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Topological beaming of light
Ki Young Lee1, Seungjin Yoon2, Seok Ho Song1, Jae Woong Yoon1*

Nanophotonic light emitters are key components in numerous application areas because of their compactness
and versatility. Here, we propose a topological beam emitter structure that takes advantage of submicrometer
footprint size, small divergence angle, high efficiency, and adaptable beam shaping capability. The proposed
structure consists of a topological junction of two guided-mode resonance gratings inducing a leaky Jackiw-
Rebbi state resonance. The leaky Jackiw-Rebbi state leads to in-plane optical confinement with funnel-like
energy flow and enhanced emission probability, resulting in highly efficient optical beam emission. In addition,
the structure allows adaptable beam shaping for any desired positive definite profiles by means of Dirac mass
distribution control, which can be directly encoded in lattice geometry parameters. Therefore, the proposed
approach provides highly desirable properties for efficient micro–light emitters and detectors in various appli-
cations including display, solid-state light detection and ranging, laser machining, label-free sensors, optical
interconnects, and telecommunications.
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INTRODUCTION
Topological interface states (1–4) reveal unique physical properties
with remarkably high robustness against local parametric or envi-
ronmental disturbances (5, 6). The mathematical analogy of the
electronic equation of motions in solids to the optical wave equation
in photonic nanostructures has triggered extensive investigations on
photonic topological phenomena. Photonic topological systems (7–
13) provide greatly enhanced experimental feasibility in configuring
desired potential distributions for fundamental study and a wide
variety of promising applications to telecommunications, data pro-
cessing, sensors, and many others.
Of our particular interest within this context are the non-Hermi-

tian topological states in leaky photonic systems (14–17). In leaky
photonic systems such as guided-mode resonance (GMR) gratings,
thin-film photonic crystals, and metasurfaces, the non-Hermiticity
naturally arises because of the inherent radiative decay processes
toward the radiation continuum. These decay channels in the
optical far field can be efficiently used to coherently control or
probe certain desired topological states for their spectral intensity,
phase, and polarization properties, which are key constituent ele-
ments in nanophotonic device engineering. Such possibilities
have been recently demonstrated in part with polarization-vortex
beam generation (18), optical wavefront control (19), and out-of-
plane Jackiw-Rebbi (JR) state resonances (17, 20). Considering
the great technological potential of topological device engineering
in photonics, further associated studies are highly desirable to create
novel free-space optical elements that take advantage of the unique
topological properties hardly obtainable from conventional
approaches.
In pursuit of novel far-field optical properties associated with

non-Hermitian topological photonic phenomena here, we show
that a topological junction metasurface of two GMR gratings acts
as an efficient submicrometer light emitter having highly desirable
characteristics of small angular divergence, high quantum efficien-
cy, and adaptable beam shaping capability. Previous attempts to

create a well-directed source of light mostly rely on the excitation
of surface waves from a single aperture surrounded by a periodic
corrugation such as bull’s eye metallic films (21, 22) and photonic
crystal waveguides with an appropriate edge termination (23–25). In
contrast, we use a junction consisting of two topologically distinct
GMR gratings directly adjacent to each other in the absence of any
aperture. In such a structure, a leaky JR state at the junction emits a
narrow beam of light from internal isotropic sources driven by the
cavity–quantum electrodynamics (QED) coupling and electromag-
netic funneling effects. For an appropriately optimized design, the
combined driving mechanisms lead to beam divergence approach-
ing the fundamental minimum due to the position-momentum un-
certainty relation and enhanced emission rate by a factor of 10. In
addition, the structure allows beam shaping for an arbitrarily
desired positive definite profile by means of grating fill factor con-
trols. We provide a fundamental theory of the topological beam
emission and rigorous numerical analyses of experimentally pre-
sumable structures operating in the visible domain.

RESULTS
Leakage radiation from a JR state
We consider a leaky JR state localized at a photonic topological
junction metasurface as schematically illustrated in Fig. 1A. The
structure has a high-index (nc) film with total thickness
d = d1 + d2 and a low-index (nd) surrounding medium. We take dif-
ferent values for period aL or aR and widthWL orWR of the grating
ridges on the left (L) or right (R) side of the junction such that the
left and right regions are in different topological phases at the
second-order Bragg reflection condition. In such condition, the
first-order diffraction from the JR state leads to a beam of leakage
radiation toward the surrounding background media (20). Charac-
teristic features of this leakage radiation are the subject of our major
interest here.
As an exemplary trial case, we take parameters d1 = 60 nm,

