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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.
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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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FIG. 1. (a) Schematic of the disordered metacrystal with the
tripods rotated by random angles, forming a PTAIL 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
0; are shown as insets. (b) The angle (@) 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 @ = 30° and d = 1.1 mm. Four bulk modes are
marked with their spins. (d) Phase difference (PD) between E,
and H, (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 @ and d. The
trajectory for realizing a PTAI is indicated by a cyan arrow.
Sufficiently strong disorder drives the metacrystal into a PTAIL

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 @ = 36.8 mm, height # = 34.6 mm, inner
radius r = 3.65 mm, arm-length / =7.9 mm, and arm
width w = 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 K’ points [43,44]. This
design has two tunable structural parameters controlling
the topology of the ordered metacrystal: the orientation
angle of the tripod a 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 ¢ = 30° and d = 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 [¥'| = |\/&oE, + \/HoH,| and spin-down
mode |WV| = |\/&E, — /iigH,| by checking the phase
difference between the E, and H, 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 C, = (C' — C*¥)/2 = 0 with C'(C")
representing the Chern number of spin-up (spin-down)
modes. The topology of an ordered metacrystal can be
altered by changing « and d, as illustrated in the numerical
phase diagram within the region of ¢ >0 and d >0
[Fig. 1(e)]. The phase diagram within all possible «a
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
C, = 0 and the nontrivial one with C; =1 (ie., CT =1
and C' = —1). While the aforementioned metacrystal
is located within the trivial phase sector [red circle in
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FIG. 2. (a) Sample between the disordered metacrystal with 8,
and d = 1.1 mm (top) and a trivial insulator with @ = 30° and
d =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).

Fig. 1(e)], it can undergo a topological phase transition by
randomly rotating its tripods to suppress the PSB strength.
Here, random rotation angles 6; of the tripods are uniformly
distributed within [—6,/2,6,/2] with the disorder strength
indicated by the maximum possible rotation angle 6,;. When
0, 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 6, has the same effect as decreasing a 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 0, =0, 20° 35° 60° or 120° and d = 1.1 mm
placed above an ordered metacrystal with a = 30° and
d = 0 [Fig. 2(a)]. The lower metacrystal serves as a trivial
insulator with C; =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 |E,|* < 1075, With the increase of 8, the measured
transmission gap initially reduces (6, = 0,20°), then dis-
appears (6, = 35°), eventually reopens (6, = 60°, 120°). 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 6, = 60°
and 0, = 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 6, we
consider four different samples with different random
configurations of the rotation angles 6; 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 6, = 35°.
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H_|, phase difference (PD)
between E, and H, 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 z(0) is observed when the
source is put at left (right), indicating the unidirectional propa-
gation of spin-polarized edge modes.

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 K’ valleys
are described by the Dirac Hamiltonian H=fp+
vp(6,1.6k, + 6,0k,) +né, +«6,5,%,, where 6;, 7;, and
§; 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 7(x) (Supplemental
Material, Sec. A [42]). By averaging the symmetry break-
ing strengths, we formulate an effective Hamiltonian for the
disordered metacrystal:

= fp + vp(6,2.5k, + 6,5k,)
i=N 9

H disorder —

where 7; is the PSB strength within each unit cell and
determined by the rotation angle 0;, and (>, #;)/N repre-
sents the averaged PSB strength. This effective Hamiltonian
implies that the band edges for the disordered metacrystal

are given by fp £ ||k| — | >, n:|/N|. Two band edges cross
when || = |>_;n;|/N. Before (after) this band crossing,
the PSB (SOC) effect is dominant and the metacrystal is
trivial with C; = O (nontrivial with C; = 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 C; = 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 K’ points.

Observation of robust helical edge modes—To substan-
tiate the nontrivial characteristics of the time-reversal
invariant PTAIL, we demonstrate the unidirectional spin-
polarized edge modes of the disordered metacrystal with
6, = 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 E, and H, fields. In Fig. 3(b), high transmission
peaks are found in the |E.| and |H .| spectra, confirming the
excitation of the rightward edge mode when the source is
on the left. By examining the phase difference (PD)
between measured E, and H, fields, stable PD around =
within the band gap indicates that £, and H, 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 O is
measured, signifying the excitation of the leftward spin-
up edge mode. The clear contrast between two PD plateaus
at 7 and O 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 PTALI, 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—PTAls, owing to their
disorder-controllable nature, can achieve more exotic
functionality. Prior investigations about TAIs primarily
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(a)—(b) Photo and effective projected band structure of the sample consisting of the metacrystal with 8, = 0° (C; = 0) and the

photonic quantum spin Hall (PQSH) metacrystal with « = 0° and d = —1.1 mm (Cy; = —1). (c) The simulated and measured H, fields
for the refraction of edge modes through the zigzag termination. (d)—(f) Case for the PTAI with 8, = 120° (C, = 1). Inset of (a),(d): The

k-space analysis on the refraction of edge modes.

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 (C; = 0) at the top and a nontrivial
metacrystal (C; = —1) at the bottom [Fig. 4(a)]. This
boundary supports rightward spin-down (leftward spin-
up) edge mode at the K’ (K) valley [Fig. 4(b)]. When the
source is put at the left, only the rightward spin-down edge
mode at the K’ 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 H,
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
6, = 120°, the upper metacrystal becomes a PTAI with
C, = 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
K’ valleys, resulting in two refracted light beams [inset of

Fig. 4(d)]. The simulated and measured H, 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.
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