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The transport behaviors of valley kink states with potential applications have become a research hotspot
for acoustic waves in phononic crystals, which are usually constructed in hexagonal lattices, such as
graphene and kagome lattices. We realize an acoustic valley material of a square lattice by stacking
the dimerized chains of resonators in which topological phase transition is implemented by tuning the
height ratio of nonequivalent resonators. The topological transports of the acoustic kink waves with reflec-
tion immunity are observed along the interface between distinct valley phases. The topological negative
refraction of kink states outcoupling into free space is experimentally visualized with a tunable refraction
angle. In particular, an abnormal partition transport of the acoustic kink states at the channel intersec-
tion is demonstrated in phononic crystals. These findings may have potential applications in directional
vocalization, noise reduction, and beam splitting.

DOI: 10.1103/PhysRevApplied.12.024007

I. INTRODUCTION

The valley materials have attracted a great deal of atten-
tion in both condensed matter and artificial periodic mate-
rials [1–4]. The valley phases host nonzero Berry curvature
distributions located near the energy extrema in momen-
tum space, and give rise to valley bulk states in the bulk
and valley kink states at the interface between topolog-
ically distinct valley phases [5,6]. The electronic valley
materials were first proposed in graphene [7–10], then
extended to other two-dimensional materials of hexago-
nal lattices [11–16], such as bilayer graphene [12–14] and
transition metal dichalcogenides [15,16], and form the field
of so-called valleytronics. Like the spin in spintronics, the
valley may also be applied to store and carry information.
The valley is usually induced by breaking the inversion
symmetry of the system. The topological transports of val-
ley kink states, such as the valley valve and beam splitting,
have been observed in bilayer graphene [17–19].

Benefitting from the macroscopic scale and flexible fab-
rication, breaking the inversion symmetry is much easier
for artificial materials and does not require an external
field. Great progress has been made in the topological val-
ley transports for electromagnetic [20–26], elastic [27–33],
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and acoustic [34–43] waves in artificial periodic materials.
For acoustic waves, the valley bulk transports with a
vortex property have been observed in phononic crystals
(PCs), which may have applications in rotating the par-
ticles in an acoustic field without contact [35,36]. The
valley kink transports with the reflection immunity prop-
erty were observed in monolayer and bilayer hexagonal
PCs [37,38], which may be used in devices with uncon-
ventional functions, such as directional acoustic antennas
[39] and topological acoustic switches [40]. In addition,
the valley transports studied in PCs combined the gain and
loss and displayed non-Hermitian properties [41]. How-
ever, all the valley PCs mentioned above are hexagonal,
and it is highly desirable to explore more intriguing trans-
ports in acoustic valley materials with other lattice types in
addition to the hexagonal lattice.

In this work, we report the realization of an acous-
tic valley material of a square lattice in which the two
nonequivalent valleys connected by time-reversal symme-
try can be shifted in momentum space by tuning the struc-
tural parameters, such as the radius of the connecting tube.
The valley phases are shown to possess nontrivial valley
Chern numbers. The dispersions of kink states are obtained
by measuring and Fourier transforming the pressure field
distributions along the interface between the distinct val-
ley phases. The topological transports of kink waves, such
as the propagation along a Z shaped interface, outcou-
pling negative refraction, and a counterintuitive partition,
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are experimentally visualized by scanning the pressure
field distributions. The experiments are in agreement with
the simulations, which are performed by the commercial
COMSOL Multiphysics solver package.

II. RESULTS AND DISCUSSIONS

A. Valley bulk states of a square lattice PC

We construct a two-dimensional PC by arranging a
square array of acoustic waveguides. Figure 1(a) shows
a photo of our sample fabricated by three-dimensional
(3D) printing. The unit cell contains two nonequivalent
resonators A and B (hA �= hB), which are connected by
cylindrical waveguides, as shown in Figs. 1(b) and 1(c).
When the height of the resonator hA = hB, there exists a
pair of Dirac points located at N and N ′ points along the
kx axis, as the solid black lines shows in Fig. 1(d). Differ-
ent from the Dirac points in graphene or kagome lattices,
which are located at the high symmetry points in momen-
tum space, the pair of Dirac points in this square lattice
PC are accidental degeneracies and can be shifted at the
same time by changing the structural parameters, such as
radius r1.

