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Many works on topological insulators have focused on periodic lattice systems, where short- and long-range order is considered.
Here we construct a two-dimensional amorphous photonic crystal with short-range order and a controllable level of long-range
order and experimentally investigate the transport of topological edge states in this amorphous system. We demonstrate that
topology properties remain constant with unidirectional edge state propagation, immune to specific disorder strength. The
partition phenomena of edge states are also observed at the intersection of four topological channels in microwave experiments.
This proposed amorphous configuration provides new opportunities to explore the relationship between short-range order and
topology and may alleviate the fabrication difficulties of topological optical devices for practical applications.
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1 Introduction

The topological insulator, whose striking feature is that the
edge state is topologically protected and immune to defects
and perturbations, has attracted intense research interest [1-
3]. A topological photonic crystal (PhC) is a periodic
structure with long-range order related to the lattice peri-
odicity and short-range order connected to neighboring sites
within a unit cell [4-23]. It provides a good platform for
realizing many devices in practical applications, such as to-
pological lasers [24,25]. Topological photonics have also
been extended into aperiodic photonic structures, including
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the photonic quasicrystals possessing hidden long-range or-
der but no translational symmetry [26-29] and the topolo-
gical Anderson insulator with completely random sites [30-
32].

The short-range disorder is usually introduced into topo-
logical PhC lattices to verify the robustness of topological
edge states to perturbations. The question is, what spatial
order is required to induce topological edge states? The
amorphous PhCs only possess short-range order, but no
long-range order has been proposed to study this interesting
question [33]. The short-range order in an amorphous PhC,
for example, can be used to improve light confinement and
realize a laser [34,35]. Amorphous gyromagnetic photonic
lattices have been created to study the nonreciprocal ro-
bustness of edge states theoretically [36-38] and experi-
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mentally [39]. Because of the applied magnetic field, the
time-reversal symmetry of the amorphous gyromagnetic
photonic crystal is broken, and the lack of pure dielectric
material in the system limits applications in optical devices.
Additionally, the amorphous topological valley PhC was
used to study the effect of long-range deformations. How-
ever, because of the mismatch between the lattice and the
chiral exciting source, the unidirectional transport of edge
states was not observed experimentally [40].

Here, we determine that topological photonic bandgaps in
a two-dimensional (2D) amorphous PhC continue to exist if
sufficient short-range order exists and only specific disorder
strength is applied. Our designed amorphous PhC comprises
a pure dielectric material, and the time-reversal symmetry is
not broken. An amorphous lattice is constructed by mole-
cular dynamics simulations to adjust short-range order to
study the variation in the bandgap [37,39]. In our study, we
use a more convenient method by rotating lattices to realize
an amorphous PhC, in which short-range order remains un-
changed at the designed parameter. Thus, we can manipulate
the disorder strength to study the nature of the topological
bandgap. Microwave experiments are implemented to verify
the unidirectional transport of the topological edge states at a
low degree of disorder, which to our knowledge, is the first
experimental realization of topological amorphous PhC with
a dielectric material. Additionally, the partition of edge states
is directly observed in amorphous PhCs comprising four
domains. This phenomenon may help us find more inter-
esting applications for designing optical devices in the future.
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2 Design of an amorphous PhC

We choose a hexagonal unit cell as the original structure
without disorder arranged in a triangular lattice of a 2D
periodic PhC, whose lattice constant is a, as shown in the left
panel of Figure 1(a). A unit cell is composed of six cylinders
made of dielectric material with relative permittivity ¢ = 7.5
and diameter d = 0.24a, embedded in an air background.
When the distance /4, between neighboring cylinders within a
unit cell is larger than the distance /4, between nearest cy-
linders in the neighboring unit cell, the periodic PhC is to-
pological and otherwise trivial. The distance 4, (k,) is taken
as 0.36a (0.28a) in a topological PhC and 0.30a (0.40a) in a
trivial PhC. The band diagram of the topological PhC with a
transverse magnetic mode (£, is the electric field along the z
direction) is calculated using COMSOL Multiphysics, as
displayed in Figure 1(b), and has a topological bandgap in-
dicated in green. Topological edge states emerge in the in-
terface formed by topological and trivial PhCs. Figure 1(c)
shows the dispersion diagram of the edge states calculated by
the supercell method. The same structures have been applied
to construct a topological PhC to experimentally realize a
unidirectional electromagnetic waveguide [16].