d2 = 40 nm, nc = 2.6 (TiO2), nd = 1.45 (SiO2),WL = 95 nm, aL = 360
nm,WR = 227 nm, and aR = 325 nm. This parameter set is chosen
for a leaky JR state resonance under transverse-electric (TE)-polar-
ized light incidence at a wavelength of 633 nm as shown in Fig. 1B.
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We provide the angle-dependent reflection spectra for the left lattice
in the topological phase and right lattice in the trivial phase. The
two spectra show characteristic band-edge state flip between the
non–leaky bound states in the continuum (BIC) (vanishing band-
width) and leaky GMR (doubled bandwidth) as a signature of the
topological phase transition due to a π-phase jump in the second-
order Bragg reflection at a certain critical value (20) in fill factor
F =W/a.
In analogy to the zero-energy state solution of the Dirac equa-

tion, a junction of these two lattices supports a leaky JR state at
the center of the bandgap as indicated in the angle-dependent spec-
trum in themiddle of Fig. 1B.We use a supercell including 50 lattice
periods in this calculation. See Materials and Methods and section
S2-1 for details of the numerical calculation method and descrip-
tion of the JR state resonance peak depending on the incident
light configurations. In Fig. 1C, we show the electric field distribu-
tion of the leaky JR state as a solution of an eigenvalue problem
using the finite element method (FEM) simulation. It reveals the
in-plane localization at the junction and leakage radiation toward
the surrounding medium.
Optical near-field and emission patterns of this leaky JR state can

be conveniently described by the diffractive coupled-mode theory
in analogy to the one-dimensional Dirac equation (20). The

theory describes the transversal electric field (Ey) for the JR state
as a localized standing wave

cJR ¼ uðzÞ ðeiqx þ ie� iqxÞf ðxÞ ð1Þ

where u(z) is the cross-sectional wave function of the guided mode,
q = 2π/a is the grating vector, and f (x) = exp.[∫x − m(x ′)dx ′] is a
localization envelope function with Dirac mass parameter

mðxÞ � ngpl
� 1
0 ½GðxÞ þ iQðxÞ� 1� ð2Þ

Here, ng is the group index of the guided mode, λ0 is the bandgap
center wavelength,Q ≈ πc(λ0γ)−1 is theGMRQ factor with γ being the
radiation decay rate, and G = (λa − λs)λ0−1 is the relative bandgap
widthwith λa and λs denoting band-edgewavelengths for the antisym-
metric (BIC) and symmetric (leaky GMR) standing guided modes
with respect to the mirror symmetry plane of the grating, respectively.
m is a key parameter that determines the topological phase of the
structure such that Re(m) ∝ G > 0 for the trivial phase while Re(m)
∝ G < 0 for the topological phase. Therefore, the spectral flip of the
leaky GMR and BIC at the two band edges λs and λa indicates the
onset of the topological phase transition as we see in Fig. 1B. Consid-
ering a junction of two topologically distinguished GMR gratings with
identical bandgap size and location, we assume m(x < 0) = mL,
m(x > 0) = mR, and mR = −mL = mJR = πngλ0−1(G0 + iQ0−1) for the
sake of simplicity hereafter.
Once ψJR is excited, it emits zero-order wave ψ0 through the −1-

order diffraction from the eiqx component and the +1-order diffrac-
tion from the ie-iqx component in Eq. 1. A superposition of these
two contributions leads to an expression for ψ0 as

c0 ¼ � ð1þ iÞ11k02
ð

Gðz; z0Þuðz0Þdz0 f ðxÞ ð3Þ

where k0 = 2πλ0−1, ε1 is the first harmonic spatial Fourier transform
of ε(x), G(z,z′) is a one-dimensional Green function for a planar
source parallel to the xy plane, and the integration is running over
the grating layer. Consequently, the leakage radiation ψrad in the
optical far field is described by the diffraction theory as

crad ¼
nd

l0

ðþp=2

� p=2

FðuÞeindk0ðx sin uþz cos uÞ cos u du ð4Þ

Ff ðuÞ ¼
1
ffiffiffiffiffiffi
2p
p

ðþ1

� 1

f ðxÞ e� indk0xsinudx ð5Þ

See section S1 for details of the mathematical treatment for Eqs.
3 to 5. Angular distribution Ff(θ) of the leakage radiation in the
optical far field is simply a spatial Fourier transform of the normal-
ized bidirectional decaying exponential function f (x) = ffiffiffiffiffiffiffiffimJR

p

exp.(−mJR|x|) and is thereby given by Lorentzian distribution

Ff ðuÞ ¼
ðs=2Þ2

sin2 uþ ðs=2Þ2
Ff ð0Þ ð6Þ

with angular beam width parameter σ ≈ (ngnd−1)|G0| in the narrow
resonance limit of |G0| >> Q0−1. For the simulated case in Fig. 1B,
we estimate the relative bandgap width G0 ≈ 6.3 × 10−2, and this
yields the angular beam width σ ≈ 7.3° in free space. Therefore, a

