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Topological slow light and rainbow trapping tend to rely on large-scale interface structure in previous research work,
which have restricted further miniaturization. In this work, we propose a method to realize slow light and rainbow trapping
at the zigzag edge of a single valley photonic crystals (VPCs) bounded by air, which is very different from previous studies
where rainbow trapping is supported at the interface separating two VPCs with inversion symmetry. By constructing
the VPC-air boundaries and VPC-VPC interfaces experimentally, we have observed the topologically protected rainbow
trapping simultaneously at the external and internal boundary. This work provides a feasible platform for the miniaturized
optical communication devices such as optical buffers, optical storage and optical routing.
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1. Introduction

Topological photonic crystals (PCs) attract enormous at-
tention because of their potential to realize advanced op-
tical systems, which are immune to certain disorders and
backscattering.['! In general, a graphene-like PC possesses
a pair of degenerate but nonequivalent energy extreme in mo-
mentum space, named valley, which are guaranteed by the lat-
tices spatial symmetry. By breaking the spatial symmetry of
the lattice, the degeneracy would lift up, forming a nontriv-
ial bandgap. Valley edge states (VESs) can be realized at the
interface between two topological photonic crystals with dif-
ferent Chern number.[%8] Chiral edge states (CESs) are ex-
isted at the external boundary of the VPC. The transmissions
of CESs require no domain wall and thus reduce the size of
VPC, greatly enhancing the miniaturization development of
VPC.[-13]

The slow light effect can be explained as the group veloc-
ity of the light reduce greatly and thus enhance the interaction
between matter and light and control the flow of light. What’s
more, slow light has been widely applied in optical storage,
optical switching and nonlinear optics with broad prospects.
Rainbow trapping is defined as the light of different frequen-
cies are spatially separated and trapped at different positions,
provides a feasible technique of the frequency routing of slow
light.[1427] Recently researchers have proposed a series of
methods to realize slow rainbow trapping, for example, build-
ing a gradient changing interface by contracting and expand-

ing the lattice of two-dimensional (2D) dielectric topological
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PCs.[?81 However, the domain-free rainbow trapping has not
been realized, and it is still a challenge to verify the relevant
experiments, which has restricted the miniaturization of opti-
cal devices.

In this paper, we use a VPC which can simultaneously re-
alize topological slow light and rainbow trapping at the VPC—
air boundary and VPC-VPC interface. Thanks to the bulk-
boundary correspondence, nontrivial VPC and air interface
will exist topological protected CES, two types of VPCs’ inter-
face will exist topological protected VES. Therefore, we pre-
cisely design a gradient changing structure at three interfaces
by gradually adjusting the translational parameters of defor-
mation domain along the y direction. This work is beneficial
to further miniaturization and functionalization of photonic in-
tegrated circuits and dramatically promotes the application of
topological photonic states in optic devices.

2. Structure design and dispersion analysis

As shown in Fig. 1(a), the VPC is embedded in the air
background, composed of dielectric rods. The lattice vectors
are represented by a; and a; with the same lattice constant
a = 6v/3 mm. The unit cell consists of two types of rods,
marked by a black hexagon. Their diameters are devoted by
da and dp, respectively. A rod has a diameter of dy = 5 mm,
while B rod has a diameter of dg = 3 mm. The refractive in-
dex of the rods is n;oqg = 3.13. The finite element method is
used to calculate the topological behavior of VPC. As shown
in Fig. 1(c), when dp = dg = 4 mm, the band degeneracy
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occurs at K point of Brillouin zone (BZ). The Dirac points
(marked by red dots) are formed at K point in band 1 and band
2, and band 5. When the symmetry of the unit cell is broken
by setting da # dp, the degeneracy at two equal K points is
lifted, two complete band gaps will appear in the whole Bril-
louin zone, as shown in the blue region in Fig. 1(d). We define
the VPC with dy =5 mm, dg = 3 mm as VPCI1 and define
the VPC with dy =3 mm, dg =5 mm as VPC2. By calcu-
lating the band structure of VPC1 and VPC2, we can find that
there are two valley band gaps of 8.74 GHz and 18.52 GHz.
Although the band structure of the VPC1 and VPC2 are the
same, their topological properties are different. This can be
described using valley Chern numbers and circularly polar-
ized phase vortex. As shown in Figs. 1(b) and 1(e), taking
the first band as an example, the valley Chern number at the
K valley of VPC1 can be characterized by left-handed circu-
lar polarization (LCP), while the valley Chern number at the
K valley of VPC2 can be characterized by right-handed circu-
lar polarization (RCP). For the same type of VPC, the phase
changes at the K and K’ valleys are opposite. Thus, a topo-
logical phase transition occurs at the K and K’ valleys when
the VPC transitions from VPC2 to VPC1. According to time-
reversal symmetry, the K valley of VPC1 is equivalent to the
K’ valley of VPC2, and the K valley of VPC2 is equivalent
to the K’ valley of VPC1. As Ad changes from —2 mm to 0
and then to 2 mm, the band structure undergoes a process of
opening, closing, and reopening, accompanied by a reversal
of the direction of the valley Chern numbers, indicating the
occurrence of a valley topological phase transition during this
process.
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Fig. 1. (a) Schematic diagram of 2D valley photonic crystal composed of two
Al,O3 rods of different diameters which are in a background air. (b) Relation-
ship between topological phase transition at the K valley and variation of Ad.
(c) Band structure at Ad = 0, with the inset showing the first Brillouin zone
where the red dots indicate the degenerate Dirac points. (d) Band structure at
Ad =2 mm, with the inset showing the first Brillouin zone where the light blue
rectangle represents the bandgap of the valley photonic crystal. (e) Phase dis-
tribution of the 1st, 2nd, 4th, and Sth bands at the K and K’ points for VPC1
and VPC2, where the clockwise arrows represent right circularly polarized
(RCP) orbital angular momentum, and the counterclockwise arrows represent
left circularly polarized (LCP) orbital angular momentum.
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Fig. 2. (a) Schematic diagram of supercell structure. (b) Dispersion curves of the valley edge state and chiral edge states. (c) The electric field
distribution of |E,| and poynting vectors distribution at points A, B with red arrows indicating the direction of energy flow.

