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Disorder, which is ubiquitous in nature, has been extensively explored in photonics for understanding the
fundamental principles of light diffusion and localization, as well as for applications in functional resonators
and random lasers. Recently, the investigation of disorder in topological photonics has led to the realization
of topological Anderson insulators characterized by an unexpected disorder-induced phase transition.
However, the observed photonic topological Anderson insulators so far are limited to the time-reversal
symmetry breaking systems. Here, we propose and realize a photonic quantum spin Hall topological
Anderson insulator without breaking time-reversal symmetry. The disorder-induced topological phase
transition is comprehensively confirmed through the theoretical effective Dirac Hamiltonian, numerical
analysis of bulk transmission, and experimental examination of bulk and edge transmissions. We present
convincing evidence for the unidirectional propagation and robust transport of helical edge modes, which are
the key features of nontrivial time-reversal invariant topological Anderson insulators. Furthermore, we
demonstrate disorder-induced beam steering, highlighting the potential of disorder as a new degree of
freedom to manipulate light propagation in magnetic-free systems. Our work not only paves the way for
observing unique topological photonic phases but also suggests potential device applications through the
utilization of disorder.
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Introduction—Disorder, a term denoting the absence of
order, permeates various aspects of photonics, serving both
as a tool for unraveling fundamental principles of light and
as a catalyst for innovative photonic applications [1–4].
For instance, the disorder-induced confinement of light
(i.e., Anderson localization) and random lasers in disor-
dered media exemplify its versatility [5,6]. Nevertheless,
in the realm of light transport and its applications in
optical communication, disorder is undesirable because it
will cause pronounced backscattering and deteriorate the
performance of photonic waveguides. As a new avenue
to suppressing the backscattering induced by disorders,
topological photonics has recently gained significant
attention [7–16]. Topological photonic waveguides, sup-
porting gapless chiral or helical edge modes resistant to
weak disorders [17–25], have found applications in robust
on-chip waveguides and topological lasers [26–35].
However, under sufficiently strong disorders, topological
photonic systems become trivial due to the closure of the
mobility band gap, leading to strong backscattering as
chiral edge transports are blocked by field localization.

Interestingly, instead of being harmful to wave propaga-
tion, specific strong disorders can unexpectedly enable
robust transport by inducing transitions from topologically
trivial phases to a new class of topological phases, called
topological Anderson insulators (TAIs) [36–39]. Since their
theoretical proposal, photonic topological Anderson insula-
tors (PTAIs) have been experimentally realized in helical
waveguides utilizing effective time-varying gauge fields
[40], and in gyromagnetic photonic crystals under external
magnetic fields [41]. However, the original discovery of
TAIs was spurred by investigating disordered quantum
spin Hall systems with time-reversal symmetry [36,37].
The advantage of preserving time-reversal symmetry lies
in its potential to achieve disorder-induced physics in
magnetic-free systems, making it feasible for realization
on the on-chip silicon-on-insulator platform. Thus far, the
experimental realization of time-reversal invariant PTAIs
remains an unresolved challenge primarily due to two key
obstacles: constructing photonic spins within a realistic
time-reversal system, and introducing an experimentally
feasible parameter to control disorder strength.
Here, we design and realize a time-reversal invariant

PTAI by constructing disordered metacrystals that support
two oppositely spin-polarized quantum Hall copies that
are linked by time-reversal symmetry. Geometrical dis-
orders are introduced by randomly rotating the anisotropic
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meta-atom in each unit cell. As the disorder strength
increases, the metacrystal undergoes a transition from a
trivial phase to a nontrivial phase characterized by a
nonzero spin Chern number. This disorder-induced topo-
logical phase transition is confirmed through not only
experimentally measured bulk and edge transmission
spectra but also numerical simulations and theoretical
analysis. Unidirectional propagation and robust transport

of helical edge modes are demonstrated. Furthermore, we
demonstrate disorder-induced beam steering, illustrating
the practical application in manipulating light propagation
through the utilization of engineered disorder.
Design of time-reversal invariant PTAI—As schemati-

