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Topological photonics enables the systematic handling of internal degrees of freedom of light (optical spin and orbital
angular momentum) in optical communications by introducing the concept of topology from mathematics into the field
of photonics. This paper focuses on topological waveguides, which are the most important components in topological
photonic systems, and explains the specific behavior caused by optical spins within waveguides.

1. Introduction

Topological electronic properties have attracted significant
attention in recent years, with researchers anticipating the
discovery of new physical phenomena associated with
topologically protected surface states and the development
of devices based on these states.!™® Inspired by these
advancements, research on topological photonics— where
the topology of electronic systems is translated into photonic
systems — has also gained momentum.>® A defining feature
of topological photonic systems is the ability to create
photonic structures with distinct mathematical properties by
simultaneously controlling optical mode interactions within
and between unit cells in nanoperiodic structures. This
capability allows for greater flexibility in device design than
photonic crystals, which primarily focus on inter-unit cell
interactions,”'? or metamaterials, which focus on intra-unit
cell interactions.!!~1®

One of the most well-known phenomena in topological
photonic systems is the topological edge state, which occurs
at the interface between two topologically distinct photonic
structures and enables the propagation of light with specific
spin and orbital angular momentum.'®>*) From an engineering
perspective, spin and orbital angular momentum of light can
be represented as circular polarization and optical vortices,
respectively, allowing different information to be conveyed
in mutually orthogonal modes. For instance, circular polar-
ization can have left- and right-handed modes, while optical
vortices can encode information based on the number of
helical turns. Thus, circular polarization and optical vortices
are crucial for expanding optical transmission capacity.?"-??
Topological photonics technology that enables the propaga-
tion and maintenance of these modes within optical
circuits?—?) is expected to have a broad range of applications.

2. Topological Edge States of Light

Topology is a branch of mathematics that studies flexible
shapes, such as rubber-like figures. In this field, a donut and
a cup with a handle are considered the same shape, while a
sphere and a torus are considered different because they
cannot be deformed into one another, even when stretched or
compressed. Here, the distinction between a sphere and a
torus is based on the “number of holes”, with shapes
possessing a different number of holes regarded as distinct
(mathematically expressed as having “different topologies™).
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Fig. 1. (Color online) Conceptual framework of topological photonics.

Topological photonics applies these concepts to the study
of light. To illustrate this idea, consider the example in
Fig. 1, which shows two photonic structures with similar
optical properties. Generally, placing two structures with
similar optical properties side by side should not alter their
behavior. However, if the two structures have different
topologies, this assumption no longer holds. Just as a sphere
cannot be continuously transformed into a torus, topologi-
cally distinct photonic structures cannot be continuously
transformed into one another without passing through a
unique physical state. This unique state, called the topo-
logical edge state, occurs at the interface between the two
structures.

Light propagated by this topological edge state exhibits
distinct characteristics in terms of spin and orbital angular
momentum, such as circular polarization and optical vortex.

Properties with respect to optical spin: Light propagated
by topological edge states exhibits a unique propagation
direction for left- and right-circularly polarized light.
Figure 2 shows the H, component of light propagating
through the adjacent interface when right-circularly polarized
light is incident as a point source near the center of Fig. 1,
where it propagates in only one direction. Left-circularly
polarized light propagates in the opposite direction.

Properties  with respect to optical orbital angular
momentum: Light propagated by topological edge states
generates localized vortices. Close examination of Fig. 2

©2025 The Physical Society of Japan


https://doi.org/10.7566/JPSJ.94.101005
http://crossmark.crossref.org/dialog/?doi=10.7566%2FJPSJ.94.101005&domain=pdf&date_stamp=2025-09-30

J. Phys. Soc. Jp

n.
Downloaded from journals.jps.jpby 000000000000 on 10/02/25

J. Phys. Soc. Jpn. 94, 101005 (2025)

Special Topics

T. Amemiya et al.

z axis [um]

AN AN/ NN/ NN/ AY/NN/AY/N
PAVINVAYAVAN /YA N AN/ AY/NNVAY/ NN
FAVANVAY/NYAY/NVAYAY/NANAVANAN/AY/N
W AVAV/\VAV/\VAVAV/\VAVAV\V’
il | \VAY \VAY/NYAN/AV/ANVANYAY/NAVAVN

VNN ANV AY AN ANYAY/ NNV A N i3
AVAV/\VAVAV/\VAVAVN
WAV AV VAV, | Bedl NVANV/AV/NVAY/AV/NVAY

NAVAYAY, YV AVAY/AY/NVAN/AY/NVAN/AY/ NS
WAYAYAN / ANVAYAY/ANVAN/AY/ANVAN/AY/ANVANY
AV TAY/ANVAY/AY/NVAVAY/NVAVAY/N!
IV NYAYY e VAV NN AY N AN A NN NN
NVAYAY/AY/ NANYAY/ N NVAYNN/AYN
NWAY/AVAVAY/ANVAYAY/ANVAV/AY/ VAT
\AVAVAYAVAY/ANVAYVAY/NVAN/AYNAN/AY/N
AYAY ANV A NN A NN NN
YAYAY/AY/NYAVAY/ SN NV/AY/N'S
VAAVAVAVAVAR 1L ¥ vV
YAVAYANVAY NNV AN ANVAY/NNY/AYN
N AVAY/NYAVAY N AVAY/NANY/AYNANYil
AN A ANVAY/ N A AV N AN/ NVANVAYN
ISININ SININ NINNIN S NI INNIS N NV

Fig. 2.