The nonzero valley-Chern number implies that the VPC
According to the bulk-
edge correspondence, topological edge exist at the interface

can support nontrivial edge states.

of two systems with different Chern numbers. Here we build
a VPC composed of VPCI and VPC2 with opposite valley

Chern numbers, where the top boundary rods are used to tune
the dispersion of the topological states, the diameter of top
boundary rod is d; =4 mm as shown in Fig. 2(a). Similarly
nontrivial VPC1 and air (can be considered to have C, = 0)

can form two sets of topological edge states. Figure 2(b)
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shows the VESs and CESs of the proposed VPC in Fig. 2(a),
where black, green, and red curves represent the bulk state,
the CESs formed by the contact of VPC1 with air and the
VESs generated by the contact of VPC1 with VPC2, respec-
tively. As shown in Figs. 2(a) and 2(b), we choose B (0.67/a,
8.916 GHz) and from the electric field distribution, it can be
seen that the electric field is well localized near the boundary
between the valley PCs and air. It can be seen from the Poynt-
ing vectors that points B have negative group velocities and
the energy flow directions point to the negative x axis. Then,
we choose A (0.67/a, 8.187 GHz), and it can be seen from the
electric field distribution that the electric field is well localized
near the boundary of the two photonic crystal structures. It
can be seen from the Poynting vector that point A has a posi-
tive group velocity and its energy flow direction points to the
X axis positive direction.
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Fig. 3. (a) Schematic diagram of topological rainbow trapping. (b) Chiral
edge state generated by VPC1 in contact with air. (c) Valley edge state gen-
erated by VPC1 in contact with VPC2. (d) Group velocities corresponding to
chiral edge states generated by VPCI in contact with air. (e) Group velocities
corresponding to valley edge states generated by VPCI in contact with VPC2.

Figure 3(a) shows the schematic diagram of topological
rainbow trapping made of alumina material with the refrac-
tive index of 3.13, the distance from the center of the upper
red cylinder to the center of the positive hexagon is Ad, the
distance from the center of the middle blue cylinder to the

center of the green cylinder is Ad;. Based on the method

of rainbow trapping by introducing gradient changes into the
structure,'?’! we introduced gradient variations into the struc-
ture, at the leftmost side (n = 0) along the positive x direc-
tion, Ad; = Ady = a/ V3, the green cylinders in the middle
channel move 0.002a towards the negative y direction each
time; meanwhile, the red cylinders at the top move 0.002a
towards the positive y direction each time, in other words,
Ad) = Adp = a/\@—ﬁ— 0.002a - n. Figures 3(b)-3(e) show the
dispersion relations and group velocities for the VESs and the
CESs at the air boundary, and we find that by introducing a
gradient changes at the top and middle boundary of the VPC,
these boundary states gradually move downward and the group
velocities gradually move to lower frequencies as n increases.
For a fixed frequency, the electromagnetic wave undergoes dif-
ferent states, which leads to a decrease in the group velocity
along the propagation direction until the electromagnetic wave
is no longer allowed to propagate. Therefore, this property
provides a viable method for spatially separating boundary
states of different frequencies and realizing topological rain-
bow trapping.