PhCs are unique because of their photonic bandgap, whose
size is determined by the lattice structure and refractive index
contrast of the dielectric material [41]. Long-range order
related to lattice periodicity is unnecessary for bandgap
formation, and thus amorphous semiconductor structures
still possess electronic bandgaps [42]. Because of the choice
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Figure 1 (Color online) (a) Left panel: Schematic of a periodic PhC with the triangular lattice. A hexagonal unit cell with lattice constant ¢ comprises six
dielectric cylinders with diameter d=0.24a and relative permittivity ¢=7.5. The distance 4, (/,) is taken as 0.36a (0.28a) to form a topological PhC, while
0.30a (0.40q) is taken to form a trivial PhC. Right panel: Schematic of an amorphous PhC created by rotating six cylinders around the center of a unit cell.
The maximum rotation angle of the six cylinders is defined as 6,,. (b) Transverse magnetic band diagram of a periodic topological PhC exhibiting a photonic
bandgap highlighted in green. Inset: Unit cell and the first Brillouin zone. (c) Dispersion of edge states calculated by a supercell composed of topological and
trivial PhCs, denoted by yellow and blue cylinders in the right panel, respectively.
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of high refractive index contrast, the size of the bandgap is
very large in our design of topological PhCs. When we
construct a PhC with sufficient short-range order linked with
neighboring cylinders, the bandgap continues to exist due to
the evanescent coupling of the Mie resonances of individual
dielectric cylinders [34,35]. This structure is considered a
new material called photonic glass [43].

Our proposed amorphous PhC is constructed by randomly
rotating six cylinders against the center of the hexagonal unit
cell, as displayed in the right panel of Figure 1(a). The ran-
dom rotation angle is defined as 6=R6,, where 6,, is the
controlling angle, and R is a random number uniformly
distributed between —1 and 1. Thus, the rotation angles of
dielectric cylinders in the entire lattice are randomly dis-
tributed between —6,, and 6,,. It is easily recognized that the
disorder strength in different amorphous PCs can be para-
meterized by the maximum rotation angle 6,. Although
amorphous PhCs differ in detailed structures, they possess
the same short-range order generated by a fixed distance /4,
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between neighboring cylinders within a unit cell. In other
words, in our scheme to construct an amorphous PhC, the
short-range order is fixed, while the level of the long-range
order decreases with increasing 6,,.

3 [Edge state transport in amorphous PhCs

With local rotation in unit cells, the photonic bandgaps of an
amorphous PhC structure cannot be directly calculated.
Thus, a source to excite electric fields is placed at the center
of the amorphous PhC, and the total energy flow is detected
along the circular integral path illustrated by the inset of
Figure 2(a). Figure 2(a) shows the radiation power spectrum
of amorphous PhCs at different maximum rotation angles 9,
of six cylinders in a unit cell, in which energy flow is
averaged over ten independent configurations. A prominent
dip in the spectrum highlighted in green at 6,, =10° represents
a full bandgap. The disordered degree of the amorphous PhC
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Figure 2 (Color online) (a) Energy flow spectrum at maximum rotation angles of dielectric cylinders in amorphous topological PhCs at §,,=10°, 20°, and
30°. The green region represents the topological bandgap of an amorphous PhC at 6,=10°. Inset: Schematic of an amorphous configuration. The location of
the exciting source is marked by a green star. The integral of the energy flow is along the circular path. With the increasing disordered degree, the photonic
bandgap rapidly shrinks and finally disappears. (b) Photonic bandgap as a function of maximum rotation angles. (c) Bott index of an amorphous PhC. (d)-(g)
Simulated electric fields E. for transporting the edge state of amorphous PhCs at ,,=10° and 20° and different frequencies. Inset: Schematic of the amorphous
structure with distinct topological domains. The location of the chiral source is denoted by a white star. (h), (i) The edge states remain unchanged when

traveling around sharp turns in amorphous PhCs at 6,,=10° and 20°.
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increases by controlling the rotation of dielectric cylinders to
obtain a larger 6,, and thus the width of the photonic
bandgap shrinks to a narrow range and nearly disappears at
6,=30°, confirming that photonic gaps are induced by short-
range order. Figure 2(b) also illustrates that the photonic
bandgap is a function of the maximum rotation angles of
dielectric cylinders in amorphous topological PhCs. To
characterize the topological properties of amorphous PhCs,
we use the Bott index [44-46] (C,), which is identical to the
Chern number but defined in real space. When the C, at a
specific 6, and frequency is calculated, all eigenelectric
fields below this eigenfrequency should be computed. Two

. . 2mix/L 2miy/L
unitary matrices are defined as Uy = ¢”™%x and Uy = ¢*™'%s,

where x and y are the spatial coordinates of L, x L, lattice
sites. P is the projection operator of all eigenstates below a
specific frequency. The eigenstates of the electric fields of an
amorphous PhC can be directly obtained from numerical
simulations and need averaging over many configurations.