When hA �= hB, as the red lines show in Fig. 1(d), the
Dirac points open a bulk gap and give rise to the valley
physics. Figure 1(e) shows the nontrivial Berry curva-
ture distributions of the lower band, which mainly locate
around the points N and N ′ with opposite magnitudes,

and form two valleys connected by the time-reversal
symmetry. The valley bulk states do not display the vortex
configurations in the presence of twofold rotational sym-
metry with representations ±1, which are different from
the valley states in the hexagonal lattice, where the valley
vortex configurations are induced by irreducible com-
plex representations e±i(2/3)π of the threefold rotational
symmetry. However, the beam splitting transport of the
valley bulk states still exists, which essentially originates
from the trigonal warping effect of equifrequency contours
near the two valleys (see Fig. 5 in Appendix A), inde-
pendent of the vortex property. Although the global Chern
number in the first Brillouin zone is zero, the local valley
Chern numbers CN

v and CN ′
v , the integral of Berry curva-

tures near the valleys N and N ′, are ±0.5. Figure 1(f)
shows a phase diagram determined by the valley Chern
numbers. There exist two topologically distinct valley
phases where phase I is characterized by CN ,N ′

v = ±1/2,
phase II is characterized by CN ,N ′

v = ∓1/2, and the phase
boundary corresponds to bulk band-gap closure.

B. Experimental observation of acoustic kink states
and the reflection immunity

According to the bulk-edge correspondence, the acous-
tic kink states exist at the interface between phases I and
II, since the difference of the valley Chern numbers of the
same valley is an integer. To demonstrate the acoustic kink

(a) (b) (c)

(d) (e) (f)

FIG. 1. Valley bulk states and topological phase diagram of a square lattice PC. (a) Photograph of a sample showing the square
structure with air filling the inside. (b),(c) Side and top views of the unit cell with two nonequivalent resonators A and B. (d) The
gapless and gapped bulk band structures for hA = 10 mm (black lines) and 8 mm (red lines) with hB = 10 mm, respectively. The black
solid diamond of the insert is the first Brillouin zone. (e) Simulated Berry curvature distributions of the lower band for hA = 8 mm and
hB = 10 mm. The Berry curvatures mainly locate near the valleys N and N ′. (f) Phase diagram associated with valley Chern numbers
CN

v and CN ′
v . The black line shows the phase boundary upon closing the bulk gap when hA = hB. In all the experimental samples, the

parameters of phase I are hA = 8 mm and hB = 10 mm, and phase II are hA = 10 mm and hB = 8 mm. The other structural parameters
are chosen as a = 20 mm, r0 = 4 mm, r1 = 4 mm, and r2 = 1 mm.
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(a) (b)

(c) (d)

(e) (f)

FIG. 2. Experimental observation of acoustic kink states with
reflection immunity. (a) The measured pressure field distribu-
tion of the straight interface (blue dashed line) of phases I and
II. (b) The corresponding measured dispersion of kink states.
The solid (dashed) white line represents the simulated disper-
sion of kink states projected from the N (N ′) valley, and the gray
region denotes the simulated bulk band. (c),(d) The measured
pressure field distribution and dispersion of kink states are sim-
ilar to (a) and (b), but with phases I and II swapped. (e) Similar
to (c) but for a Z shaped interface. (f) The measured transmis-
sion spectra for the straight and Z shaped interfaces for the same
length. The good coincidence in the bulk gap (blue region) indi-
cates the robust reflection immunity of kink states. The green
star denotes a point source. The field distributions are measured
at f = 10.61 kHz.

states, we construct a straight interface separated by two
PCs with distinct valley phases. In Fig. 2(a), the acoustic
kink states are directly visible by the measured pressure
field distributions at f = 10.61 kHz in the bulk gap. The
projected band dispersion at this interface configuration is
plotted in Fig. 2(b), where the gray region denotes the sim-
ulated bulk band. In the bulk gap, the color maps represent
the experimental data, while the lines denote the simulated
values. The dispersion of kink states with a positive group
velocity along the x direction is evidently observed. The
acoustic kink states projected from the N valley (the solid
line) are not excited by a point source due to the negative
group velocity, and can be excited by the source placed
away from the left end of the interface. The kink states
at the other interface upon swapping phases I and II are
also demonstrated in Figs. 2(c) and 2(d). All the exper-
imental and simulated dispersions of kink states are in
good agreement. In addition, the damping behavior of the
kink waves along the propagation direction is discussed in

Appendix B. No kink states appear at the interfaces in the
same phase with different structural parameters, since the
difference of valley Chern numbers is zero, as shown in
Fig. 7 in Appendix C.