4 3 2 -1 0 1 2 3 4 5

X axis [pm]

(Color online) Characteristics of light propagated via topological edge states.

reveals that, while the energy of light propagating through
adjacent interfaces flows in a specific overall direction, the
light also forms local vortices at certain points. For example,
in the areas shown by A and B in Fig. 2, the magnetic field
distribution is a mixture of optical vortices with 2z and 4.

3. Exploring Topological Concepts

These results suggest that unique physical phenomena
occur at the adjacent interfaces of topologically distinct
photonic structures. However, it is important to determine
how to differentiate between phenomena arising from
topologically distinct photonic structures.

Within photonic structures, arranging fine features smaller
than the wavelength in a periodic manner allows for various
manipulations of light due to the interaction between light
and matter within the structure. Here, the photonic band is a
key index that determines optical properties. It summarizes
the dispersion relations of the electromagnetic wave modes in
the target structure and is crucial for distinguishing between
topologically distinct phenomena. For instance, certain
photonic structures with a Z2 topology (indicating two types
of topological phases) allow for analysis by examining the
behavior of electromagnetic modes near the band gap edge,
particularly around the T point.?3

To examine this aspect, we provide a specific experimental
example. Figure 3 shows a scanning electron microscope
image of the element used for evaluation. In this study, we
employed a structure in which triangular nanoholes with Cg,
symmetry were arranged in a honeycomb lattice on a silicon-
on-insulator (SOI) substrate with a silicon film thickness of
220nm. This structure has been mathematically proven to
express a Z.2 topology, modulated by the distance R from the
center of the honeycomb lattice to the center of each nanohole
and the length L of one side of the nanohole.> The device
was fabricated by applying ZEP520A to an SOI substrate,
followed by electron beam exposure with proximity effect
correction to form the device pattern. The silicon layer was
then etched using inductively coupled reactive ion etching
with SF¢—C4Fg mixture gas, using ZEP520A as the mask.

In this study, we developed a photonic band microscope
based on hyperspectral Fourier imaging spectroscopy to
measure the photonic band of the fabricated structure at high
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Fig. 3. Scanning electron microscope image of a photonic structure with
Z2 topology.

speed and over a wide-angle range, as shown in Fig. 4.3
Light from a broadband white light source (Bentham
WLS100, wavelength range: 300-2500 nm) was incident to
the device through a X60 objective lens (NA 0.9, Olympus
Plan Fluorite Objective, UPLFLN60X). The Fourier image of
light scattered from the element was captured with an infrared
camera through a 4f optical system. A tunable filter (CRI,
VariSpec LNIR, bandwidth: 6 nm) positioned in front of the
infrared camera allowed for the acquisition of diffraction
patterns at wavelengths ranging from 850 to 1800 nm.

The procedure for obtaining a photonic band using this
configuration is as follows. In this study, we utilized software
to fully automate the entire sequence, prioritizing the
system’s high speed and versatility. (i) First, a Fourier image
of the scattered light from the device was captured while
varying the central wavelength of the tunable filter. (ii) Next,
the intensity along a specified path was measured for each
Fourier image, which was then converted into an intensity
distribution of a specific energy in reciprocal lattice space.
(iii) Finally, this process was repeated for all wavelengths to
construct the photonic band. Here the energy and momentum
resolutions were given by the bandwidth of the tunable filter
and the momentum resolution was determined by the pixels
of the infrared camera.

Figure 5 presents the measurement results for two
representative photonic structures with different topologies,
where (R, L) = (230 nm, 250 nm) and (290 nm, 250 nm), with

©2025 The Physical Society of Japan
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Fig. 4. (Color online) Hyperspectral Fourier imaging spectroscopy for photonic band measurement. This figure is taken from Ref. 35. © 2022 Optica
Publishing Group under the terms of the Optica Open Access Publishing Agreement.
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Fig. 5. (Color online) (a) Fourier image of scattered light from a photonic structure. (b, c) Measurement results of bands in two typical topologically distinct
photonic structures. This figure is taken from Ref. 35. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement.

a fixed lattice spacing of 800nm. Figure 5(a) shows the
Fourier image of the scattered light from the device, where
distinct changes due to the photonic band were observed at
each wavelength. Figures 5(b) and 5(c) display the recon-
structed photonic bands, with measurements taken along the
I'-K-M path, corresponding to the honeycomb lattice in
Fig. 5(a). The results indicate a band gap near 1.5 um, and the
intensity at the upper and lower band gap edges near the I"
point is inverted.