cally shown in Fig. 1(a), the time-reversal invariant PTAI
supports unidirectional spin-polarized edge modes along
its boundary. These edge modes are immune to defects
(e.g., sharp corners) and disorders, showing ideal proper-
ties for robust electromagnetic wave transport. The unit
cell consists of a metallic tripod positioned between two
parallel metal plates, each having identical initial spacings
of 1.1 mm to the tripod. The structural parameters are
lattice constant a ¼ 36.8 mm, height h ¼ 34.6 mm, inner
radius r ¼ 3.65 mm, arm-length l ¼ 7.9 mm, and arm
width w ¼ 2.2 mm [left inset of Figs. 1(a) and S1 [42] ].
These parameters are precisely designed to achieve double
Dirac cones around the K and K0 points [43,44]. This
design has two tunable structural parameters controlling
the topology of the ordered metacrystal: the orientation
angle of the tripod α determining the parity symmetry
breaking (PSB) strength, and the vertical displacement
of the tripod to the middle plane of the waveguide d
determining the spin-orbit coupling (SOC) strength
[Fig. 1(b)]. The competition between these two strengths
determines whether the metacrystal is topologically trivial
or nontrivial. As an example, we consider the ordered
metacrystal with α ¼ 30° and d ¼ 1.1 mm and examine
four bulk bands around 6 GHz [Fig. 1(c)]. A band gap
(marked in gray) is found between the second and third
bulk bands. To show its topology, we study the eigenfields
of four bulk modes below the band gap [Fig. 1(d)].
Because of the combined mirror-z and electromagnetic
duality symmetry [45,46], bulk modes are classified into
spin-up mode jΨ↑j ¼ j ffiffiffiffiffi

ε0
p

Ez þ ffiffiffiffiffi
μ0

p
Hzj and spin-down

mode jΨ↓j ¼ j ffiffiffiffiffi
ε0

p
Ez − ffiffiffiffiffi

μ0
p

Hzj by checking the phase
difference between the Ez and Hz fields [20,21,23]. Bulk
modes are further classified into different orbital modes by
examining the rotation direction of their in-plane power
flux [47]. As shown in Fig. 1(d), two bulk modes with the
same spin at different valleys have opposite orbits,
indicating that the metacrystal is characterized by a zero
spin Chern number Cs ¼ ðC↑ − C↓Þ=2 ¼ 0 with C↑ðC↓Þ
representing the Chern number of spin-up (spin-down)
modes. The topology of an ordered metacrystal can be
altered by changing α and d, as illustrated in the numerical
phase diagram within the region of α ≥ 0 and d ≥ 0
[Fig. 1(e)]. The phase diagram within all possible α
and d is shown in Fig. S2(a), and bulk bands of four
representative ordered metacrystals with their topologies
are detailed in Supplemental Material, Sec. A [42]. The
phase diagram exhibits two phases: the trivial one with
Cs ¼ 0 and the nontrivial one with Cs ¼ 1 (i.e., C↑ ¼ 1

and C↓ ¼ −1). While the aforementioned metacrystal
is located within the trivial phase sector [red circle in

(a)

(b)

(d) (e)

(c)

