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The topological valley transport, realized in phononic crystals, has aroused tremendous interest in these years. Many
previous researches have further promoted the development of this transport phenomenon. Crucially, the bandwidth of
the valley-projected edge mode has been an essential research topic. As is well known, the broadband will improve the
adaptability of the acoustic edge-states, which will be more conducive to the transmission of information. Therefore, in this
paper, we present a composite structure, composed of the atoms with different shapes forming a hexagonal lattice, which can
achieve larger bandwidth than a single structure. Meanwhile, the results demonstrate that the topological protected edge
states are also observed in our structure. Furthermore, the backscattering suppressions from associated valley-protected
edge states under certain perturbations have also been investigated and demonstrated. Our work can provide a new idea for

designing acoustic devices based on valley degree of freedom.

Keywords: valley transport, composite structures, broadband edge-states

PACS: 43.55.4p, 43.90.+v, 02.40.Pc

1. Introduction

The discovery of quantum Hall effect (QHE)!'*! in elec-
tronic system opens the door to the field of topological phases
of matter. Since there are many similarities (in both mathemat-
ics and physics) between photonics, acoustics and the wave
properties of electrons, researchers have recently created pho-
tonic and acoustic analogs with QHE. On the one hand, the
first photonic mimic of quantum Hall topological insulators
was achieved using a gyromagnetic material in the microwave,
in which the strong magnetic field broke the time reversal sym-
metry (TRS).’! On the other hand, different designing meth-
ods were proposed to implement two-dimensional acoustic
topological insulators. In these systems, rotating rotors/®’! or

circulating fluids!®-!1]

were embedded in a supported acous-
tic or elastic waveguide to break the TRS. Subsequently, an-
other way without breaking TRS, has also been proposed with
the analog of quantum spin Hall effect!!>~'®] by constructing
acoustic pesudospins.

Recently, researchers have begun to explore acoustic
topological waveguides by using the acoustic analog of the
quantum valley Hall effect (QVHE), which is called the acous-
tic valley Hall effect (AVHE).[1°-28] Here, the pseudospin, la-
beling quantum states of energy extrema in momentum space,
have been proposed.>-33] The basic mechanism of QVHE
and AVHE only need to break the space-inversion symme-
try (SIS), which is relatively easy to implement in the lattice
that contains Dirac dispersion at the high-symmetry points of
Brillouin zone (BZ). When the SIS is broken, a band gap will
be opened at the Dirac point, which will create the existing
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conditions for the topological edge states. In previous related
work, it is generally based on the point group symmetry of
Cay ,[20:34.35] o CGV,[36] so that the K point of the Brillouin
zone also has such a symmetry. Then by changing the radius,
height, or direction of rotation of the scatterer, the symme-
try will be reduced to C3. Therefore, the Dirac cone is lifted,
forming a band gap. Owing to the similarity of wave behav-
ior in the periodic structure, the valleys also appear in artificial
crystals,!'%2% in which the coupling strength and lattice sym-
metry between artificial atoms can be artificially regulated. At
the meantime, they have a robust one-way edge state that is un-
affected by the backscattering of local defects or disturbances,
which can also be verified by macroscopic experimental phe-
nomena.

Here, we propose a composite two-dimensional phononic
crystals (PCs) arranged in a hexagonal lattice, which are com-
posed of air atoms with different shapes, including circles,
equilateral triangles. By comparing the band gap formed by
a single structure composed of only circular air holes with
that formed by a composite structure composed of circles and
equilateral triangles, we confirm that the band gap formed
by a composite structure with equilateral triangles has greater
advantages than the above-mentioned structures. As is well
known, the wider the band gap, the larger the frequency range
covered by the edge states will be. Therefore, in order to effi-
ciently control the edge states at the boundary, what we need
to do is to investigate how to increase the relative width of
the bulk band gap. In addition, we have also achieved topo-
logically protected edge states by strongly suppressing the
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backscattering in the designed composite structure. The pro-
posed method provides diverse approaches to simulating the
QVHE, which has profound significance for acoustic physics
researches and versatile potential applications.