The acoustic kink states are topologically robust against
backscattering because of the intervalley decoupling and
the valley-momentum locking properties, namely, the kink
states projected from the N and N ′ valleys have oppo-
site momentum without intervalley scattering. To verify
this reflection immunity transport of the kink states, we
construct a sample containing a Z shaped interface with
two sharp corners (bent by 135°) between phases I and
II. As shown in Fig. 2(e), the measured pressure field
distributions indicate no obvious reflection appears at the
two sharp corners in the propagation of waves, although
the intensity of the pressure fields partly attenuates dur-
ing propagation due to the air damping. In Fig. 2(f), we
show the measured transmission spectra for the Z shaped
interface compared with the straight interface for the same
length. One can see that the two transmissions coincide
well and retain high values in the entire bulk band gap
(blue region), demonstrating the kink states propagate
along sharply bent interfaces with a weak backscattering.
What is more, the intervalley decoupling and the symmetry
of the kink states can give rise to the phenomenon of valley
selective excitation, as shown in Fig. 8 in Appendix D.

C. The topological negative refraction of the acoustic
kink states

Next, we study the transport of acoustic kink states
entering into free space through a tilted termination, and
observe the topological negative refraction. As shown in
Fig. 3(a), we fabricate a sample with a straight interface
in which the right part of the tilted termination is the two-
dimensional free space clamped by two parallel plates. The
measured pressure field distributions show the kink states
projected from the N valley through the tilted termina-
tion enter into the free space with the negative refraction
behavior. The experimental observation agrees well with
the simulation result, as shown in Fig. 3(b). The robust-
ness of this transport comes from the reflection immunity
property of kink states. To obtain the refraction angle, we
show the k-space analysis on the outcoupling of the kink
states, as shown in Fig. 3(c). The kink states projected from
the N valley go away from the crystal and obey the con-
servation of momentum parallel to the crystal termination.
Therefore, the refraction angle γ satisfies kN · et = kair · et,
namely, |kN | cos 45◦ = |kair| cos(135◦−γ ), where et is the
unit vector of tilted termination, kN is the wave vector of
the incident kink states at N valley, and kair is that of the
refracted states at the free space and is obtained as γ =
95.6◦. The refraction angle in our sample can be tuned not
only by changing the frequency, similar to that in hexag-
onal lattice system [39], but also by tuning the structural
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(a) (b)

(c) (d)

FIG. 3. The topological negative refraction of the acoustic kink
states into free space. (a),(b) The experimental and simulated
distributions of the pressure field at f = 10.61 kHz. The blue
dashed line represents the interface of phases I and II, and the
gray line denotes the termination. The green star is a point source
and the arrows stand for the propagation directions of the kink
states. (c) The k-space analysis on the outcoupling of the kink
states projected from the N valley. The black solid diamond rep-
resents the first Brillouin zone and the red solid circle is the
dispersion in air. (d) The simulated direction angle γ of nega-
tive refraction as a function of the radius r1 of the connecting
tube at f = 10.61 kHz.

parameters with shifting the positions of the valley, such
as r1, as shown in Fig. 3(d), providing an alternative way
to manipulate the transport of kink states. In addition, the
topological positive refraction can occur by using the kink
states projected from the N ′ valley, as shown in Fig. 9 in
Appendix E.

D. Partition of the acoustic kink states at the
topological channel intersection

A fascinating current partition phenomenon at the
topological channel intersection was predicted for the
electronic valley kink states [6,44] and was recently exper-
imentally verified for the elastic waves in a hexagonal
lattice [32]. Interestingly, such an intriguing transport can
be observed for the acoustic waves in our square lattice
PC. As shown in Fig. 4(a), the system is constructed by
four domains with four channels, where the top left and
bottom right domains are phase II and the others are phase
I. For the sample with the angle between channels D and
L α = 90◦, the measured pressure field distributions show
that the acoustic kink waves equally enter into channels U
and D from channel L and do not propagate forward into
channel R. This behavior can be explained by the valley-
momentum locking, namely, the kink states propagated in
channels L, U, and D are projected from the N valley, but

(a) (b)

(c) (d)

FIG. 4. Partition of acoustic kink states at the topological chan-
nel intersection. The experimental and simulated pressure field
distributions in the PC with configurations featured by α = 90◦
(a),(b) and α = 63.4◦ (c),(d). The sample consists of two phases,
I and II, with four channels labeled L (left), R (right), U (up), and
D (down). The blue dashed lines denote the interfaces and the
green star is a point source excited at f = 10.61 kHz.

those propagated in channel R are projected from the N ′
valley. In addition, the symmetry of channels U and D
leads to the same transmissions from L to U and D. The
simulation results shown in Fig. 4(b) are consistent with
the experiment.