FIG. 1. (a) Schematic of the disordered metacrystal with the
tripods rotated by random angles, forming a PTAI. At the
boundary between the PTAI and a trivial insulator, robust
spin-up and spin-down edge modes propagate in opposite
directions. A zoom-in metallic tripod and a rotated tripod with
θi are shown as insets. (b) The angle (α) induces the parity
symmetry breaking (PSB) effect, and the distance (d) introduces
the spin-orbit coupling (SOC) effect. (c) Bulk bands of an ordered
metacrystal with α ¼ 30° and d ¼ 1.1 mm. Four bulk modes are
marked with their spins. (d) Phase difference (PD) between Ez
and Hz (colors) and power flux (black arrows) of bulk modes
below the band gap. (e) Numerical phase diagram for ordered
metacrystals within the space of two parameters α and d. The
trajectory for realizing a PTAI is indicated by a cyan arrow.
Sufficiently strong disorder drives the metacrystal into a PTAI.
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Fig. 1(e)], it can undergo a topological phase transition by
randomly rotating its tripods to suppress the PSB strength.
Here, random rotation angles θi of the tripods are uniformly
distributed within ½−θd=2; θd=2� with the disorder strength
indicated by the maximum possible rotation angle θd. When
θd reaches a sufficient threshold, the strong disorder
effectively averages out the PSB effect. Consequently, the
PSB strength becomes weaker than the SOC strength,
resulting in a disorder-induced phase transition. Notably,
increasing θd has the same effect as decreasing α as they
both weaken the PSB effect (Fig. S5 [42]). Here, disorder
introduces a new degree of freedom for uncovering novel
physical phenomena and controlling light propagation, and
offers the advantage of avoiding the need for cumbersome
and precise control over the structure’s morphology.
Ultimately, a time-reversal invariant PTAI is achieved as
the metacrystal transitions into the nontrivial phase [arrow
in Fig. 1(e)].
Observation of disorder-induced topological phase

transition—To prove our theoretical proposal, we first
observe the disorder-induced topological phase transition.
The fabricated samples consist of a disordered metacrystal
with θd ¼ 0, 20°, 35°, 60°, or 120° and d ¼ 1.1 mm
placed above an ordered metacrystal with α ¼ 30° and
d ¼ 0 [Fig. 2(a)]. The lower metacrystal serves as a trivial
insulator with Cs ¼ 0 inside the band gap from 5.90
to 6.21 GHz. We perform the bulk and edge trans-
mission measurement by putting the source and probe
antenna (green and cyan stars) along the boundary and
inside the metacrystal, respectively. In Fig. 2(b), the gray
shaded rectangles highlight the measured transmission gaps
where jEzj2 < 10−6. With the increase of θd, the measured
transmission gap initially reduces ðθd ¼ 0; 20°Þ, then dis-
appears (θd ¼ 35°), eventually reopens ðθd ¼ 60°; 120°Þ. In
Fig. 2(c), there is no transmission peak in the band gap for
the edge transmission when, 20° or 35°. In contrast, there is
a measured small and big transmission peak when θd ¼ 60°
and θd ¼ 120°, respectively. These observed characteristics
indicate an obvious evidence of a disorder-induced band
gap reopening with the topological phase transition.
Notably, the subtle differences between the transmission
measurements and simulations are attributed to the different
probing setups and the presence of minor inherent disorders
(Supplemental Material, Sec. B [42]). We further conduct
numerical bulk transmission to explain the disorder-induced
phase transition [Fig. 2(d)]. The numerical setup is sche-
matically shown in Fig. S7(a) and we calculate the right-
ward power flux. For each disorder strength of θd, we
consider four different samples with different random
configurations of the rotation angles θi and simulate the
bulk transmission [Fig. S7(b)]. The averaged bulk trans-
mission in Fig. 2(d) clearly shows the mobility band edges
and indicates that the disorder-induced gap closing and
reopening occur at approximately θd ¼ 35°.

(a)

(c)(b)

(d)

FIG. 2. (a) Sample between the disordered metacrystal with θd
and d ¼ 1.1 mm (top) and a trivial insulator with α ¼ 30° and
d ¼ 0 (bottom). The green and cyan stars mark antenna for
measuring the bulk and edge transmission spectra. (b)–(c)
Measured bulk and edge transmission spectra. Gray rectangles
in (b) mark the measured bulk band gaps. Yellow rectangles
in (c) mark the high transmission frequency range where edge
modes appear. The edge transmission spectra are presented
using linear coordinates for improved clarity. (d) Simulated bulk
transmittance averaged over four samples (background density
plot) and the theoretical band edges (green curves).
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We also build a theoretical model to get a deeper
understanding of this topological phase transition. For
an ordered metacrystal, four bands at K and K0 valleys
are described by the Dirac Hamiltonian Ĥ ¼ fD þ
νDðσ̂xτ̂zδkx þ σ̂yδkyÞ þ ησ̂z þ κσ̂zŝzτ̂z, where σ̂i, τ̂i, and
ŝi are the Pauli matrices acting on orbit, valley, and spin
degrees of freedom, respectively [20,22,23,47]. The fourth
(fifth) term describes the band gap opening induced by PSB
(SOC) with a gap width coefficient ηðκÞ (Supplemental
Material, Sec. A [42]). By averaging the symmetry break-
ing strengths, we formulate an effective Hamiltonian for the
disordered metacrystal:

