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Topological edge states, immune to backscattering, present challenges in confining them to specific positions
within a waveguide. Topological photonic cavities have been shown to localize edge states along their propaga-
tion path, opening unique opportunities for manipulating and collecting electromagnetic waves. In this Letter,
we realize a geometry-dependent underwater topological ultrasound cavity, created using a valley sonic crystal
waveguide terminated by a rigid reflector. The strong confinement of sound wave energy in the oblique reflector
surface is experimentally observed through ultrasound frequency- and time-domain measurements, which is due
to the extended time delay of the valley polarization flipping. We further demonstrate that the valley-flipping time
at the reflector surface is dependent on the edge configuration of the valley sonic crystals and the orientation of
the reflector. Our Letter introduces a strategy for designing topological acoustic cavities and achieving ultrasonic
wave confinement in underwater environments.
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Topological edge states, a defining feature of topological
phases of matter, have attracted considerable attention due
to their robustness against backscattering, rendering them
resilient to disorder and imperfections in waveguides [1–9].
This intrinsic stability, however, poses significant challenges
when attempting to localize these edge states within specific
regions of a waveguide [10–13]. Notably, valley-protected
edge states, characterized by nonzero valley Chern numbers,
exhibit remarkable resistance to flipping their valley-locked
momentum under weak disorder [14–20]. Recently, various
artificial topological cavities [21–29], created by introduc-
ing point or line defects in topological systems, have been
proposed as a means to trap, delay, or redirect electro-
magnetic or acoustic waves, opening avenues for novel
applications in topological lasers [30–33], integrated optics
[34,35], robust delay lines [36,37], and quantum informa-
tion processing [38]. More recently, a topological photonic
cavity created by straightforwardly terminating the photonic
crystal waveguide with a terminal mirror has successfully
demonstrated the ability to halt valley-polarized edge states
[39,40].

Thanks to the design and fabrication flexibility of sonic
crystals (SCs), nonzero valley Chern numbers can easily be
achieved by rotating the triangular scatterers to break inver-
sion symmetry [41,42], leading to the observation of hallmark
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valley-polarized edge states in acoustic systems [17,19,43].
Recent advancements have also introduced boundary-induced
chiral anomaly bulk states in sonic metamaterials within
airborne or elastic wave media, where the group velocity
direction can be reversed through boundary adjustments, pre-
senting a novel approach for developing valley-based sonic
devices [44–46]. However, despite the significant impact of
the surrounding water medium on acoustic mode conversion,
research in underwater topological acoustics remains scarce.
Waterborne SCs, with their macroscopic scale, provide an
ideal platform for exploring these unique interactions, offering
promising potential for breakthroughs in applications such as
underwater invisibility cloaking [47], acoustic communication
[48], and acoustic tweezers [49].

In this Letter, we present the realization of a geometry-
dependent underwater topological ultrasound cavity formed
by a valley SC (VSC) waveguide terminated by a rigid re-
flector. The design leverages the unique features of VSCs to
manipulate the propagation of sound waves, specifically by
confining energy along the surface of the reflector. This strong
confinement of sound wave energy is experimentally demon-
strated using both frequency- and time-domain ultrasound
measurements. The underlying mechanism for this confine-
ment is attributed to the extended time delay caused by the
flipping of valley polarization as the sound waves interact
with the reflector. The edge configuration of the VSCs and
the oblique angle at which the reflector is positioned signifi-
cantly affect the duration of the valley flipping, highlighting
the potential for fine-tuning the design of topological acoustic
cavities. The ability to control and direct these sound waves
opens new avenues for applications in underwater acoustics,
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FIG. 1. (a) Left panel: The VSC waveguide made of a triangular lattice of meta-molecules consisting of three closely packed steel cylinders.
The red dashed line marks the interface between the upper VSC-D and lower VSC-U. Right panel: The first Brillouin zone of the VSCs and the
bulk band structure for the orientation angle θ = 30◦. (b) Left panel: The supercell of the waveguide formed by the VSC-D and VSC-U, and
the corresponding eigenfield distribution of valley edge states at kx = 0.60π/a. Right panel: The projected band dispersion of the supercell in
the left panel. Red line denotes the valley-polarized edge state, while gray shadows represent the projected bulk bands. (c) Supercells of the
VSCs with the oblique steel reflector, along with their corresponding projected band dispersions. Insets display the eigenfields of the interface
states. (d) Supercells of the VSCs with the vertical steel reflector, along with their corresponding projected band dispersions.

particularly in the areas of ultrasonic detection, localization,
and waveguide-based signal transmission.