2. Theory and design

Drawing the inspiration from the previous work,*’! com-
pared with other proposed geometries, with the same strength
of the symmetry-breaking perturbation, the triangular holes
have the advantage of larger band gap at the K point.38 As
shown in Fig. 1(a), we first choose and use representative com-
posite structure (circles, equilateral triangles) for forming the
hexagonal lattices which are connected by gaps. In Fig. 1(a),
a = 40+/3 mm is the lattice constant, d is the side length of
triangular air atom, r is the radius of the circular air atom,
and b = 2+/3 mm is the width of gaps (the distance between
the blue dashed lines). In the present scenario as depicted
in Fig. 1(a), any acoustic rigid material can be used in unit
cell, the velocity and mass density of air are ¢y = 343 m-s~!
and py = 1.21 kg-m~3. Figure 1(b) shows the band structure
of the hexagonal lattices of air atoms with different shapes,
which are obtained through home-made software based on the
finite-element analysis. The Floquet periodicity is used as
the boundary condition for the selected unit cell as shown in
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Fig. 1(a). In a hexagonal lattice with C3 symmetry, when air
atoms with different shapes have the same duty ratio, mean-
ing that they have the same area, and the Dirac point occurs
at the high symmetry point K (K') of the first Brillouin zone
(BZ). Then by changing the area of the circles, the degen-
eracy of the K point in the BZ will be opened, to form a
band gap. To keep the area of the equilateral triangles and
circles the same, we can choose d = 43.1 mm, r = 16 mm,
and the calculation along the boundary of the irreducible BZ.
We obtain the degenerate point at K as shown by the blue
dashed line in Fig. 1(b). Under C3 symmetry, the degener-
acy formed by adjusting structural parameters is called acci-
dental degeneracy.**! In order to effectively generate broad-
band, meaning that the area difference S between the circle
and the equilateral triangle is large enough. For example,
when d = 43.1 mm and r = 21.14 mm (AS = 500 mm?) as
depicted by the solid red line in Fig. 1(b), the degenerate point
will be broken to form two energy extreme points K; and K3,
which are called the acoustic valley separated by broadband
gap spanning from 2075.9 Hz to 2580 Hz, and the relative
bandwidth reaches 22%. In the momentum space, the distance
between the two unequal energy valleys is far enough to sup-
press the inter-valley scattering, *!#%#!1 which makes the val-
ley a good index describing the topological state.
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Fig. 1. (a) Overlooking schematic view of the unit cell, where b is the width of the gaps (the distance between the blue dashed lines), r is the radius of the
circle, d is the side length of the equilateral triangle, and a is the lattice constant. The blue dashed triangle and circle completely show the composition
of the phononic crystal cell. (b) Band diagram when the circles and triangles have the same duty ratios, namely they have the same area, the blue dashed
line degenerates at the high symmetric point K or K’. When the degenerate point is lifted, like the solid red line, forming two valleys K| and K>. The
illustration is the first Brillouin zone of the structure. (c) Change of bandwidth with AS (AS = S| —S») of the two combined structures, where S is the
area of circular and S5 is the area of triangular. The red mark is a compound structure composed of equilateral triangles and circles, the blue mark is a
single structure composed of circles. On the right is the structure corresponding to the two curves. (d) Pressure phase distributions at points K and K’ at

a frequency of 2301.8 Hz.

Then, by adjusting the area through increasing radius,
the area difference AS can be obtained, from which the con-

trollable band gap can be obtained as depicted in Fig. 1(c).

There are two combinations in Fig. 1(c), where red line rep-
resents a composite PC structure composed of equilateral tri-

angles and circles (the unit cell is shown in the illustration on
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the right in Fig. 1(c)), and blue line is a single PC structure
composed of circles with different areas. We can see that at
100 mm? < AS < 500 mm?, the frequency difference formed
by up and down frequency gradually increases in the red curve,
and meanwhile, at the same AS, the bandwidth of the red line
is obviously larger than that of the blue line, which indicate
that the band gap formed by the composite structure will be
wider than the single structure. As a comparison, this superior
result can be attributed to the symmetrical characteristics of
the triangle. That is, distributions with different shapes lead
to different coupling strength between adjacent sites, and the
triangle structure is an optimal result. This design concept is
clearly different from the scheme of increased bandwidth pro-
posed by some previous researchers.[4>43]

Meanwhile, we also obtain pressure phase distributions
at frequency extreme points, the corners of the first Brillouin
zone: K and K’ points. These two asymmetrical K points
are time-reversed. Therefore, the eigenstates of two K points
should have different field distributions. As shown in Fig. 1(d),
the left panel is the vortex field at K point (counterclockwise),
and the right part is that in K’ point (clockwise) at a frequency
of 2301.8 Hz.