Ĥdisorder ¼ fD þ νDðσ̂xτ̂zδkx þ σ̂yδkyÞ

þ
Xi¼N

i¼1

ηiðθiÞ
N

σ̂z þ κσ̂zŝzτ̂z; ð1Þ

where ηi is the PSB strength within each unit cell and
determined by the rotation angle θi, and ðPi ηiÞ=N repre-
sents the averaged PSB strength. This effective Hamiltonian
implies that the band edges for the disordered metacrystal

are given by fD � jjκj − jPi ηij=Nj. Two band edges cross
when jκj ¼ jPi ηij=N. Before (after) this band crossing,
the PSB (SOC) effect is dominant and the metacrystal is
trivial with Cs ¼ 0 (nontrivial with Cs ¼ 1). The theoretical
band edges are outlined by two green lines in Fig. 2(d), and
match well with the boundary of the low numerical bulk
transmission area shown by the background color map plot.
After the mode exchange, the random metacrystal has a
band gap which is characterized by Cs ¼ 1, hence the time-
reversal invariant PTAI is realized. Notably, the spin Bott
index [48,49] is another useful topological invariant to
characterize disordered time-reversal systems, but it does
not work out here due to the ill-defined spin for modes far
away from K and K0 points.
Observation of robust helical edge modes—To substan-

tiate the nontrivial characteristics of the time-reversal
invariant PTAI, we demonstrate the unidirectional spin-
polarized edge modes of the disordered metacrystal with
θd ¼ 120° (see more in Fig. S8 [42]). When the source is
put at the left end, only the rightward spin-down edge
mode is excited while the rightward spin-up edge mode is
forbidden [Fig. 3(a)]. Conversely, when the source is put at
the right end, only the spin-up edge mode can propagate
leftward [Fig. 3(c)]. This unidirectional spin-polarized
edge modes are observed by measuring the transmission
spectra of Ez and Hz fields. In Fig. 3(b), high transmission
peaks are found in the jEzj and jHzj spectra, confirming the
excitation of the rightward edge mode when the source is
on the left. By examining the phase difference (PD)
between measured Ez and Hz fields, stable PD around π
within the band gap indicates that Ez and Hz are out of
phase. It means that the rightward edge mode is spin-down
polarized, consistent with the numerical result. When the
source is put on the right, high transmission is also
observed [Fig. 3(d)]. An obvious PD plateau at 0 is
measured, signifying the excitation of the leftward spin-
up edge mode. The clear contrast between two PD plateaus
at π and 0 indicates the unambiguous observation of the
unidirectional spin-polarized edge modes. Here, the light
propagation is reciprocal because the time-reversal oper-
ator connects modes with opposite spins and opposite
momenta [20]. Robust transport of edge modes, another
crucial property of the time-reversal invariant PTAI, is also
experimentally confirmed (Fig. S9 [42]). In stark contrast
to the trivial waveguide, the nontrivial waveguide con-
structed by the PTAI exhibits broadband robust transport
(Fig. S10 [42]). Notably, the finite size effect of the sample
is discussed in Supplemental Material, Sec. F [42].
Expanding the system size and investigating the interplay
between disorder effects and Anderson localization is a
key objective for future research.
Observation of disorder-induced beam steering based

on topological phase transition—PTAIs, owing to their
disorder-controllable nature, can achieve more exotic
functionality. Prior investigations about TAIs primarily

(d)

(c)(a)

(b)

