) are provided in
note S3.

Sample fabrication
The details of the sample fabrication can be found in note S6.

Optical characterization
The details of the experimental setup can be found in note S7.

Data analysis

The details of post—data processing for SPP excitation and reflection
can be found in notes S8 and S10, respectively.
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