Fig. 1. Fundamental properties of the leaky JR state in a topological junction
metasurface. (A) Schematic of a topological junction consisting of two different
thin-film subwavelength gratings. (B) Angle-dependent reflection spectra for the
left unit cell in the topological phase (left), the right unit cell in the trivial phase
(right), and their junction (middle). (C) Electric field amplitude Ey of the leaky JR
state at wavelength λJR = 633 nm. We use the finite element method (Comsol Mul-
tiphysics) for this calculation.
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leaky JR state at the second-order Bragg condition potentially
creates a narrow-angle beam emission for waveguide gratings
with moderate design parameters.
Associated with the narrow beam emission from the leaky JR

state, we investigate the emission properties of light sources in the
vicinity of the topological junction. We calculate the radiation
pattern |Ey(x,z)|2 from a coherent light source array at the JR state
resonance condition (λ = λ0 = 633 nm) for the topological junction
in Fig. 1C. In this calculation, we use the FEM and assume a peri-
odic array of isotropic cylindrical light sources over a 10-μm-wide
plane of maximal guided-mode intensity in the middle of the wave-
guide layer. See Materials and Methods and section S2-2 for details
of the simulation method. The calculated radiation pattern in
Fig. 2A shows a narrow beam emitted in the optical far field.
Note in Fig. 2A that the far-field emission pattern is symmetric
with respect to the yz plane although the structure is basically an
asymmetric junction of two different waveguide gratings. This
property is attributed to the symmetry of the JR state envelope
and identical radiation strengths in the two grating regions as mag-
nitudes of the Dirac mass parameters in their real and imaginary
parts are almost identical in the two grating regions about the junc-
tion. A slight asymmetry in the radiation pattern is due to the small
difference in γ (imaginary part of the Dirac mass parameter) for the
two structures. If we appropriately design a structure so that the two

grating regions have exactly identical Dirac mass parameters, the
emitted beam should be ideally symmetric as shown in fig. S3.
The narrow beam emission from isotropic light sources exactly

follows the diffraction properties of the leakage radiation from the
JR state. According to Eqs. 1 and 4, the lateral profile f (x) of the JR
state and its angular spectrum Ff(θ) are the Fourier transform pair of
each other. Therefore, their effective sizes Δx and Δθ in the root
mean square sense follow an uncertainty-like relation

Dx � Dkx ¼ ndk0 cos u Dx � Du ¼ 1=
ffiffiffi
2
p

ð7Þ

This is close to the minimum transform-limited uncertainty
product of 1/2, and a highly directional beam is thus emitted
from a strongly localized radiation area of the JR state, as confirmed
from our simulated cases with different bandgap width g = |G0|λ0
values in Fig. 2 (B to D). Details of calculation parameters of the
numerical analysis are provided in Table 1. We note in Fig. 2 (B
and C) that the bandgap width g = 80 nm yields Δx = 670 nm
and Δθ = sin−1(Δkx/k0) = 6°, implying a highly directional emission
from a submicrometer surface region. Therefore, this property can
be efficiently used for directional submicrometer display pixels,
which are technically unavailable yet but highly desirable for
many applications (26).

Fig. 2. Far-field properties of light from isotropic light sources near the topological junction metasurface. (A) Far-field radiation pattern |Ey|2 from an array of
isotropic emitters that are evenly placed inside the device region from x = −5 to 5 μm at z = 0. (B and C) Normalized localization envelope function f (x) and its
spatial Fourier transform F(kx) for the emission angle θ in free space, respectively. (D) Position–wave vector uncertainty relation of the leaky JR state according to
bandgap size g.
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Funneling and Purcell effects
According to the emitter array analysis in Fig. 2, we confirm that the
primary radiation channel of an emitter in the vicinity of the topo-
logical junction is not the isotropic mode but the JR state and its
leakage radiation in a narrow angular range. This beaming effect in-
volves two enhancement mechanisms. One is energy-flow funnel-
ing and the other is the cavity-QED effect, i.e., the Purcell
enhancement.
The energy-flow funneling is understood from the characteristic

form of the leaky JR state wave function. ψJR in Eq. 1 as a frequency-
domain electric field wave function results in time-average in-plane
Poynting vector component 〈Sx〉t = 2Re(EyHz

