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Valley interface states, resulting in acoustic valley Hall topological insulators, have recently become
a hot topic in the study of acoustic systems. On the basis of structural diversity and potential applica-
tions, we construct a two-dimensional triangular-lattice phononic crystal with Cs,-symmetric scatterers,
and obtain two distinct valley Hall phases with nonvanishing valley Chern indices by rotating the scatter-
ers. We numerically calculate the dispersion relations of these valley Hall phases including two kinds
of interfaces, and find that valley interface states exist at not only the zigzag interface but also the
armchair interface. We demonstrate the acoustic splitting and merging of valley interface states in the
cross-waveguides, and numerically achieve the XOR and OR logic functions. We also design three com-
plicated waveguides by assembling phononic crystals with distinct valley Hall phases. By experimental
measurements in these waveguides, we successfully implement one-, two-, and three-channel topologi-
cal transport. This research possibly provides a design route exploiting valley interface states to fabricate

multichannel acoustic communication devices.
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I. INTRODUCTION

Topological insulators possess insulating states in the
bulk and conducting states on the interface, and have
potential applications in electronic communications [1].
Researchers have studied the exotic properties of topo-
logical insulators, including one-way transmission without
backscattering and defect-insensitive transport. In recent
years, this hot field has been extended to optical sys-
tems [2] and acoustic systems [3,4]. Investigations on
two-dimensional (2D) acoustic topological insulators have
made considerable progress, and there are three princi-
pal mechanisms. Firstly, acoustic quantum Hall insulators
are constructed by introducing circulating fluids to sim-
ulate an effective magnetic field [5-8], and chiral topo-
logical edge states are realized when the time-reversal
symmetry is broken. Secondly, acoustic quantum spin Hall
insulators are formed without breaking the time-reversal
symmetry, mainly by simulating the pseudo-spin states,
through contracting and expanding the metamolecules
[9-13], or rotating scatterers [14—16], to control the
topological properties of the band structure of phononic
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crystals (PCs). On the other hand, the active con-
trol method provides a convenient way for tuning the
wave properties, such as by use of negative-capacitance
circuits [17]. Thirdly, acoustic valley Hall topological
insulators are achieved by breaking the space-inversion
symmetry [18,19] but maintaining the time-reversal
symmetry.

Because of its flexibility and diversity, acoustic valley
physics has become a rapidly developing research field.
Hence, many acoustic valley Hall topological insulators
have been proposed, including fluid-borne systems [20—
36] and elastic wave systems [37-50]. In these acoustic
valley materials, there are two kinds of valley states with
different properties. One is the valley bulk state with vor-
tex chirality, which is used to split the acoustic waves from
different valleys [18,20,22,31] and to manipulate particles
without contact [29]. The other state is the valley interface
state with the backscattering immunity and defect insensi-
tivity, which can give one-way and robust acoustic trans-
missions. Besides, this valley interface state can be used to
realize many fascinating phenomena, such as an interlayer
converter [21], acoustic partition [26,27,31,34,48,49],
and negative refraction [23,31]. Recently, some studies
extended the valley states in acoustic topological metama-
terials to more-complex systems [25,28,36]; however, the
relative traditionally topological phenomena still need to
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be explored further. For example, can we obtain a control-
lable logic gate in acoustic valley materials? Can we design
some feasible waveguides to get multichannel transmis-
sion? We resolve these two questions in the following.

In this work, we design a 2D triangular-lattice PC
constructed from C;,-symmetric scatterers, and its space-
inversion symmetry can be broken by rotating them. We
obtain the valley bulk states with vortex chirality. For
two distinct valley Hall phases with nonzero valley Chern
numbers, the topological phase transition can occur if the
rotational angle is changed. Next we construct two kinds
of heterostructures with a zigzag interface or an armchair
interface, and find that their dispersion relations are very
distinct. We observe that one of the modes for the zigzag
interfaces is hardly excited, but the other modes are robust
with regard to crystal defects. Furthermore, we implement
acoustic splitting and merging of valley interface states in
a cross-waveguide, and obtain two controllable logic gates.
Finally, we numerically and experimentally demonstrate
that one-, two-, and three-channel acoustic valley transport
is feasible in the complicated waveguides, which may open
a route toward multichannel-communication applications
based on acoustic splitting and merging of valley interface
states. In our work, the simulations are performed with
the finite-element commercial software program COMSOL
MULTIPHYSICS.