3. Results and discussion

When the PCs have slight inversion symmetry broken,
acoustic valley Hall (AVH) phase transitions can be revealed

(201 To describe the dispersion

by k - p perturbation method.
relationship in the k-valley, the effective Hamiltonian[>*-37! of

the k-valley can be expressed as

H =vp (8k.0, + Oky0y) —|—mv2DGz, (1)
Ok = (Oky, 0ky) = k — kg, 2)

where vp represents the group velocity of the K point degen-
erate state, Ok is the distance of wave vector k from point %,
Oj(i=x,y,¢) 18 the Pauli matrices, and m is the effective mass de-
fined as m = (wg+ — @p—)/(2V;3), and it is proportional to
the interval between frequencies of the Y, state and the v,
state. The Berry curvature of the valley-dependence can be
written as2%44]

mvp
Qi (8 (k) = : 3)
KK 2 (K2 + m2)?

Like in the electronic system, the Chern number can also
be used in the acoustic system to define the PCs’ valley topo-
logical properties. The number of quantized valleys can be ob-
tained by integrating the Berry curvature over the whole BZ.
The valley Chern numbers are given by

S Qkkry (8k)dS 1

Cr(xy = =5~ = 550 (m). 4)

In the same type of the PC, the unequal energy valleys
have equal numbers but the opposite signs. The topological
index in the K (K') is 1/2 (—1/2), denoted by “+” (“-) sign
as illustrated in Fig. 2(a). Therefore, the valley Chern number
isequal to +1 or —1 (C = Cx — Cg), indicating that due to the
bulk-edge correspondence!*#] the topological edge modes
should be expected at the interface between the domains of
two different topological numbers.

(a)

Frequency (Hz)

500

max

Intensity

Fig. 2. (a) Evolutions of eigenmodes with AS. On the left side of the inter-
section (AS < 0), the area of the circle is larger than the area of the triangle,
on the right side, the circle and triangle exchange their sites (AS > 0). The
illustration represents different topological indices at K (K"). Panels (b)—(e)
correspond to the sound field distributions of g+ and p—, respectively.

The eigenfrequency in the & as a function of AS is shown
in Fig. 2(a). The topological phase transition process is real-
ized by exchanging the triangle and circle positions under the
same AS. That is, when AS > 0, the circle is placed at the
original triangle position, and the structural evolution is illus-
trated in Fig. 2(a). The results show that when AS changes
from negative to positive value, the two states cross with each
other, and the degenerate point occurs at AS = 0. It can also
be seen from Fig. 2(a) that there seem to be no changes for
the band gaps on the left side and right side of the intersec-
tion point, but the band is reversed. We use g+ and p— to
represent the clockwise and counterclockwise energy flows in
the eigenmodes. At AS < 0, the open valley states are marked
with g+ and p—, in which @wg4+ < w,_, and the effective mass
m is negative (m < 0). At AS > 0, 0qy > @p_, and the effec-
tive mass m is positive (m > 0). Such a phenomenon can be
observed in Figs. 2(b)-2(e). They correspond to the points in
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Fig. 2(a), respectively. We can conclude that the band inver-
sion of the acoustic valley states can be used to characterize the
AVH phase transition. The direction of the energy flow is indi-
cated by the white arrow inside the unit cell, the vortex chiral-
ity of this energy flow can be referred to as pseudospin. 47481
The rainbow color represents the intensities of the pressure of
the four eigenmodes.

Topologically protected edge modes on the interface can
be also calculated in supercell models. Therefore, we design a
strip supercell structure consisting of 20 unit cells, each con-
sisting of domain A and domain B (AS = £500 mm?). A (re-
ferred to as domain A) and B (referred to as domain B) are the
PCs with two different parameter configurations, respectively.
The band structure of the A-type and B-type PCs are the same
but belong to different topological phases. It should be noted
that the constructed domains still retain the hexagonal struc-
ture of the atom, otherwise the edge states will not emerge in
later studies. The difference between the two types of the PCs
lies in a non-zero valley Chern number, which means that there
is a topological phase transition from one system to another. In
order to achieve the dispersion properties of waveguide com-
posed of a composite structure, in the simulation, the periodic
boundary conditions are imposed in the x axis direction along
the supercell before calculating the eigenvalues and the super-
cell has a finite size along the y axis. In order to fully display
the details of the upper part and lower part of the unit cell
in the striped supercell as shown Fig. 3(a), we calculate the
results of two-period structures. The topological edge state
(solid red line) appears clearly in the valley K (K’) between
the two domains, in which the blue domain is the overlapped
bulk energy band of two phononic crystals. Owing to the de-
crease of symmetry at the interface, there is a small band gap
between the edge state and the below bulk. At the same time,
we calculate the pressure filed along the blue dashed line on

the y axis in Fig. 3(a), in which the energy is concentrated at

i

Y

(a)