*) as

hSxit ¼ � sgnðxÞ 4m
00e� 2m

0 jxj½1þ sinð2qxÞ� j uðzÞ j2 ð8Þ

wherem″ = Im(mJR) andm′ = Re(mJR). In this expression, the leaky
JR state exerts an in-plane energy flow directed towards the junction
at x = 0 like a funnel, as confirmed in the calculated Poynting vector
distribution in Fig. 3A. We note in Eq. 8 that the magnitude of this
energy flow funneling is proportional to radiative decay ratem″ = π
ng (λ0Q)−1 of the GMR. It implies that the nonuniform strength of
the out-of-plane radiation produces an in-plane energy flow such

that the local flow directs toward a stronger radiation point from
the neighboring weaker radiation region.
The effect of the funnel-like energy flow is more prominent in

the energy flow distribution from a single emitter. In Fig. 3 (B
and C), we show two single-emitter cases with different emitter po-
sitions (xP) from the junction. We see in both cases for xP = 1 μm
and 2 μm that most of the emitted energy inside the waveguide
directs toward the junction and the out-of-plane radiation is gener-
ated in the form of leakage radiation of the JR state. This numerical
observation provides a causal explanation for the beaming of a co-
herent array of emitters in Fig. 2, corresponding to a coherent
superposition of the periodically distributed single-emitter cases.
In further consideration, the funnel-like energy flow is effective

only for the emitters under the influence of the JR state, i.e., emitters
within funneling boundaries (27–29). To see the effective funneling
region, we calculate emission intensity distribution as a function of
the emitter position xP from the junction, as shown in Fig. 3D. We
set an observation plane at 3.5 μm above the waveguide surface and
calculate lateral intensity distribution on the observation plane as a
function of emitter position xP. See Materials and Methods and
section S2-3 for details of the calculationmethod.We consider a fun-
neling boundary as a maximal lateral displacement |xP| at which

Table 1. Details of structural parameters and their numerical results in Fig. 2D.

Bandgap width (g) Ridge width (WL,R) Period (aL,R) Thickness (d1,2) Refractive index (nc,d) Δx Δkx

20 nm 130, 183 nm 350, 337 nm 60, 40 nm 2.6, 1.45 2.07 μm 0.34 μm−1

40 nm 95, 227 nm 360, 325 nm 60, 40 nm 2.6, 1.45 1.08 μm 0.65 μm−1

60 nm 104, 158 nm 400, 365 nm 100, 0 nm 3.0, 1.45 0.89 μm 0.79 μm−1

80 nm 80, 167 nm 410, 360 nm 100, 0 nm 3.0, 1.45 0.67 μm 1.05 μm−1

Fig. 3. Electromagnetic funneling and Purcell enhancement of internal sources. (A) Optical power-flow (time-average Poynting vector 〈S〉t; red arrows) distribution
for a topological junction with bandgap size g = 40 nm in reference to the near-field intensity distribution (gray-level density). (B and C) Optical power flow excited by a
single isotropic source 1 and 2 μm away from the junction (xP = 1 and 2 μm), respectively. (D) Source-position (xP)–dependent far-field intensity distribution on an
observation plane 3.5 μm above the grating surface as a function of xP. (E) Purcell factor distribution in comparison with the near-field intensity distribution associated
with the JR state.
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emission from the source effectively causes beaming at the junction
interface. The funneling boundaries are clearly identified at xP ≍ ±3
μm within which the maximum emission intensity position stays at
x = 0 (the lateral position on the observation plane straight above the
junction). The identified funneling boundary diameter is approxi-
mately 2m′−1, and this value corresponds to a domain accommodat-
ing around 98% of the field energy in the JR state such that
Ð xp
� xp j f ðxÞ j

2dx = 0.98. The funneling boundary diameter represents
a lateral range of sources that produces the desired beaming effect at
a substantial magnitude. Therefore, it can be regarded as aminimally
possible device footprint size for the efficient beaming effect. We
note however that a submicrometer beam produced from the struc-
ture does not necessarily imply a submicrometer footprint size
because the funneling boundary diameter is larger than beam
width Δx. For example, the funneling boundary diameter for the
submicrometer beam case Δx = 670 nm in Table 1 is estimated as
1.6 μm according to Eq. 2 for the Dirac mass parameter value.
The emission intensity distribution in Fig. 3D also suggests the