(a) (c)

The remainder of this paper is organized as follows. In
Sec. II, we construct a 2D PC and its variants with scat-
terers, calculate their band structures, and give the phase
diagram. In Sec. III, we explore and analyze the valley
interface states at the zigzag and armchair interfaces. On
the basis of these two kinds of interfaces, we fabricate
cross-waveguides and discuss the acoustic splitting and
merging in Sec. IV. Experimental verification of multi-
channel transport is presented in Sec. V. Finally, in Sec. VI,
the main conclusions are given regarding the whole work.

II. STRUCTURE BUILDING, ENERGY BAND,
AND PHASE DIAGRAM

As shown in Fig. 1(a), a 2D PC is constructed by our
arranging a triangular-lattice array of scatterers in an air
medium [32,51]. Each scatterer is a hollow cylinder with
three equal splits, and the included angle is 120° between
any two adjacent splits. We choose a photosensitive resin
to fabricate the scatterers (gray region), which are regarded
as a rigid body compared with the air background (white
region). In this airborne system, the mass density and the
wave velocity of air are 1.21 kg/m> and 343 m/s, respec-
tively. In a unit cell, the lattice constant a = 2.0 c¢m, the
width of each split d = 0.1 cm, and the inner radius 7
and outer radius r, of every hollow cylinder are 0.38 and
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FIG. 1.

(a) A 2D triangular-lattice PC made of photosensitive resin (gray region) immersed in an air background (white region).

The hexagons with dotted black lines are two unit cells. The p and ¢ points are two representative points satisfying C3 symmetry in
a unit cell. (b) Band structure of the PC with &« = 0°. The inset shows the first Brillouin zone. (c),(d) Band structures of the PC with
a = —30° and o = 30°, respectively. p~ and g™ (p* and ¢™) are the valley bulk states at the K (K’) point. (¢) The middle panel
displays a phase diagram that shows a topological phase transition when « changes from —60° to 60° at the K point. The top and
bottom panels are the absolute-pressure-field distributions of the valley bulk states corresponding to o« = —30° and o = 30° (vertical
solid gray lines in the middle panel). The black arrows represent the energy flux of acoustic waves.
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0.58 cm, respectively. To break the space-inversion sym-
metry, all the scatterers in the PC are rotated around their
respective centers of the unit cells. A rotation is denoted
by the angle o relative to the x axis. It is assumed that
the counterclockwise (clockwise) rotation corresponds to
o > 0 (x < 0). Besides, the p and ¢ points are the posi-
tions with C3 symmetry in the unit cell, which are used to
characterize the properties of valley bulk states.

Scatterers with C3, symmetry in a 2D triangular-lattice
PC inevitably produce Dirac degeneracy in the first Bril-
louin zone [52]. In Fig. 1(b), the twofold Dirac degen-
eracies emerge at the points K and K’ when o = 0. This
deterministic degeneracy originates from the rotational
symmetry of scatterers in their unit cell. Thus we need to
break the symmetry in order to lift the Dirac degeneracy.
As shown in Figs. 1(c) and 1(d), the Dirac degeneracies at
the points K and K’ are lifted to open the omnidirectional
band gaps by rotating the scatters in a clockwise (o« =
—30°) or counterclockwise (o = 30°) direction. Here, we
see two valleys (i.e., valleys K and K'), and each valley
possesses two separated valley bulk states. Because of the
time-reversal symmetry of the 2D PC, the two valleys have
opposite chirality, so we need to consider only one of the
valleys (e.g., the K valley). In Fig. 1(c), for « = —30°,
the lower and upper valley bulk states have clockwise (—)
and counterclockwise (+) energy-flow vortices, which are
noted as p~ and g*, respectively. In contrast, the lower
and upper valley bulk states for « = 30° in Fig. 1(d) are
g™ and p~, respectively. Obviously, a band-inversion pro-
cess occurs between o = —30° and o = 30°. Besides, we
observe the appearance of flat bands in the first and second
bands from Figs. 1(b)-1(d), corresponding to zero group
velocity and showing the high spatial localization, which
originate from the three-split hollow cylinders acting like
acoustic resonators.