FIG. 3. (a) Simulated local field intensity jψ↓j (top) and jψ↑j
(bottom) and (b) measured jEzj, jHzj, phase difference (PD)
between Ez and Hz fields when the source is put at the left.
(c)–(d) Simulated and measured results when the source is put at
the right. An obvious PD plateau at πð0Þ is observed when the
source is put at left (right), indicating the unidirectional propa-
gation of spin-polarized edge modes.
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concentrate on the topological phase transition and the
robust transport of edge states. Here, we modulate the flow
of light by utilizing disorder as a degree of freedom and
demonstrate a previously unobserved phenomenon termed
disorder-induced beam steering based on topological phase
transition. Specifically, we consider a boundary formed by a
trivial metacrystal (Cs ¼ 0) at the top and a nontrivial
metacrystal (Cs ¼ −1) at the bottom [Fig. 4(a)]. This
boundary supports rightward spin-down (leftward spin-
up) edge mode at the K0 (K) valley [Fig. 4(b)]. When the
source is put at the left, only the rightward spin-down edge
mode at the K0 valley is excited. According to the k-space
analysis [inset of Fig. 4(a)], the excited edge mode refracts
downwards into the air waveguide, resulting in a single light
beam emission at the air-metacrystal interface (details in
Fig. S12 [42]). This prediction is confirmed by the full-wave
simulation where only one refracted plane wave is observed,
and is further corroborated by experimental scanning of Hz
fields in the air waveguide [Fig. 4(c)]. We then introduce
disorder into the upper metacrystal and keep the lower
metacrystal unchanged. When the disorder strength is
θd ¼ 120°, the upper metacrystal becomes a PTAI with
Cs ¼ 1 [Fig. 4(d)]. As the difference of spin Chern number
crossing the boundary is −2, this boundary supports two
spin-up (spin-down) edge modes with negative (positive)
group velocity [Fig. 4(e)]. Therefore, the left source excites
rightward spin-down edge modes at both the K and
K0 valleys, resulting in two refracted light beams [inset of

Fig. 4(d)]. The simulated and measured Hz fields show that
there are two out-coupling light beams [Fig. 4(f)]. Notably,
these two light beams are induced by introducing disorder
rather than switching the polarization.With the clear contrast
between refracted light beams in Figs. 4(c) and 4(f), we
demonstrate that disorder can manipulate light propagation.
Conclusion—We realize a time-reversal invariant PTAI

where strong geometric disorder smooths out the PSB
effect and drives an initial trivial system into a nontrivial
photonic quantum spin Hall phase. The disorder-induced
topological phase transition is evidenced by the experi-
mental and theoretical results, including the closing and
reopening of transmission gaps, the emergence of edge
modes, and the phase diagram based on the effective
Dirac Hamiltonian. The unidirectional propagation and
robust transport of helical edge modes are experimentally
observed. Furthermore, we demonstrate the light beam
steering leveraged by disorder-induced topological phase
transition. This work provides valuable insights for observ-
ing unique topological photonic phases in time-reversal
invariant (i.e., magnetic-free, nonlinearity-free, and time-
modulation-free) systems. It also suggests potential device
applications (e.g., beam splitters) through the utilization of
disorder.

Acknowledgments—This work was supported by
National Key Research Development Program of China
(No. 2022YFA1404304), National Natural Science

(b) (c)

(f)(d) (e)

FIG. 4. (a)–(b) Photo and effective projected band structure of the sample consisting of the metacrystal with θd ¼ 0° (Cs ¼ 0) and the
photonic quantum spin Hall (PQSH) metacrystal with α ¼ 0° and d ¼ −1.1 mm (Cs ¼ −1). (c) The simulated and measured Hz fields
for the refraction of edge modes through the zigzag termination. (d)–(f) Case for the PTAI with θd ¼ 120° (Cs ¼ 1). Inset of (a),(d): The
k-space analysis on the refraction of edge modes.
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Kanté, Nonreciprocal lasing in topological cavities of
arbitrary geometries, Science 358, 636 (2017).

[32] M. A. Bandres, S. Wittek, G. Harari, M. Parto, J. Ren, M.
Segev, D. N. Christodoulides, and M. Khajavikhan, Topo-
logical insulator laser: Experiments, Science 359, eaar4005
(2018).