Then, block matrices are given by Uy, =PUyP and

~

Uy = PUyP. Finally, the Bott index is computed as

N

C,=ImTrin(U, U, U" ,U" )/ (2n). Figure 2(c) shows the
Bott index for an amorphous PhC with 6,=10°, in which the
bandgap is topological (C,=1).

The photonic bandgap shrinks as random rotations are
introduced. However, the corresponding topological prop-
erties existing in a periodic PhC structure remain in amor-
phous PhCs as long as the photonic bandgap exists.
Assembling two amorphous PhCs with distinct topology at a
low degree of disorder, topological edge states persist along
the interface. The simulated spatial distribution of electric
field E, is shown in Figure 2(d) at a normalized frequency of
0.548 for 6,=10°. A chiral source indicated by a white star is
applied to selectively excite topological edge states with a
specific pseudospin. The excited edge state unidirectionally
propagates along the interface. When the maximum rotation
angle of dielectric cylinders increases to 8,=20°, the edge
state remains unidirectional, but its mode profile does not
decay into bulk PhC structures as rapidly as the 8,=10° case,
reflecting a relatively small photonic bandgap, as displayed
in Figure 2(e) at a normalized frequency of 0.548. Ad-
ditionally, with increasing disordered strength, the frequency
range of edge states and the photonic bandgap size si-
multaneously become narrower. Figure 2(f) and (g) show the
compared electric field at the same frequency of 0.541 but
different rotation angles #,=10° and 20°, where bulk modes
are excited simultaneously because of the smaller photonic
gap. To demonstrate the robustness of topological edge states
in an amorphous PhC, a configuration with a sharp bend is
considered. In Figure 2(h) and (i) at 6,=10° and 20°, re-
spectively, we observe that the edge states remain unidirec-
tional and travel around a sharp turn nearly without
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scattering at a normalized frequency of 0.553. This result
reveals that edge states in an amorphous PhC remain topo-
logically protected and immune to backscattering.

Microwave experiments are performed to demonstrate the
transport properties of topological edge states in an amor-
phous PhC. The experimental setup and sample are displayed
in Figure 3(a) and (b), respectively. The PhC sample is made
of alumina cylinders with a relative permittivity £=7.5, dia-
meter d=6 mm, and height #=8 mm. The lattice constant of
the amorphous PhC is a=25 mm. The distance 4, (h,) is
taken as 9 mm (7 mm) in a topological PhC and 7.5 mm
(10 mm) in a trivial PhC. The PhC structure is surrounded by
perfectly matched layers to absorb scattering waves and
sandwiched between two parallel metallic plates, which form
a waveguide. Topological and trivial amorphous PhCs are
highlighted in yellow and blue regions, respectively, and a
green dashed line represents their interface. A chiral source
indicated by a white star is produced by three antennas with
different phase delays and employed to selectively excite
topological edge states with a specific pseudospin. The an-
tenna array and its measured electric field distribution are
displayed in the left panels in Figure 3(b). Figure 3(c) shows
the measured distribution of the intensity of electric field E,
at 8.01 GHz and the maximum rotation angle 6,=10° of
alumina cylinders in an amorphous configuration. The to-
pological edge state only propagates in the forward direction
and is suppressed backward. Because of a small air gap be-
tween the top metal plate and sample, the frequency of edge
states undergoes redshifts, but their properties remain con-
stant. The phenomena of edge states in experimental mea-
surements agree well with simulations. When the maximum
rotation angle is set as 6,=20°, our experimental results
verify that the edge states still mainly propagate along the
interface, as shown in Figure 3(d). Consistent with the si-
mulations, the frequency range of edge states in experiments
becomes narrower with a higher degree of disorder. Figure
2(e) and (f) show the measured electric field along the y
direction marked by white dashed lines in Figure 2(c) and
(d). The strength of the electric field quickly decays into
amorphous PhCs, manifesting the good confinement of the
edge state at the interface.

4 Partition of edge states in amorphous PhCs

The transmission partition of edge states dependent on the
geometry at topological channel intersections has been stu-
died in graphene [47] and acoustic crystals [48]. Here, we
demonstrate that such unidirectional topological transport of
the edge state can be realized in an amorphous PhC. Figure
4(a) illustrates the detailed structure, in which four channels
intersect obliquely and separate topological and trivial
amorphous PhCs into four domains denoted by yellow and
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Figure 3 (Color online) (a) Schematic of the experimental setup. The experimental sample is placed in two metallic plates and surrounded by an absorber.
(b) Photograph of the alumina cylinders of the amorphous PhC. Left panel: An antenna array and a measured electric field of the chiral source. (c), (d)
Experimental measurements of E. field intensity distributions of edge states in amorphous PhCs with maximum rotation angles of #,=10° and 20°. The
electric field intensity in the forward direction is much stronger than that in the backward direction. This result experimentally demonstrates that the edge
state unidirectionally propagates along the interface of topological and trivial amorphous PhCs. (e), (f) Intensity of the electric field in the y direction.