To show the topological property of the band struc-
ture of the 2D PC, we study the evolution of valley bulk
states at the K valley when the rotation angle o changes
from —60° to 60°. As shown in Fig. 1(e), when o = nm/3
(n = —1,0,1), the Dirac degeneracy is protected due to
the C3, symmetry. However, when o # nm/3, the Dirac
degeneracy is lifted to form a band gap since the Cjs,
symmetry reduces to C;3 symmetry. From the top and bot-
tom panels in Fig. 1(e), we observe the vortex chirality of
acoustic energy flow, which can be called “pseudospin.”
For —60° < a < 0°, the lower and upper valley bulk states
are the vortices of clockwise (p~) and counterclockwise
(g™) directions, respectively. In contrast with —60° < a <
0°, the vortices of lower and upper valley bulk states for
0° < a < 60° are counterclockwise (¢g7) and clockwise
(p ™), respectively. Hence, the topological phase transition
occurs from ¢ < 0 to « > 0. Considering the k - p pertur-
bation method around the K valley, we obtain the sign of
the effective mass m from an extracted term of the «-related
continuum Hamiltonian Hk (8k) = vpdk.oy + vpdk, o, +

mv3o, [19]. This term produces a nontrivial Berry cur-
vature ;(8k) = mvp/2(8k* + m*v2)3/2, and hence the
Berry phase y; can be defined as the integral of the
Berry curvature in the first Brillouin zone; that is, y; =
f Qr(6k)ds. The acoustic valley Chern numbers Cx have
27 phase difference compared with y4, and hence can be
written as [19,27,30,32]

Y, 1 1 T(fs —f)
Cx = ﬁ = Esgn[m] = 5sen (Jrv—z> (D

D

where f; and f_ are the frequencies of the valley bulk
states corresponding to the counterclockwise and clock-
wise energy-flow vortices, respectively, and vy, is the Dirac
velocity. From Eq. (1), C,l( =1/2 for o <0, but C2 =
—1/2 for o > 0, and then |ACx| = |C%( — C}(| = 1. So the
topological invariant is nonzero between the two distinct
valley Hall phases, which indicates that acoustic valley
interface states must exist at the interface of the PCs
composed of the two distinct valley Hall phases.

III. VALLEY INTERFACE STATES AT ZIGZAG
AND ARMCHAIR INTERFACES

After knowing that there are two distinct valley Hall
phases, we can assemble them to form two heterostruc-
tures with different interfaces. Generally, there are two
kinds of interfaces in a 2D triangular-lattice PC: a zigzag
interface and an armchair interface. We choose two con-
figurations (i.e., « = —30° and o = 30°) to design two
heterostructures. Firstly, we construct an a x 14+/3a het-
erostructure with zigzag interfaces (the size is noted as
the length in the x direction times the length in the y
direction). Here, a PC plate with « = —30° is sandwiched
between two PC plates with o = 30° along the y axis,
as shown in Fig. 2(a). The interface between the top PC
plate with « = 30° and the middle PC plate with @ = —30°
is labeled as I1, and 12 refers to the interface between
the middle PC plate with o« = —30° and the bottom PC
plate with @ = 30°. Secondly, a 44a x +/3a heterostruc-
ture with armchair interfaces is designed by our arranging
a PC plate with « = —30° in the middle of two PC plates
with o = 30° along the x axis, as shown in Fig. 2(d). Sim-
ilarly, the interface between the left PC plate with @ = 30°
and the middle PC plate with « = —30° is labeled as 13,
and 14 is the interface between the middle PC plate with
o = —30° and the right PC plate with o = 30°. Finally,
we apply periodic boundary conditions on the left and right
boundaries of the heterostructure with zigzag interfaces 11
and I2. However, for the heterostructure with the armchair
interfaces I3 and 14, the periodic boundary conditions are
imposed on the upper and lower boundaries.

