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In this study, the topological valley Hall edge states of elastic waves in phononic crystals are realized
based on material differences. A phononic crystal structure with lantern rings is proposed. The results show
that differences in the Young’s modulus or density of lantern-ring materials can cause the destruction of
the effective spatial inversion symmetry, which causes the valley Hall phase transition; thus, topologi-
cal edge states emerge at the interface of two domains with topologically dissimilar phases. For valley
topological transport, the traditional method to break the spatial inversion symmetry is by changing the
dimensional parameters of scatterers in phononic crystals. However, in many cases, the space between
scatterers is extremely small, making it difficult to obtain a sufficiently large band gap. Moreover, it is dif-
ficult to change the transport path and operating-frequency range of elastic waves after sample fabrication
is finished. Here, the above problems are solved by the realization of valley topological transport based
on changes to lantern-ring materials. The waveguide path is reconfigurable, that is, it can be altered con-
veniently, and the operating frequency can be tuned by changing the lantern-ring materials. These factors
are very important for the topological transport of elastic waves. Topological valley transport achieved
by this method has a good backscattering-suppression ability and obvious robustness to defects. Realiza-
tion of topological valley Hall edge states by utilizing material differences provides an effective method
for obtaining the topological transport of elastic waves, breaking the limitations of those based only on
structural parameter changes, and this has good application prospects in elastic wave manipulation and

communication.
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I. INTRODUCTION

In the last decade, phononic crystals and metamateri-
als have attracted considerable attention for their ability
to control the propagation of acoustic or elastic waves
[1-4]. For phononic crystals, unique properties can be
realized by adjusting structural parameters, such as sound
and vibration suppression [5,6], negative refraction [7,8],
acoustic stealth [9], acoustic focusing [10], and directional
propagation of elastic waves [11].

Topological insulators, originating from condensed mat-
ters, have become advanced technology for the robust
control of the propagation of photons [12]. In recent years,
the concept of topological insulators has been introduced
to phononic crystals [13—17] and metamaterials [18,19]. At
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the interface between two phononic crystals with topologi-
cally dissimilar phases, the topological phase transition can
lead to topologically protected gapless edge states inside
the bulk-frequency band gap. Due to topological protec-
tion, acoustic backscattering can be suppressed effectively
and acoustic waves can be transported robustly against
defects.

There are mainly three methods to realize topologically
protected wave transport. The first approach is an analog
of the quantum Hall effect (QHE). Fleury et al. proposed
a feasible method to break the 7 symmetry in acoustics,
relying on a moving airflow in ring cavities [20]. Based
on this principle, several designs of analogs of the QHE
in phononic crystals have been reported [21-23]. Another
method establishes analogs of the quantum spin Hall effect
by constructing pseudospin dipole and quadrupole modes
[24], where Dirac cones can be opened by shrinking or
expanding the spacing of the units within the supercell.
Thus, the topological edge states of wave propagation can
be realized. The third method is based on the valley Hall

© 2023 American Physical Society


https://orcid.org/0000-0001-9588-2920
https://orcid.org/0000-0002-0724-7538
https://orcid.org/0000-0002-1564-7179
https://orcid.org/0000-0002-8185-5072
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.034062&domain=pdf&date_stamp=2023-03-20
http://dx.doi.org/10.1103/PhysRevApplied.19.034062

JIACHAO XU et al.

PHYS. REV. APPLIED 19, 034062 (2023)

effect. Recently, the valley Hall effect was introduced into
phononic crystals exhibiting valley-dependent topologi-
cal transport of acoustic waves [22,25,26] and mechanical
elastic waves [27-30]. By breaking the spatial inversion
symmetry, valley pseudospins can be obtained by open-
ing the original Dirac degeneracy of a phononic crystal.
This method can avoid the complexity of modulating the
physical properties in time.