The partition of the kink states is geometry dependent,
and counterintuitively, the kink states tend to propagate
along the path with a sharp turn. To demonstrate this,
we construct a sample of intersection with α = 63.4◦, in
which channel L deviates to channel D with a sharp turn.
Figures 4(c) and 4(d) show the experimental and the sim-
ulated results with good agreement. Again, the acoustic
kink waves cannot propagate into channel R. Surprisingly,
the propagation of the kink waves entering channel D
is preponderant compared with that entering channel U.
Because channel L is closer to channel D with the sharp
turn near the intersection, the stronger spatial overlap of
the kink states between these two channels makes the kink
states couple into channel D more easily, and gives rise to
the abnormal partition transport. These results provide an
efficient way to manipulate acoustic kink waves.

III. CONCLUSIONS

In conclusion, we study the valley physics in a square
lattice PC. Compared with the hexagonal lattice PC, our
system provides a richer way to present the valley prop-
erties. The acoustic valley kink waves, propagating along
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the interfaces between distinct valley phases, are shown to
be robust against the bending of an interface. The topolog-
ical negative refraction and partition transport of the valley
kink waves may apply to designing innovative acoustic
devices, such as beam splitters and couplers. Moreover,
it is interesting to explore the valley-dependent Landau
quantization in this square lattice PC, which may induce
a synthetic gauge field through the uniaxial deformation
[45,46].
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APPENDIX A: THE BEAM SPLITTING
PHENOMENON OF VALLEY BULK STATES

In this section, we show the valley dependent beam
splitting phenomenon. We construct a rectangular PC in
phase I with hA = 8 mm and hB = 10 mm. Figure 5(a)
shows the simulated pressure field distributions excited by
a narrow Gaussian beam, which is normally incident from
the bottom. One can see that the bulk states around the
N and N ′ valley points are both stimulated because of the
momentum broadening of the Gaussian beam. In the PC,

(a) (b)

FIG. 5. Valley-dependent beam splitting transport. (a) The sim-
ulated pressure field distributions excited by a narrow Gaussian
beam incident normally from the bottom of the PC at 9.46 kHz in
the lower band. (b) The trigonal-like equifrequency contours at
9.46 kHz. Directions of group velocities

⇀
v N and

⇀
v N ′ around the

N and N ′ valleys are marked by the blue arrows. The red dashed
circle represents the dispersion in air at the same frequency, and
the black solid diamond is the first Brillouin zone.

FIG. 6. The damping of the kink waves along the propagation
direction for f = 10.61 kHz. The symbol line is the experimental
data and the solid line is the fitting result.

the bulk states related to the N valley move toward the top
left, while those related to the N ′ valley move toward the
top right because of the different directions of the group
velocities

⇀
v N and

⇀
v N ′ , as shown in Fig. 5(b). This beam

splitting behavior of valley bulk states essentially derives
from the trigonal warping effect of equifrequency contours
[the green circles in Fig. 5(b)], similar to that in the PC of
a hexagonal lattice [35,36], but independent of the vortex
property of the hexagonal lattice PC.

APPENDIX B: THE DAMPING OF THE KINK
WAVES ALONG THE PROPAGATION DIRECTION

In this section, we discuss the damping of the kink
waves along the propagation direction. The damping of our
system mainly results from the air absorption. To directly
show the damping of kink waves, we perform the transmis-
sion measurement of kink waves for a straight interface
sample [see in Fig. 2(c)]. As shown in Fig. 6, there is
an attenuation of 10 dB when the kink waves propagate
a distance of 35 cm (about 10 wavelengths) at the working
frequency 10.61 kHz. That is to say, the damping coef-
ficient is −0.254 dB/cm. Such an amount of damping is
acceptable for the measurement of kink state propagation.