The dispersion relations of the two heterostructures with
zigzag or armchair interfaces are plotted in Figs. 2(b) and
2(e), respectively. The bulk bands are represented by the
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FIG. 2. (a) a x 14+/3a heterostructure with zigzag interfaces. Interfaces I1 and 12 are represented by the horizontal solid red and
green lines, respectively, and they have forward (¢, and ¢;) and backward (¢, and ¢, ) interface modes. (b) Dispersion relation
corresponding to the heterostructure in (a). The heterostructure with lattice constant a in the x direction, and corresponding reciprocal
lattice vector 27t /a. The dotted black lines are the bulk bands, and the solid red and green lines represent the valley interface states of
11 and 12, respectively. (c) Total-pressure-field distributions of the four valley interface states at the same frequency [horizontal dotted
purple line in (b)]. The four insets show enlarged views of I1 and 12, and the black arrows represent the energy flux of acoustic waves.
(d) 44a x +/3a heterostructure with armchair interfaces. Interfaces I3 (vertical solid red line) and 14 (vertical solid green line) have
the upward (¢ and ¢;) and downward (¢ and ¢, ) interface modes. (€) Dispersion relation corresponding to the heterostructure in
(d). The heterostructure with lattice constant /3« in the y direction, and corresponding reciprocal lattice vector 277/ (+/3a). The solid
(dotted) red and green lines represent the valley interface states of 13 and I4, respectively. (f) Total-pressure-field distributions of the
four valley interface states at the same frequency [horizontal dotted purple line in (e)]. The four insets show enlarged views of I3 and

14.

dotted black lines. For the heterostructure with zigzag
interfaces, the valley interface states of I1 (solid red line)
and 12 (solid green line) emerge in the energy gaps. By
our choosing the same frequency (dotted purple line), the
total-pressure-field distributions of the four valley inter-
face states are illustrated in Fig. 2(c), and these interface
states are tightly confined around the interfaces. Accord-
ing to the directions of the group velocities, the four valley
interface states are divided into the forward modes (¢, and
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¢;’ ) and backward modes (¢, and ¢, ), which are in accord
with the energy-flow directions (black arrows) shown in
the insets in Fig. 2(c). Similarly, the valley interface states
of the heterostructure with armchair interfaces 13 and 14
are depicted in Fig. 2(e), and are labeled as ¢; (solid red
line), ¢j (dotted green line), ¢ (dotted red line), and ¢,
(solid green line), respectively. From the insets in Fig. 2(f),
the positive and negative group velocities correspond to
the upward modes (¢; and ¢;") and downward modes (¢;
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Robust sound transport for valley interface states at 9300 Hz: (a)+(h) zigzag interfaces and (i){p) armchair interfaces.

(a) Excitation of ¢ for the normal interface. (b)~(d) Excitation of ¢, for the interfaces with a bend, a cavity, and disorder, respectively.
The excitations for the other valley interface modes are shown in a similar fashion. (e)—(h),(i)~«1),(m)~(p) Excitations of (/);r R ¢3+ , and
¢7, respectively. The narrow Gaussian beams are represented by the black arrows. The regions surrounded by the yellow boxes
represent the positions of crystal defects, and their enlarged views are shown in the corresponding insets.

and ¢, ), respectively. The valley interface states for the
heterostructure with armchair interfaces (e.g., ¢5) exist in
the entire momentum space; however, those for the het-
erostructure with zigzag interfaces (e.g., ¢;) exist only
in a half of momentum space. Namely, the valley inter-
face states for the heterostructure with zigzag interfaces
are pure valley states (K or K’), whereas those for the
heterostructure with armchair interfaces are mixed valley
states (K and K'). Moreover, it is worth noting that the val-
ley interface states with the same propagation directions
for the heterostructure with armchair interfaces are always
degenerate (fourfold degeneracy exists at k, = 0) in the
entire momentum space, such as ¢; and ¢, and ¢; and
¢, , which are different from the valley interface states of
the heterostructure with zigzag interfaces.