blue circles, respectively. The excited edge state travels from
the leftward channel labeled L to upward (U) and downward
(D) channels but is nearly suppressed on the right channels

0=60°

6,=10°

)
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Figure 4 (Color online) (a) Schematic of the partition configuration of
edge states. Four domains are composed of amorphous PhCs with distinct
topology and the same maximum rotation angles of dielectric cylinders in a
unit cell. Four channels are labeled by L (left), R (right), U (up), and D
(down). (b), (c) Simulated distributions of the electric field magnitude at
a=p=60°, but §,=10° and 30°, respectively. (d) Electric field distribution at
a=120°, f=60°, and 6,=10°. (e) Electric field distribution at a==90° and
6,=10°. All simulated frequencies are 0.547.

(R). A similar phenomenon has been achieved in topological
valley photonic systems to manipulate photonic valley
pseudospins [12,49,50]. With the intersection angles of the
four channels at a=f=60°, the simulated distribution of the
electric field magnitude of edge states at a normalized fre-
quency of 0.547 and 6,=10° is displayed in Figure 4(b). The
transmitted energy proportion of individual channels is cal-
culated, and the transmission proportion of channel D is
approximately 0.6, which is larger than that in channel U by
approximately 0.3. As the disorder strength increases, the
edge state along channel L is much easier to couple into
channel D, and gradually, the partition is destroyed, as shown
in Figure 4(c) at 6,=30°. When the intersection angles are
a=120° and f=60°, the transmission proportion of channels
U and D is inverted with a=60°. Figure 4(d) characterizes
that the £, field magnitude of the edge state on channel U in
this structure is much stronger at 6,=10°. At a=£=90°, the
edge state bisects equally into the U and D channels, as
displayed in Figure 4(e). Because of the broken symmetry of
the lattice on the vertical intersection interface, the edge
states on the four channels are weak and comparable in in-
tensity to the exciting source. The partition phenomenon of
edge states depends on the geometry of amorphous structures
and can be adjusted by the intersection angles of the four
channels in different amorphous configurations. These
transport phenomena can be used to design optical devices in
applications to manipulate electromagnetic waves, such as
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Figure 5 (Color online) (a) Photograph of the experimental sample to partition edge states in amorphous PhCs. Four channels divide the structure into four
domains possessing distinct topological properties marked by yellow and blue regions. The location of the exciting source is indicated by a white star. (b), (c)
Measured electric field intensity E. of the edge state partition in experiments at 7.78 and 7.86 GHz.

beam splitters and interferometers.

We implement experiments to directly observe the parti-
tion phenomenon of edge states at the intersections of to-
pological channels in amorphous PhCs. Figure 5(a) shows
the amorphous PhC lattices comprising alumina cylinders
whose parameters are identical to those in Figure 3. Four
channels are built by amorphous topological PhCs and trivial
PhCs denoted by yellow and blue regions, respectively. We
consider that the intersection angles of the four channels are
a=p=60°. The maximum rotation angle of this amorphous
configuration is set as #,=10°. Figure 5(b) shows the dis-
tribution of the intensity of electric field £, in experimental
measurements at a frequency of 7.78 GHz. At this low dis-
ordered degree, we observe that the edge state excited by an
antenna source propagates in the upward and downward
directions, which agrees well with simulations. Beyond this
frequency range of the partition behavior, the edge state is
easier to couple to the downward channel at lower and higher
frequencies, for example, 7.86 GHz, as shown in Figure 5(c).

5 Conclusions

In this study, we experimentally realized an amorphous PC
whose long-range order interactions can be tuned. A so-
phisticated but simple creation method, which randomly
rotates all-dielectric cylinders in a unit cell, is designed that
guarantees the short-range order is preserved, but the long-
range order can be controlled by rotation angles. By con-
trolling the rotation angles, the disorder strength can be in-
creased where the photonic gap becomes narrower and is
closed finally, leading to the shrinkage and disappearance of
edge state dispersion. We directly observed the unidirec-
tional propagation and the partition of topological edge states
in the amorphous configuration, in which similar back-
scattering-immune properties are visualized. This new
scheme provides a platform for studying additional proper-

ties of amorphous topological PhCs. There is no need to
include perfect periodicity. Our discovery may help alleviate
the fabrication difficulties of practical topological optical
devices.
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