APPENDIX C: THE EXISTENCE OF VALLEY
KINK STATES

In this section, we show the valley kink states exist
at the interface between two PCs with topologically dis-
tinct valley phases, but do not exist at the interface in
the same phase with different structural parameters. First,
with the same structure as in the main text, the interface
is composed of two PCs with distinct valley phases: one
PC with hA = 8 mm and hB = 10 mm (phase I), and the
other with hA = 10 mm and hB = 8 mm (phase II). As
is expected, the band dispersions of the kink states exist
in this configuration PC, as shown in Fig. 7(a). The red
and green lines represent the band dispersions of two dif-
ferent interfaces connected by swapping phases I and II.
The solid and dashed parts of the lines stand for the kink
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(a) (b) FIG. 7. The numerical validation of valley kink
states. (a) Projected band dispersions for the inter-
face separating two domains with different valley
phases. Green solid and dashed lines show the
kink states projected from the N and N ′ valleys,
respectively. The red line denotes the dispersion
of kink states for another interface by swapping
the two valley phases. The gray solid circles
represent the projected bulk band. (b) Projected
band dispersions for the interface separating two
domains with the same valley phase.

states projected from the N and N ′ valleys, respectively.
Second, we construct the interface composed of two PCs
with the same valley phase: one PC with hA = 8 mm and
hB = 10 mm (phase I), and the other with hA = 8.5 mm
and hB = 10 mm (phase II). As shown in Fig. 7(b), no
kink states exist at the interfaces.

APPENDIX D: SELECTIVE EXCITATION OF
ACOUSTIC KINK STATES

The selective excitation of kink states was demonstrated
in a hexagonal lattice PC [37] because of the intervalley
decoupling and the symmetry of the valley kink states.
In this section, we show this interesting phenomenon can
also exist in our square lattice PC. Figure 8(a) shows the
simulated pressure field distributions of a PC with a two-
interface configuration excited by a wide Gaussian beam
incident from the left at f = 10.61 kHz in the bulk gap.
One can see that the kink states at the upper channel are
perfectly excited, while those at the lower channel are
extremely suppressed. This selective excitation transport
originates from the intervalley decoupling and the symme-
try of the acoustic kink states the same as that in a hexag-
onal lattice PC. For the upper channel, the kink states pro-
jected from the N ′ valley are symmetrical within a unit cell,

(a) (b)

FIG. 8. Selective excitation of acoustic kink states. (a) The sim-
ulated pressure field distributions excited by a wide Gaussian
beam at f = 10.61 kHz in the bulk gap. (b) The simulated fre-
quency dependent pressure field distributions on the exit surface
of the PC, indicating the broadband channel selection.

enabling to couple with external incident waves. However,
for the lower channel, the kink states projected from the
N valley are antisymmetric within a unit cell, and can-
not couple with external incident waves. In Fig. 8(b), we
simulate frequency dependent pressure field distributions
on the exit surface of PC, presenting the channel selective
phenomenon throughout the whole band gap.

APPENDIX E: THE POSITIVE REFRACTION OF
ACOUSTIC KINK STATES OUTCOUPLING INTO

FREE SPACE

In this section, we show the topological positive refrac-
tion induced by the acoustic kink states projected from the
N ′ valley. Similar to the refraction case in the main text, the
PC system has a straight interface, but swaps phases I and
II to excite the kink states projected from the N ′ valley,
as shown in Fig. 9(a). The right part of the tilted termi-
nation is the two-dimensional free space clamped by two
parallel plates. The simulated pressure field distributions
at f = 10.61 kHz show the positive refraction behavior

(a) (b)

FIG. 9. The positive refraction of acoustic kink states out-
coupling into free space. (a) The simulated distributions of the
pressure field. The blue dashed line represents the interface of
phases I and II, and the gray line denotes the termination. The
green star is a point source and the arrows stand for the propa-
gation directions of the kink states. (b) The k-space analysis on
the outcoupling of the kink states projected from the N ′ valley.
The black solid diamond represents the first Brillouin zone and
the red solid circle is the dispersion in air. The excited frequency
is chosen as f = 10.61 kHz.
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when the kink states projected from the N ′ valley move
through the tilted termination and enter into free space.
From the k-space analysis on the outcoupling of the kink
states, as shown in Fig. 9(b), we can find the refraction
angle γ satisfies |kN ′ | cos 45◦ = |kair| cos(45◦−γ ), where
kN ′ is the wave vector of the incident kink states at N ′ val-
ley and kair is that of the refracted states at the free space
and is obtained as γ = 5.6◦.
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