The underwater VSC consists of trimers arranged in tri-
angular arrays, as schematically shown in the left panel of
Fig. 1(a). These trimers are constructed from three tightly
bound steel cylinders, each with a diameter of d = 0.8 mm.
The lattice constant of VSC is a = 2.8 mm, and the orienta-
tion angle θ of the trimer relative to the x axis is shown in the
inset of Fig. 1(a). The material properties are as follows: the
sound velocity and mass density of water are cw = 1500 m/s
and ρw = 1000 kg/m3, respectively; while for steel, the
bulk modulus, shear modulus, and mass density are 1.682 ×
1011 Pa, 7.98 × 1010 Pa, and ρs = 7800 kg/m3, respectively.
The bulk band structure of the system for an orientation angle
of θ = 30◦ is shown in the right panel of Fig. 1(a), where a
full bandgap is observed, spanning frequencies from 0.287 to
0.317 MHz. We denote the trimers with θ = 30◦ and −30◦
as VSC-D and VSC-U, which exhibit opposite valley Chern
numbers. Consequently, a valley-polarized edge state appears
within the projected bandgap of the ribbon that connects VSC-
D and VSC-U, as illustrated in Fig. 1(b). As we can see from
the eigenfield of the edge state, the sound field is primarily
confined within the interface.

We now focus on the interface between the VSCs and a
rigid reflector with an oblique angle. The projected band struc-
tures for the interfaces between VSCs (VSC-D or VSC-U)

and a rigid reflector with an oblique angle of 60◦ are shown
in the right panel of Fig. 1(c). As seen, the interface state
(cyan line) for the VSC-D/rigid reflector lies at the lower
edge of the bandgap, while the interface state (blue line) for
the VSC-U/rigid reflector is positioned at the upper edge of
the bandgap. The corresponding eigenfields of these interface
states are displayed in the same panel. Notably, an interface
state gap highlighted in red appears within the projected bulk
bandgap of the VSCs. For the vertical reflector, the dispersions
of the interface states for the VSC-D/rigid reflector (cyan
line) and VSC-U/rigid reflector (blue line) overlap, as shown
in Fig. 1(d). Again, an interface state gap emerges within
the bulk bandgap of the VSCs, and the eigenfields for these
interface states are also provided.

To realize an underwater topological ultrasound cavity,
we terminate the VSC waveguide with a rigid reflector, as
schematically shown in Fig. 2(a). A sufficiently thick steel
reflector is placed at the termination of the interface be-
tween VSC-D and VSC-U. The valley-polarized edge states
propagate along the VSC interface and encounter the rigid
reflector. There are three possible pathways for the ultrasound
waves: (1) the waves may be reflected by the rigid reflector
after a valley flip (from K to K’); (2) the waves may prop-
agate upward along the interface between VSC-D and the
oblique reflector; and (3) the waves may propagate downward
along the interface between VSC-U and the oblique reflector.
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FIG. 2. (a) Upper panel: Schematic of the topological ultrasound
cavities formed by the VSC waveguide terminated by an oblique
reflector. The sufficiently thick steel with tilt angle 60◦ is treated as
rigid boundary. The red star and dot represent the position of the
source and probe, respectively. Lower panel: Sound field distribu-
tions of the topological cavities excited by the point source from the
left side of the sample at a frequency f = 0.3 MHz. (b) Sound field
distributions along the interface outlined by the dashed line in (a),
varying with frequency. do denotes the distance between the probe
and reflector. (c, d) Same as (a) and (b), but for the topological
cavities terminated by a vertical steel reflector with tilt angle 90◦.

However, the valley-polarized edge states within the interface
state gap, upon encountering the mirror termination, cannot
propagate through the upward or downward interfaces. As
a result, the edge states are reflected to the VSC interface,
requiring the valley index of the topological edge states to
flip from K to K ′. The rate of valley-index flipping is equiv-
alent to the leakage rate of the topology-controlled photonic
cavity [39,40].