[33] Z. K. Shao, H. Z. Chen, S. Wang, X. R. Mao,
Z. Q. Yang, S. L. Wang, X. X. Wang, X. Hu, and R. M. Ma,
A high-performance topological bulk laser based
on band-inversion-induced reflection, Nat. Nanotechnol.
15, 67 (2019).

PHYSICAL REVIEW LETTERS 133, 133802 (2024)

133802-6

https://doi.org/10.1038/nphoton.2013.29
https://doi.org/10.1038/nphoton.2013.29
https://doi.org/10.1038/s41578-020-00263-y
https://doi.org/10.1038/s41578-020-00263-y
https://doi.org/10.1126/science.aao0763
https://doi.org/10.1038/s41567-023-02242-w
https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1038/s41566-019-0407-5
https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1038/s41566-017-0048-5
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1038/s41377-020-0331-y
https://doi.org/10.1038/s41377-020-0331-y
https://doi.org/10.1364/AOP.418074
https://doi.org/10.3788/PI.2022.R02
https://doi.org/10.1103/PhysRevA.108.040101
https://doi.org/10.1364/PRJ.471905
https://doi.org/10.1038/s41586-023-06163-9
https://doi.org/10.1063/5.0186639
https://doi.org/10.1063/5.0186639
https://doi.org/10.1038/nature08293
https://doi.org/10.1038/nature08293
https://doi.org/10.1103/PhysRevLett.106.093903
https://doi.org/10.1103/PhysRevLett.106.093903
https://doi.org/10.1073/pnas.1525502113
https://doi.org/10.1073/pnas.1525502113
https://doi.org/10.1038/nmat3520
https://doi.org/10.1038/ncomms6782
https://doi.org/10.1103/PhysRevLett.114.127401
https://doi.org/10.1038/nmat4573
https://doi.org/10.1038/nmat4573
https://doi.org/10.1103/PhysRevLett.114.223901
https://doi.org/10.1103/PhysRevLett.114.223901
https://doi.org/10.1103/PhysRevLett.127.043904
https://doi.org/10.1126/science.aaq0327
https://doi.org/10.1038/s41565-018-0297-6
https://doi.org/10.1038/s41565-018-0297-6
https://doi.org/10.1038/s41467-019-08881-z
https://doi.org/10.1002/lpor.202200362
https://doi.org/10.1002/lpor.202200362
https://doi.org/10.1126/sciadv.adn6095
https://doi.org/10.1126/sciadv.adn6095
https://doi.org/10.1126/science.aao4551
https://doi.org/10.1126/science.aar4005
https://doi.org/10.1126/science.aar4005
https://doi.org/10.1038/s41565-019-0584-x
https://doi.org/10.1038/s41565-019-0584-x


[34] Y. Zeng, U. Chattopadhyay, B. Zhu, B. Qiang, J. Li, Y. Jin,
L. Li, A. G. Davies, E. H. Linfield, B. Zhang, Y. Chong, and
Q. J. Wang, Electrically pumped topological laser with
valley edge modes, Nature (London) 578, 246 (2020).

[35] J. Ma, T. Zhou, M. Tang, H. Li, Z. Zhang, X. Xi, M. Martin,
T. Baron, H. Liu, Z. Zhang, S. Chen, and X. Sun, Room-
temperature continuous-wave topological Dirac-vortex mi-
crocavity lasers on silicon, Light Sci. Appl. 12, 255 (2023).

[36] J. Li, R.-L. Chu, J. K. Jain, and S.-Q. Shen, Topological
Anderson insulator, Phys. Rev. Lett. 102, 136806 (2009).

[37] C. W. Groth, M. Wimmer, A. R. Akhmerov, J. Tworzydło,
and C.W. J. Beenakker, Theory of the topological Anderson
insulator, Phys. Rev. Lett. 103, 196805 (2009).

[38] C. Liu, W. Gao, B. Yang, and S. Zhang, Disorder-induced
topological state transition in photonic metamaterials, Phys.
Rev. Lett. 119, 183901 (2017).