Purcell enhancement at a remarkable magnitude because the peak
emission intensity is significantly higher within the funneling
boundaries. The red area within the funneling boundaries is the en-
hanced emission region. In Fig. 3E, we show the calculated Purcell
factor distribution in comparison with the electric field intensity
|E|2 profile associated with the JR state. We use the radiative
power comparison method (30) in this calculation. The calculated
Purcell factor follows the |E|2 profile as predicted by Fermi’s golden
rule, and its peak value at the junction goes beyond 10, implying
that the emission toward the JR state within the mode field diameter
is about five times stronger on average than that into the isotropic
free-space radiation. Therefore, we conclude that the proposed to-
pological beam emission is driven by the Purcell enhancement and
funneling effect as characteristic properties of a leaky JR state.
We also present a comparison of the Purcell factors for the GMR

and JR states in fig. S7. This comparison suggests that the JR state
has a relatively larger Purcell factor than the GMR state under the
same structural condition because of its smaller mode volume. For
further improvement of the Purcell factor, we point out two require-
ments. One is the mode-volume reduction, which is readily obtain-
able by increasing the magnitude of the Dirac mass parameter for
the lateral confinement and increasing the effective index of the
guided mode for the vertical confinement. The other is enhance-
ment in the radiation Q factor. The radiation Q factor can be sub-
stantially enhanced by reducing the leakage radiation rate with
appropriate modification in the grating geometry so that the first-
order diffraction amplitude takes a smaller value. Therefore, the
Purcell factor for a JR state resonance can be remarkably boosted
by taking certain appropriate design optimization processes for
optimal Fourier harmonic amplitudes of the dielectric constant dis-
tribution, high effective index, and maximal bandgap width.
In a practical point of view, it is important to consider external

sources for the proposed beaming effect. In principle, one should be
able to produce a remarkable beaming effect from external sources
if the sources are placed within the mode field region of the JR state
where the funneling effect and Purcell enhancement are favorably
significant. Even for relatively distant sources away from the wave-
guide core, one may include certain structural modifications so that
the JR state stretches a significant portion of its mode field toward
the source. Such modifications include reducing the index contrast

between the core and source-side clad, reducing effective index of
the guided mode, introducing vertically coupled multilayer wave-
guide structures, and many others.

Adaptable beam shaping
Beam shaping is an important issue for many applications because
light sources have their own characteristic beam profiles indepen-
dent of the required specifications for desired uses in general. In
this respect, the proposed topological beaming effect provides
some possibility of beam shape control directly from the source. Al-
thoughwe have treated a specificm distribution, which is a piecewise
constant with a step at the junction, and the subsequent localization
profile follows a simple bidirectional exponential function, an arbi-
trary m(x) distribution can be chosen for a certain desired localiza-
tion profile f (x) as far as m changes its sign in the region of
localization. For a given desired localization profile f (x), the basic
theory of a JR state yields the corresponding Dirac mass distribution

mðxÞ ¼ �
1
f
df
dx

ð9Þ

with constraints m(0) = 0 and f(x) > 0. Because f(x) itself is the beam
profile of leakage radiation from a JR state in our proposed case of the
second stop-band condition, any positive definite beam profile, in prin-
ciple, can be created by appropriately distributingm(x) due to Eq. 9.
Equation 9 describes the Dirac mass distribution required for

generating the desired beam profile f. A required Dirac mass distri-
bution can be mapped onto a corresponding fill factor distribution.
Basically, the Dirac mass in our case is the difference between rates
of the intermodal coupling through the two sequential first-order
diffraction processes and the single second-order diffraction
process (20), implying that it is adjustable with certain structure ge-
ometry parameters associated with relative strengths of the first-
and second-order diffraction amplitudes, i.e., grating bar fill
factor F in our case. In particular, the Dirac mass parameter can
be expressed in terms of F as

mðxÞ ¼
png

l0
D1F½C1D1F sinc2ðFÞ � C2 sincð2FÞ� ð10Þ

where sinc(x) = sin(πx)/(πx) is the normalized sinc function, Δε is
the dielectric constant contrast in the grating layer, and C1 and C2
are dimensionless constants associated with the strength of the first-
and second-order diffraction processes, respectively. See section S1
for details of its derivation. Related to the relative strength of the
first order is the bandgap center frequency v, which is the group
speed of the guided mode. Note that the first and second terms
within the square brackets […] of Eq. 10 represent the relative
strengths of the two sequential first-order diffractions and the
single second-order diffraction of the guided mode, respectively.
Therefore, a certain desired m(x) distribution due to Eq. 9 can be
efficiently translated into a corresponding F(x) distribution.
For example, a flat-top beam is generated by simply having a zero