As shown in Fig. 3, we design four samples composed of
two PCs with different rotation angles o« = 30° and —30°,
which possess the interfaces 11, 12, 13, and 14, respectively.
Each sample consists of two domains, and each domain
includes 12 scatterers in the x direction and 16 scatter-
ers in y direction, and thus there are 12 x 16 scatterers.
To excite the four valley interface states ¢;, @5, 5, and
¢I, we apply the same narrow Gaussian beams on the
left and bottom sides of the samples, as shown by the
black arrows in Fig. 3. The three valley interfaces states
(absolute-pressure-field distributions) are excited [i.e., qbfr
in Fig. 3(a), ¢ in Fig. 3(i), and ¢ in Fig. 3(m)]; how-
ever, the valley interface state ¢, in Fig. 3(e) with the

antisymmetric interface mode, as shown in the inset in
Fig. 2(c), cannot be excited at the same frequency, which
is consistent with the previous results [19,26]. In addition,
the excited ¢; and ¢, are weaker than the excited ¢,
and they have tilted propagation modes [51], which differs
from the straight propagation mode of the excited ¢;". The
tilted propagation modes indicate that the corresponding
excitations with a certain angle are more efficient than that
in Figs. 3(i)-3(p), as demonstrated in Ref. [26]. Further-
more, we also show the robustness of these valley interface
states by introducing three types of defects (i.e., bend, cav-
ity, and disorder) on these interfaces, which are sketched
in Figs. 3(b)-3(d), 3(H)-3(h), 3(G)-3(1), and 3(n)-3(p). If
we excite the four valley interface states for the opposite
modes (i.e., ¢, ¢, , @5 , and ¢, ), the results are similar to
the case of ", ¢, @5, and ¢ .

IV. ACOUSTIC SPLITTING AND MERGING OF
VALLEY INTERFACE STATES

The fascinating splitting phenomena of valley inter-
face states were recently demonstrated in acoustic and
elastic wave systems [26,27,31,34,48,49]. Here, in cross-
waveguides, we not only implement acoustic splitting but
also realize acoustic merging. The samples are rectan-
gles, separated into four domains, as shown in Figs. 4(a)
and 4(b). The top-left and bottom-right domains corre-
spond to the configuration & = 30°, and the bottom-left
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FIG. 4. Acoustic splitting and merging of valley interface states and logic functions at a frequency of 9300 Hz. (a),(b) Cross-
waveguide samples composed of two distinct valley Hall phases. The rectangular sample is divided into four domains by the horizontal
(I1 and 12) and vertical (I3 and 14) interfaces, and each domain is composed of 12 x 16 scatterers. /;—I4 and O;—O; are the input and
output ports, respectively. (c)}+f) Absolute-pressure-field distributions for the narrow Gaussian beams (black arrows) launched from
I, I3, I, and I, respectively. Acoustic splitting emerges in (c),(d),(f). (g) Distributions of acoustic pressure field in (d),(f) along the
horizontal interfaces. (h) Acoustic merging as there are incident waves from both input ports /3 and /4, which realizes the XOR and OR

logic functions.

and top-right domains correspond to the configuration o« =
—30°. In Fig. 4(a), the input and output ports (/; and I,
and O; and O.) are horizontal and vertical, respectively,
and the cases (/3 and /4 and O; and O,) in Fig. 4(b) are
reversed. In simulations, we use the same narrow Gaussian
beams (black arrows) to excite the valley interface states.
As shown in Fig. 4(c), acoustic splitting of the valley inter-
face state is observed when the input port is /;. The valley
interface state in I1 is excited and arrives at the center of
sample, and bisects equally into I3 and 14 owing to the
structural symmetry instead of going straight into 12. The
excited valley interface state in I1 (¢;") is from the K’ val-
ley, which couples with those in I3 (¢;") and 14 (¢; ), which
can be regarded as mixed valley states; however, it cannot
couple with that in 12 (¢") from the K valley. Besides, the
valley interface state of 12 cannot be excited as the input
port is I, as shown in Fig. 4(e).