[39] W. Zhang, D. Zou, Q. Pei, W. He, J. Bao, H. Sun, and X.
Zhang, Experimental observation of higher-order topological
Anderson insulators, Phys. Rev. Lett. 126, 146802 (2021).

[40] S. Stutzer, Y. Plotnik, Y. Lumer, P. Titum, N. H. Lindner, M.
Segev, M. C. Rechtsman, and A. Szameit, Photonic topologi-
cal Anderson insulators, Nature (London) 560, 461 (2018).

[41] G.-G. Liu, Y. Yang, X. Ren, H. Xue, X. Lin, Y. H. Hu, H. X.
Sun, B. Peng, P. Zhou, Y. Chong, and B. Zhang, Topological
Anderson insulator in disordered photonic crystals, Phys.
Rev. Lett. 125, 133603 (2020).

[42] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.133.133802 for more

details. Sections (A) the phase diagram and eigen bulk
modes of ordered metacrystal, (B) measured bulk and edge
transmission spectra, (C) numerical transmission band gap
of disordered metacrystal, (D) disorder-induced edge
modes, (E) robust transport of edge modes, (F) the finite
size of the sample, (G) refraction of edge modes, and (H)
detailed pictures about the experiment.

[43] F. Gao, H. Xue, Z. Yang, K. Lai, Y. Yu, X. Lin, Y. Chong,
G. Shvets, and B. Zhang, Topologically protected refraction
of robust kink states in valley photonic crystals, Nat. Phys.
14, 140 (2018).

[44] H. Xue, F. Gao, Y. Yu, Y. Chong, G. Shvets, and B. Zhang,
Spin-valley-controlled photonic topological insulator,
arXiv:1811.00393.

[45] M. G. Silveirinha, P·T·D symmetry-protected scattering
anomaly in optics, Phys. Rev. B 95, 035153 (2017).

[46] X. Cui, R.-Y. Zhang, Z.-Q. Zhang, and C. T. Chan, Photonic
Z2 topological Anderson insulators, Phys. Rev. Lett. 129,
043902 (2022).

[47] T. Ma and G. Shvets, Scattering-free edge states between
heterogeneous photonic topological insulators, Phys. Rev. B
95, 165102 (2017).

[48] H. Huang and F. Liu, Quantum spin Hall effect and spin Bott
index in a quasicrystal lattice, Phys. Rev. Lett. 121, 126401
(2018).

[49] H. Huang and F. Liu, Theory of spin Bott index for quantum
spin Hall states in nonperiodic systems, Phys. Rev. B 98,
125130 (2018).

PHYSICAL REVIEW LETTERS 133, 133802 (2024)

133802-7

https://doi.org/10.1038/s41586-020-1981-x
https://doi.org/10.1038/s41377-023-01290-4
https://doi.org/10.1103/PhysRevLett.102.136806
https://doi.org/10.1103/PhysRevLett.103.196805
https://doi.org/10.1103/PhysRevLett.119.183901
https://doi.org/10.1103/PhysRevLett.119.183901
https://doi.org/10.1103/PhysRevLett.126.146802
https://doi.org/10.1038/s41586-018-0418-2
https://doi.org/10.1103/PhysRevLett.125.133603
https://doi.org/10.1103/PhysRevLett.125.133603
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.133802
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.133802
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.133802
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.133802
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.133802
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.133802
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.133802
https://doi.org/10.1038/nphys4304
https://doi.org/10.1038/nphys4304
https://arXiv.org/abs/1811.00393
https://doi.org/10.1103/PhysRevB.95.035153
https://doi.org/10.1103/PhysRevLett.129.043902
https://doi.org/10.1103/PhysRevLett.129.043902
https://doi.org/10.1103/PhysRevB.95.165102
https://doi.org/10.1103/PhysRevB.95.165102
https://doi.org/10.1103/PhysRevLett.121.126401
https://doi.org/10.1103/PhysRevLett.121.126401
https://doi.org/10.1103/PhysRevB.98.125130
https://doi.org/10.1103/PhysRevB.98.125130