2.1. Sample preparation and experimental verification

In this experiment, we choose Al,O3 dielectric columns
with different diameters of 3 mm, 4 mm, and 5 mm and a
height of 10 mm to construct composite structures for study.
During the construction of the experimental model, we use a
pluggable self-assembled template to fix the experimental ma-
terials. In the first set of experiments, we prepared a 30-layer
three-channel VPCs waveguide with gradient variations and
input signals from the three channels respectively, as shown in
Figs. 4(a) and 4(d), and the positions of excitation probes were
marked with red and green, respectively, and the rainbow trap-
ping effect of the top channel and the middle channel are ob-
served by computer. Figures 4(b), 4(c) and 4(e), 4(f) show the
electric field distribution of numerical simulation and experi-
mental measurement, respectively, we find that the frequency
bands of the middle channel gradually shorten the propagation
distance with the increase of frequency, corresponding the re-
gion 2 in Fig. 3(d). While the top channel shows the opposite
trend, the propagation distance gradually increases with the
increase of frequency, corresponding the region 2 in Fig. 3(c).
These phenomena are clearly demonstrated in the microwave
experiments. Due to the difference in relative permittivity be-
tween the materials used in the simulation and those used in
the experiment, and there is an air layer of certain thickness
between the receiving probe and the sample surface. This re-
sults in a reduced effective refractive index, causing the fre-
quency range of the rainbow trapping effect observed in the
experiment to shift upward by approximately 1 GHz-2 GHz.
However, it remains within the first bandgap of the VPCs. The
pattern of the rainbow trapping effect observed in the experi-
ment is consistent with the simulation.
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Fig. 4. (a) Experimental setup for the sample with an excitation probe of top VPC1-air channel. (b) Simulated electric field distribution top VPC1-
air channel. (c) Measured electric field distribution using microwave near-field characterization in the top VPC1-air channel. (d) Experimental setup
for the sample with an excitation probe in the middle VPC1-VPC2 channel. (e) Simulated electric field distribution in the middle VPC1-VPC2
channel. (f) Measured electric field distribution using microwave near-field characterization in the middle VPC1-VPC2 channel.
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Fig. 5. (a) Zigzag waveguide samples at the valley edge and their excitation
settings. (b) Zigzag waveguide samples at the air edge and their excitation
settings. (c) Electric field distribution of the zigzag waveguide at the val-
ley edge with defect (measured). (d) Electric field distribution of the zigzag
waveguide at the air edge with defect (measured). (e) Electric field distribu-
tion of the zigzag waveguide at the valley edge without defect (simulated).
(f) Electric field distribution of the zigzag waveguide at the air edge without
defect (simulated). (g) Transmission characteristics of the valley edge with-
out defects. (h) Transmission characteristics of the air edge without defects.

In order to further verify the unidirectionality and ro-
bustness of the designed VPCs waveguide, in the second set
of experiments we perform surface electric field scans on
the valley-boundary and air-boundary zigzag waveguides, as
shown in Figs. 5(a) and 5(b). Firstly, we measure the zigzag

waveguide at the valley boundary and introduce defects at

points A and B. When the signal source is input from one end,
we can clearly observe the electromagnetic wave with a fre-
quency of 8.186 GHz traveling along the zigzag pattern from
Fig. 5(c). Secondly, we remove some of the cylinders and re-
place the 5 mm diameter cylinders at the boundary with 4 mm
diameter cylinders so that the Z-channel forms an air bound-
ary and defects are introduced at points C and D. We put the
signal source from one end and observe the image of the elec-
tric field distribution. From Fig. 5(d), it can be seen that the
electromagnetic wave with a frequency of 9.732 GHz can still
be transmitted normally along the Z shape of the air boundary.
In addition, we used numerical simulation to analyze the trans-
mission characteristics of the zigzag waveguide when there are
no defects on the upper boundary and valley boundary. From
Figs. 5(e)-5(h), it can be seen that both the large turning angle
and the modeled perturbation fully demonstrate the extreme
unidirectionality and robustness of our designed VPCs waveg-
uide.

3. Conclusion and perspectives

In conclusion, according to the problem of topological
rainbow trapping relying on large scale domain walls, we pro-
pose a method to realize slow light rainbow trapping simulta-
neously at the external and internal boundary of a VPC, which
is created by gradually increasing the structure parameter. By
carring out numerical simulations and microwave near-field
characterization of rainbow trapping, unidirectionality of the
edge state and robustness, we successfully verifies the reason-
ableness and feasibility of the designed structure, which pro-
vides a new scheme for the realization of highly integrated and

miniaturized photonic devices, multifrequency routing, and
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wavelength-division multiplexing.
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