When a Gaussian ultrasound wave packet is incident on the
sample from the left boundary, with a frequency within the
interface state gap, the wave excites the K-valley polarized
edge state, which propagates along the VSC interface before
encountering the rigid reflector. Upon reflection, the valley-
polarized edge state undergoes a valley flip from the K valley
to the K ′ valley after some time. This results in the formation
of a topological ultrasound cavity at the intersection of the
VSC interface and the VSC/reflector interface. In the lower
panel of Fig. 2(a), we present simulated field distributions
for ultrasound waves with a frequency of f = 0.3 MHz. The
sound fields are predominantly confined along the waveguide,
with a significant increase in sound intensity at the intersec-
tion, thereby forming a well-localized cavity. In contrast, for
the vertical reflector in Fig. 2(c), the sound fields are nearly
evenly distributed along the VSC interface at f = 0.3 MHz,
indicating the absence of a distinct cavity at the vertical reflec-
tor interface. The corresponding eigenfields for the two types
of reflectors can be found in the Supplemental Material [50].

To further elucidate the differences of sound intensities
between the ultrasound cavities, we plot the field inten-
sity as a function of frequency f (ranging from 0.285 to
0.32 MHz) and the distance dO(V) (from the intersection point)
in Figs. 2(b) and 2(d), respectively. For the oblique reflector,
the sound intensity exhibits a peak rise at the intersection
point, rapidly diminishing with increasing distance and even-
tually leveling off at larger distances, thereby confirming the
formation of a well-defined ultrasound topological cavity. In
contrast, for the vertical reflector, there is no distinct peak
at the intersection; although the field intensity is slightly
enhanced at this location compared to other points, it is in-
sufficient to establish a clear cavity. These results indicate
that the rate of valley-index flipping is strongly dependent
on the termination configuration of the topological cavities.
The oblique reflector termination (rigid reflector surface with
an oblique angle of 60◦) effectively suppresses intervalley
scattering due to valley conservation, whereas the vertical
reflector termination (rigid reflector surface with a right angle
of 90◦) results in a significantly higher valley-index-flipping
rate, as it breaks valley conservation [39,40,51].

We then implement topological ultrasound cavities to
measure the valley-index-flipping time. The experimental
configurations of the ultrasound cavities with oblique and
vertical reflectors are shown in Figs. 3(a) and 3(e), respec-
tively. Two perforated plastic plates are used to precisely
align the steel scatterers, with multiple detection points drilled
along the waveguide to measure the acoustic response at
distances dO(V). A Gaussian pulse, generated by an ultra-
sonic transducer with a diameter of 25 mm, is incident on
the sample from the left boundary. To measure the incident
and reflected wave responses at various positions, a needle
pinducer with a diameter of 1.9 mm is inserted along the
waveguide, as indicated by the red dots. In Figs. 3(b) and
3(f), we present the sound pressure at dO(V) = 17a as a func-
tion of time at f = 0.3 MHz, for the oblique and vertical
reflector samples, respectively. The shaded regions represent
the time difference between the first incident and reflected
peaks, which corresponds to the transmission time of the edge
state along the waveguide, as well as the valley-flipping time
from the K valley to the K ′ valley. This time difference can
be expressed as TdO(V) = 2dO(V)

Vg
+ t f , where Vg is the group

velocity of the edge states, and t f is the delay time required
for the valley flipping. The time differences observed are
TdO = 161 µs (for the oblique reflector) and TdV = 104 µs (for
the vertical reflector), resulting in a 57-µs difference between
the two samples, which validates our previous analysis. For
comparison, we also perform the simulation calculation on
the samples. The detailed simulation results can be found
in the Supplemental Material [50]. It demonstrates that the
flipping time for the sample with an oblique reflector is about
62 µs, while the flipping time for the sample with a vertical
reflector is about 3 µs, elucidating a 59-µs difference between
the two samples. The simulation result agrees well with the
experimental one.

We also present the sound pressure profiles at various mo-
ments as a function of distance dO(V) in Figs. 3(c) and 3(g) for
the oblique and vertical reflectors, respectively. At t = 22 µs,
an ultrasound wave peak is observed at dO(V) = 17a, and the
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FIG. 3. (a) Photograph of the experimental sample featuring topological ultrasound cavities, terminated by the oblique steel reflector. The
sound pulse is excited by a transducer positioned to the left of the sample. The dashed line outlines the waveguide interface, and the red dot
indicates the probe position used by the pinducer. (b) Temporal variation of sound pressure inside the sample at the distance dO = 17a. The
shaded region highlights the time difference between the incident and reflected signals. The red and cyan lines represent the measured signals
with and without the reflector, respectively. (c) Sound pressure distribution at three distinct times. Arrows indicate the propagation directions
of the signal. (d) Measured time difference between incident and reflected signals at various positions dV, with their linear fitting. (e–h) Same
as (a)–(d), but for the topological cavities terminated by a vertical steel reflector.