If the input port is /3 or /4, we observe abnormal splitting
of valley interface states. Since I3 and 14 are symmetric
in the sample, similar results are obtained. As shown in
Figs. 4(d) and 4(f), the excited valley interface states go
into the three interfaces at the intersection. It is worth not-
ing that the valley interface state of 12 is excited. Besides,
the transport for the valley interface state into 12 is greatly
enhanced, and transport into I1 is weaker than that into 12.

Most interestingly, the transport into 14 [Fig. 4(d)] or 13
[Fig. 4(f)] exists unexpectedly, although it is greatly sup-
pressed, which originates from the valley mixed state of
I3 or I4. In previous work, the acoustic abnormal splitting
phenomena of valley interface states in a cross-waveguide
depend only on the tilted interface, which leads to the spa-
tial overlap of the valley interface modes [31,41]; however
we can achieve the abnormal splitting phenomena in cross-
waveguides with orthogonal interfaces. In addition, for the
abnormal splitting phenomena in Figs. 4(d) and 4(f), we
find that the acoustic pressure distributions of the output
ports O; and O, are out of phase and in phase, respec-
tively, and have nearly the same amplitudes, as sketched
in Fig. 4(g). Thus the acoustic merging of valley interface
states can be realized in Fig. 4(h) when the input ports are
I; and 1.

As depicted in Fig. 4(h), ignoring the excited valley
interface states of the input ports in Figs. 4(d) and 4(f), we
find that the output ports O; and O, possess the XOR and
OR logic functions, respectively. Here, if the valley inter-
face states are excited in the two input ports /3 and /4, this
is noted as “1,” otherwise “0.” Hence, for Figs. 4(d), 4(f),
and 4(h), the input states {/3, I} are {1, 0}, {0, 1}, and {1, 1},
respectively. For input states {1,0} and {0, 1}, the similar
results show that the valley interface states of output ports
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Multichannel transport of the valley interface states. (a),(d),(g) Complicated waveguides composed of two phases for one-,
two-, and three-channel valley topological transport, respectively.

The different interfaces and phases are marked on these samples.

The black arrows and solid blue circles represent the acoustic sources and detectors, respectively. (b),(e),(h) Simulated pressure-field
distributions at a frequency of 9300 Hz for one-, two-, and three-channel valley topological transport, respectively. (c),(f),(i) Measured
transmission spectra for the cases in (a),(d),(g), respectively. The topological band gaps are represented by the yellow regions. Ty,
T, and T, are the forward (solid blaxk lines), upward (solid red lines), and downward (solid green lines) valley topological transport,

respectively.

O, and O, are both excited. However, only the valley inter-
face state of output port O, is excited as the input state is
{1, 1}. Hence, the output states {O;, O,} can be regarded
as {1,1}, {1, 1}, and {0, 1}. Then, for the output ports O
and O,, we realize the XOR and OR logic functions, respec-
tively. Besides, if we exchange the positions of distinct
valley Hall phases, the logic functions are opposite those in
Fig. 4(h). Compared with the results reported in the acous-
tic quantum spin Hall insulator [13], our acoustic valley
Hall system does not need a programmable coding process,
and therefore it is easier to implement for controllable logic
gates.

V. EXPERIMENTAL VERIFICATION OF
MULTICHANNEL TRANSPORT

Recently, a four-port topological acoustic switch was
realized by means of acoustic valley material [36], which

shows some interesting acoustic transmission phenomena
in simple waveguides. Here, compared with Ref. [36], we
implement richer physical phenomena and more applica-
tions. On the basis of the above results, we can combine
the acoustic splitting and merging phenomena to achieve
multichannel transport of valley interface states in com-
plicated waveguides. In experiments, the scatterers are
fabricated by three-dimensional printing, and are arranged
in a triangular-lattice array to form the samples, which are
sandwiched by upper and lower rigid plates. The scatterers
and the plates are both made of photosensitive resin, and
the heights of scatterers are 1 cm. As shown in Figs. 5(a),
5(d), and 5(g), we design three rectangular samples (sizes
0.87 x 0.697 m?) with different interfaces, which cor-
respond to complicated waveguides with one, two, and
three output channels, respectively. In Fig. 5(a), the one-
channel-transport waveguide consists of eight domains
(D1-D8), the configurations with @ = 30° correspond to

024019-7



ZHENYU WANG et al.