The results of this experiment indicate that the electro-
magnetic modes of p- and d-waves are inverted at the I" point.
This inversion occurs because the reflection intensity of the
electromagnetic mode of d-waves is weaker than that of
p-waves (d-waves are generally located below the light
line, and scattering is suppressed compared to p-waves),
enabling observation of the phenomenon of “different

topologies”.333%

4. Optical Spin Propagated by Topological Edge States

As previously discussed, light propagated by topological
edge states exhibits distinctive properties concerning spin and
orbital angular momentum. In this section, we focus on spin
(circular polarization) and demonstrate that placing two
topologically distinct photonic structures adjacent to each

other induces unique behavior in the light propagating
through the interface.

Figure 6 shows a scanning electron microscope image
of the device used in this study. Here, two topologically
different photonic structures are in contact at a zig-zag
interface, creating a topological waveguide via the edge state
at the interface. Topological converters®® are positioned on
both sides of the topological waveguide to achieve efficient
coupling with the silicon waveguide. Figure 7 shows
experimental setup. In this experiment, TE-mode light from
a tunable laser was incident to the device through a
polarization-maintaining fiber, and propagation character-
istics of the topological waveguide were evaluated using a
spectrum analyzer and power monitor. An infrared camera is
positioned at the top of the device via a 1/4 waveplate and a
linear polarizer. By rotating the polarizer, it is possible to
observe scattered light from the device for either left- or
right-handed circular polarization.

Figure 8(a) illustrates the wavelength dependence of the
propagation characteristics of this topological waveguide.
Within the photonic band gap (1530-1610 nm in this device),
low-loss propagation (~0.1dB/cell) is achieved, and a
reduction in propagation loss due to spin—spin scattering is
observed near the center of the band gap.

101005-3 ©2025 The Physical Society of Japan
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The aforementioned results indicate the generation of a
topological edge state at the interface between the two
photonic structures, facilitating light propagation. A polarizer
and 4/4 waveplate were placed above the device through an
objective lens to estimate the degree of circular polarization
by observing the scattered light intensity with an infrared
camera. Figures 8(b) and 8(c) present these results. The
change in intensity with the polarizer angle exhibits a figure-
eight pattern, confirming that the propagating light is fully
circularly polarized. Furthermore, the direction of circular
polarization (left or right) is uniquely determined by the
direction of light propagation through the topological wave-
guide, suggesting the emergence of optical spin properties as
discussed in Sect. 2.

Next, as shown in Fig. 9, the characteristics of optical spin
were observed with vertically incident light on the topological
waveguide. In this experiment, light from a tunable laser
was passed through a polarization-maintaining fiber and a

101005-4
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(Color online) Measurement of optical spin propagation in a topological waveguide under horizontal incidence.

collimating lens, followed by a polarizer and 1/4 waveplate to
produce left and right circularly polarized plane waves. The
light was then directed onto the device from above using an
objective lens (Olympus LCPLFLN20XLCD: NA 0.9). The
vertical coupling efficiency of the device was enhanced by
removing triangular nanoholes from a specific lattice area near
the topological waveguide, hereafter referred to as the “defect
structure”. The defect structure consists of a honeycomb
lattice filled with a high-refractive-index dielectric, forming a
cavity that tightly confines vertically incident light. Simulta-
neously, the topological edge state surrounding the defect is
disrupted, enabling highly efficient coupling of the confined
light to the topological waveguide.?”-*® The light propagating
through the topological waveguide was directed to a polar-
ization-maintaining fiber, and its propagation characteristics
were evaluated using a spectrum analyzer and power monitor.
An in-line polarizer was inserted into the polarization-
maintaining fiber on the output side to eliminate stray light.

©2025 The Physical Society of Japan
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© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement.

Figure 10 shows the wavelength dependence of the output
intensity from each port when left and right circularly
polarized light are incident on the device. Figure 10(a)
presents the output intensity from the same port for left and
right circularly polarized light, demonstrating a unique
characteristic of the topological edge state: specific circularly
polarized light propagates uniquely, with right circularly
polarized light primarily output to port 1 and left circularly
polarized light primarily output to port 2. The output
intensity ratio between the two ports reached up to
approximately 20dB within the defect structure’s operating
wavelength range (1550-1580nm). Figure 10(b) illustrates
the output intensity from the port where each circular
polarization is dominant. The propagation characteristics are
nearly identical for both circular polarizations in each
direction, strongly reflecting the optical spin properties of
the topological edge state.

101005-5

5. Conclusions

In this study, we described the topological edge state that
arises at the interface between two topologically distinct
photonic structures. As previously mentioned, light propa-
gated by the topological edge state exhibits a unique
phenomenon where the propagation direction is determined
specifically for left- and right-circular polarization. By treating
left- and right-circularly polarized light as the up- and down-
spin of a photon, respectively, this phenomenon becomes
analogous to the spin-momentum locking observed in
topological insulators. Topological photonics is an interdisci-
plinary field that integrates mathematics, optics, and solid-
state physics, emphasizing the approach of ‘“examining
phenomena from various perspectives”. Discussing phenom-
ena from a multifaceted, cross-disciplinary viewpoint, rather
than through simple observation, allows for a more compre-
hensive understanding of their characteristics.

©2025 The Physical Society of Japan
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