ultrasound waves continue to propagate to the right along the
VSC interfaces. At t = 80 µs, the waves arrive at the rigid
reflector surface. For the oblique reflector, the reflected wave
reaches dO = 13a at 157 µs, continuing to propagate to the
left. For the vertical reflector, the reflected wave arrives at
dV = 13a at 100 µs. This highlights a temporal difference
of 57 µs between the two ultrasound cavities. The longer
valley-flipping time in the oblique reflector sample allows
for greater wave accumulation at the intersection, thereby
forming a more localized cavity. Consequently, the reflected
waves are weaker than those in the vertical reflector. We also
plot the time difference between the incident and reflected
waves along the waveguide as a function of distance dO(V)

in Figs. 3(d) and 3(h) for the oblique and vertical reflector,
respectively. The incident wave frequency is set to 0.3 MHz.
The group velocity and valley-flipping time are extracted by
fitting the data to the equation TdO(V) = 2dO(V)

Vg
+ t f . From this,

we obtain a group velocity of 0.61 cw for the valley edge
state. The valley-flipping times are found to be 59.45 µs for
the oblique reflector and 1.35 µs for the vertical reflector,
yielding a difference of 58.1 µs. This disparity in flipping time
indicates a more substantial accumulation of ultrasound waves
in the oblique reflector sample, leading to the formation of a
high-quality factor topological ultrasound cavity. (The calcu-
lation of the quality factor for the samples and related impacts
can be found in the Supplemental Material [50].) The acoustic
wave accumulation is minimal in the vertical reflector, and

the valley edge state is almost immediately reflected at the
intersection.

We finally perform the study of the VSC waveguide
terminated with a rigid reflector at angles ranging from 60◦ to
90◦, to elucidate the formation mechanism of the topological
cavity. The schematics for the configurations at angles 70°
and 80° are presented in Figs. 4(a) and 4(d), respectively, with
L denoting the distance between the center of meta-molecules
and the reflector. As shown in Figs. 4(b) and 4(e), we calculate
the eigenfields for both configurations across three different
distances at a frequency of f = 0.302 MHz. There are no
strong localized fields along the waveguide, signifying the
absence of a topological ultrasonic cavity, which stands
in stark contrast to the situation observed at an angle of
60◦ in Fig. 2(a). Furthermore, we calculate the eigenfields
for both configurations at a distance of L = 0.8a for three
different frequencies, as illustrated in Figs. 4(c) and 4(f). The
results again reveal a lack of strong localized fields along the
waveguide. For the rigid reflector at random angles (70° or
80°), the oblique interface appears to disrupt the scattering
of VSCs, suggesting a breakdown of local periodicity within
the VSCs. This irregular local boundary can give rise to
disordered states that further inhibit the formation of a
topological ultrasonic cavity.

In summary, we have successfully demonstrated the re-
alization of a geometry-dependent underwater topological
ultrasound cavity using a VSC waveguide, terminated by
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FIG. 4. (a) Schematic of a VSC waveguide terminated by a 70◦ oblique reflector. The distance between the center of meta-molecules
and the reflector is denoted as L. (b) The eigenfields of the configurations under three distances L = 0, 0.4a, and 0.8a at a frequency of
f = 0.302 MHz. (c) The eigenfields of the configuration for distance L = 0.8a at three different frequencies. (d)–(f) Same as (a)–(c), but for
the configurations for the 80◦ reflector.

a rigid reflector. The design exploits the unique prop-
erties of VSCs to manipulate sound wave propagation,
resulting in strong confinement of sound energy along the
reflector surface. Through both frequency- and time-domain
ultrasound measurements, we have experimentally confirmed
the mechanism behind this confinement, which arises from the
extended time delay associated with valley-polarized flipping
as the waves interact with the reflector. The edge configuration
of the VSCs, combined with the oblique angle of the reflector,
significantly influences the valley-flipping duration, offering
an effective means to fine-tune the performance of topological
ultrasound cavities. Our findings contribute to the growing
field of underwater topological acoustics, highlighting the

potential for designing high-quality topological cavities with
controlled acoustic wave dynamics, and also contribute to the
underwater positioning applications [52].
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