PHYS. REV. APPLIED 15, 024019 (2021)

domains D1 and D7 (12 x 16 scatterers) and domains D3
and D5 (12 x 8 scatterers), and the configurations with
a = —30° correspond to domains D2 and D8 (12 x 16
scatterers) and domains D4 and D6 (12 x 8 scatterers).
The two-channel-transport waveguide is constructed on
the basis of the one-channel-transport waveguide by our
exchanging only the positions of domains D7 and D8, as
shown in Fig. 5(d). For the three-channel-transport waveg-
uide in Fig. 5(g), only domains D7 and D8 are divided
into four domains with 12 x 8 scatterers [i.e., domains D7
and D9 (¢ = —30°) and domains D8 and D10 (o = 30°)]
compared with the one-channel-transport waveguide. In
experiments, acoustic sources (speakers, black arrows) at
the input ports of the samples are used to excite the valley
interface states, and detectors (microphones, solid blue cir-
cles) at the output ports of the samples are used to obtain
the measured transmissions.

In Figs. 5(b), 5(e), and 5(h), we display the absolute-
pressure-field distributions from simulations at 9300 Hz
for the three complicated waveguides. The transmission
spectra (8800—10400 Hz) in experiments are sketched in
Figs. 5(c), 5(f), and 5(i), and the topological band gap
(9180—10 100 Hz) is shown by the yellow regions. First,
for one-channel valley topological transport, the transport
for the valley interface state into I1 diverges equally at
the first intersection, into I3 and 14, and does not enter
straight into 12. Subsequently, the transports into 13 and 14
both go through the two connected I1s, and go into 14 and
13, respectively, and converge at the second intersection.
Ultimately, the transport passes I1. In short, the acoustic
waves successfully pass through complicated routes from
the left input port to the right output port. Moreover, the
two-channel valley topological transport is equally sepa-
rated into two transports at the first intersection. One is the
upward transport, and passes 13, I1, and I3 in proper order;
however, another transport is the downward transport, and
goes through 14, 11, and 14 in proper sequence. In the two-
channel transport, the acoustic waves launched from the
left input port can be transmitted to the top and bottom
output ports, and the two transports are equal due to the
structural symmetry, as shown in Fig. 5(f). Finally, three-
channel transport is more complicated than one-channel
transport and two-channel transport, and the correspond-
ing valley topological transport can be divided into three
transports (i.e., forward, upward, and downward trans-
ports). The upward and downward transports are equal, and
they compete with the forward transport. In other words,
the forward transport is suppressed when the upward and
downward transports are dominant, and vice versa. The
upward and downward transports are stronger than the for-
ward transport when the frequency range in the topological
band gap is from 9500 to 9750 Hz, as shown in Fig. 5(i).
For three-channel transport, the acoustic waves can be
transferred from the left input port to the top, bottom,
and right output ports, and the three outgoing transports

are equal as long as the valley interface state frequencies
are propet, such as 9500 and 9750 Hz. These results can
help to construct multichannel acoustic valley topological
transport devices by using complicated waveguides with
different interfaces.

VI. CONCLUSIONS

In summary, we find that valley interface states occur
at zigzag as well as armchair interfaces in heterostruc-
tures made of a 2D triangular-lattice PC with distinct
valley Hall phases. The dispersion relations and propa-
gation modes of the valley interface states are both dis-
tinct for the zigzag and armchair interfaces. By using
different interfaces, we realize the acoustic splitting and
merging phenomena of the valley interface states in cross-
waveguides, and demonstrate that there are controllable
logic gates in the acoustic merging. More importantly,
multichannel acoustic topological transport of the valley
interface states is demonstrated and verified by simula-
tions and experiments. Our research provides an efficient
way for exploring multichannel acoustic valley topolog-
ical transport in complicated waveguides, which may be
extended to other acoustic valley materials (e.g., under-
water and elastic PCs). It is expected that our findings
will contribute to the construction of multichannel acous-
tic communication devices based on valley topological
insulators.
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