Dirac mass region extended over the desired width around the junc-
tion, as shown in Fig. 4. In this calculation, we have considered cy-
lindrical light sources evenly located inside the junction in the same
manner as Fig. 2. We assume the emitted beam intensity profile f(x)
to be constant over the 6-μm region about the center. The corre-
sponding Dirac mass distribution due to Eq. 9 takes two consecutive
steps of three plateaus at m′ = −0.634, 0, and +0.635 μm−1, as
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indicated in Fig. 4A. This Dirac mass distribution is constructed
with experimentally favorable fill factor steps at F = 0.264, 0.46,
and 0.7 in a GMR structure and generates the desired flat-top
beam as shown in Fig. 4B. Therefore, the GMR Dirac mass
control can be used for an efficient beam shaping method that is
directly applicable to a light emitter.

DISCUSSION
In conclusion, we have proposed a topological junction metasurface
for efficient beam emitters with a fundamental advantage of having
small angular divergence from the strongly confined radiation area.
Characteristic field distributions of a leaky JR state at the junction
lead to efficient beaming of light from internal emitters with the
help of the cavity-QED coupling and subsequent electromagnetic
funneling effects. This topological beaming effect allows direct
beam shaping on the resonance state itself for any desired positive
definite profile by means of Dirac mass control, which is readily ob-
tainable with moderate fill factor variations in compatible manners
with integrated optic architectures on a chip. Therefore, the proposed
structure has great potential for creating efficient micro–light emit-
ters taking advantage of strong localization, narrow emission angle,
high quantum efficiency, and adaptable beam shaping capability as

well. These properties are highly desirable for numerous applications
including display pixels (31–34), solid-state light detection and
ranging (35, 36), lasermachining (37), optical interconnects, and tele-
communications (38, 39). Within this context, application to surface-
emitting lasers is of immediate interest, although further elaborate
studies are required. Introducing the proposed beaming metasurface
in semiconductor junction structures may enable highly compact
second-order distributed feedback lasers with beam profile adapta-
tion capability. In addition, the topological junction metasurface
itself is possibly used as a feedback mechanism in a vertical-cavity
surface-emitting laser in the same manner as high-contrast grating
reflectors (40, 41), taking advantage of structural simplicity and
small footprint size. Moreover, a topological junction mirror can
provide additional benefits such as narrow spectral filtering for
stable single longitudinal mode operation, feedback efficiency opti-
mization by means of cross-sectional mode matching between the
cavity mode and JR state, and emitted beam shaping (42).
In another perspective, the proposed method is also directly ap-

plicable for efficient optical detectors or absorption-based nanopho-
tonic elements because, in principle, they correspond to the time-
reversed emitters (43, 44) that take all such advantages with identical
constructions. In this respect, further studies to produce a two-di-
mensional topological beaming effect are important for the sake of
practicality of the proposed concept. We consider that it should be
made possible with two-dimensional Dirac mass distributions or
bi-grating designs that accommodate higher-order topological
states (45–48). From a broader perspective, our result and an associ-
ated follow-up study maymotivate various research topics for the de-
velopment of non-Hermitian topological nanophotonic elements in
which interplay between topological states, internal gain or loss, and
the external radiation continuum might create novel optical effects
and concomitant device applications beyond the present limitations.

MATERIALS AND METHODS
All numerical simulation results here were obtained using a commer-
cial FEM solver (COMSOL Multiphysics). The reflection spectra in
Fig. 1B were calculated from the S parameter for an input port emit-
ting a TE-polarized plane wave to the grating structure. The leaky JR
eigenstate in Fig. 1C was obtained using the time stationary eigenfre-
quency solver for a single supercell with the perfectly matched layer
(PML) boundary condition. The point emitters generating cylindrical
waves were assumed for creating the beaming effects in Figs. 2 to 4.
The light sources were evenly distributed inside the junction structure
with the PML boundary condition, andwe assumed that they generate
coherent cylindrical waves at an operation wavelength of 633 nm. For
further details of the supercell geometry, light sources, funneling and
Purcell effect analyses, and schematic illustrations, see section S2.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S7
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