Frequency (Hz)

7

RIS

=8

the interface between the supercell A and supercell B, and it
decreases exponentially inward to the bluk, as shown by the
cyan curve in Fig. 3(b).

Based on the above analysis, by carefully designing the
parameters of the composite structure, the edge states can be
obtained at interfaces with an opposite valley Chern number.
Subsequently, different kinds of defects are introduced into our
topological waveguide structure to study the robustness of the
topological edge states. Two types of representative defects
(i.e., cavity on the linear interface and at Z-shaped interface)
are constructed in Figs. 4(a) and 4(d). The interfaces of waveg-
uide are shown in the red dashed line. In the simulation, the
edge states are excited by source (blue pentagram) located at
the left entrance of two boundaries. Figures 4(b) and 4(c) show
the topologically protected edge states, which are unidirection-
ally transmitted in a linear waveguide at 2400 Hz and smoothly
pass through the cavity with defects (The cavity is made by re-
moving a structure as illustrated in Fig. 4(c)). It is found that
the sound waves travel unimpeded along the boundary, with no
reflection appearing, just as they travel along a straight bound-
ary. We then also analyze another defect as shown in Figs. 4(d)
and 4(e), and the Z-shaped superlattice is composed of super-
cell A and supercell B with a 120°-sharp bend. As shown
in Fig. 4(e), the sound energy is concentrated at the interface
and has a uniform amplitude, indicating no strong scattering at
the sharp bends. Furthermore, we also calculate the transmis-
sion spectra of these three waveguides separately, as shown in
Fig. 4(f). The edge state covers the entire shadow area. Owing
to the robust characteristics of the edge state protected by the

(491 the waveguide still

topology under certain perturbations,
exhibits strong transmittance even with the introduction of a
cavity and sharp bends into the interface. And as the differ-
ent precisions are set in the simulation, there are differences

between waveguides.

A
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Fig. 3. (a) Calculated band structure of supercell comprising a phononic crystal. The phononic crystal interface (the red dashed line) along the x
direction refers to the A-B superlattice structure (domain A: ten unit cells; domain B: ten unit cells). The red solid line is the edge state in the band gap,
and the blue area of the upper part and lower part each are in a bulk state. (b) Amplitude of sound pressure field and local field intensity of edge state.
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Fig. 4. (a) Straight waveguide with different interfaces (red dashed line) consisting of A (upper panel) and B (lower panel). The blue pentagram
represents the location of the sound source. (b) Distribution of sound pressure field in straight waveguide. (c) Straight interface inserted with a small
cavity defect, with inset showing local structure of the defect illustratively. (d) Z-shaped waveguide with a sharp bend of 120°. (e) Z-shaped distribution
of sound pressure field with 120° bending. (f) Transmission spectra along three waveguides: straight waveguide (black), small defect (blue), Z-shaped
(magenta). The shadow region (2.0 kHz-2.5 kHz) represents the bandgap of the edge state for three-type waveguides.

4. Conclusions

In this work, we present the design of a composite
phononic crystal to realize the valley as the analogue of the
QVHE. By adjusting the sites of different shapes, we obtain
the AVH phase transition characterized by the inversion of val-
ley Chern number. More importantly, compared with the same
type of structure, the mixed type of atoms with equilateral tri-
angle designed by us can bring about larger bandwidth un-
doubtedly. The increase of bandgap width improves the adapt-
ability of topological edge states. Simultaneously, the valley-
projected topological edge-states that suppresses backscatter-
ing can be found on a domain wall that separates different ar-
eas with opposite valley Chern numbers. In addition, the chiral
characteristics of the valley provide a new way for people to
manipulate sound waves and enrich the physical connotation
of sound waves lacking spin freedom. Our results provide an
idea for designing acoustical devices based on AVHE.
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