For the valley Hall effect, breaking the spatial inversion
symmetry is typically realized by changing the struc-
tural parameters of phononic crystals [31,32]. However,
in many application cases, the space between scatterers is
extremely small [33]; thus, variation ranges of the scatterer
size and the space between scatterers are limited, which
influences the size of the topological band gap obviously.
As a result, the frequency range of topological edge states
is very limited. Additionally, in typical designs of topolog-
ical phononic crystals, the sizes of the scatterers and matrix
are fixed and the structure is nondetachable [34]. Thus, for
topological waveguides based on phononic crystals, only a
fixed bandwidth can be realized, which limits changes in
the frequency range of the edge states. Here, the realiza-
tion of topological transport edge states of elastic waves
based on material differences is investigated. The structure
of a phononic crystal is designed to be detachable. A set of
lantern rings are installed in the cylinders on the substrate
plate, which forms the scatterers of the phononic crystal.
When the materials of the two lantern rings within the unit
cell are different, the effective spatial inversion symmetry
is expected to be broken, and the Dirac cone is hopefully
opened up, which could lead to the formation of topolog-
ical edge states. Using this method, waveguides based on
topological edge states with different frequency bands can
be achieved conveniently by using lantern rings made of
different materials.

II. MODEL

On the surface of the substrate, pillars are arranged
in a honeycomb structure, as shown in Fig. 1(a), where
a is the lattice constant and El) and Z are lattice vec-
tors. Each hexagonal cylinder is sheathed by a lantern
ring through a small interference fitting. The interior of
the lantern rings is hexagonal and the exterior is circular.
A hexagonal inner boundary is applied to reduce relative
sliding between the pillar and lantern ring, improving the
stability of the structure. The unit cell of the phononic crys-
tal is represented within the dashed frame in Fig. 1(a),
and a three-dimensional diagram is shown in Fig. 1(b).
Pillars 4 and B represent the two atoms of the hexag-
onal lattice. Aluminum is considered as the material of
the substrate and the pillars, and its elastic parameters are
as follows: mass density, p =2700 kg/m?; Young’s mod-
ulus, £=70 GPa; and Poisson’s ratio, x=0.3. Bronze
alloy is selected for the material of the lantern rings
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FIG. 1. Schematic diagram of the phononic crystal structure.

(a) Phononic crystal plate and (b) unit cell. Bronze alloy is the
material of lantern rings (blue) on pillar 4, and carbon steel is the
material of lantern rings (green) on pillar B.

(blue) on pillar 4; its elastic parameters are mass den-
sity, p = 8640 kg/m?; Young’s modulus, £ = 80 GPa; and
Poisson’s ratio, ¢ =0.32. Carbon steel is selected for the
material of the lantern rings (green) on pillar B; its elas-
tic and dimension parameters are as follows: mass density,
0 =7900 kg/m?; Young’s modulus, £ =185 GPa; Pois-
son’s ratio, u = 0.325. The diameters and heights of pillars
A and B are identical. The dimension parameters are set as
follows: lattice constant ¢ = 0.008 m, r =0.15a, d = 0.22a,
h=0.27a and H=0.35a. Dispersion-characteristic calcu-
lations for the unit cell are performed using the commer-
cial finite-element software COMSOL Multiphysics. Floquet
periodic boundary conditions are applied to the unit cell.

Figure 2(a) shows the dispersion characteristics of the
unit cell when the lantern rings on pillars 4 and B are made
of the same material (bronze alloy). Due to the Cg, symme-
try of the structure, a degeneracy point appears at point K
in the dispersion relationships along the first Brillouin zone
shown in Fig. 2(c). When the lantern rings on pillars 4 and
B are made of different materials (bronze alloy is used for
lantern rings on pillars 4; carbon steel is used for lantern
rings on pillars B), the symmetry of the structure changes
from Cg, to Cs,. The dispersion-relation curve is shown in
Fig. 2(b), where the Dirac cone at point K is opened. K+
and K~ are the corresponding extreme points (energy val-
leys). There is a huge energy difference between the two
valleys; thus, energy cannot flow between them and a band
gap forms. This is called the valley Hall effect, which is
derived from the quantum valley Hall effect. In the disper-
sion curves, the color map indicates the polarization index
[35], which is defined as

B Jy, \uzPPdv
fVu (|”x|2 + |uy|2 + |uz|2)dV’

Py

where V,, is the volume of the unit cell, and u,, u,, and u.
are the displacement components along the x, y, and z axes,
respectively. P, would be close to one for out-of-plane
modes and near zero for in-plane modes. It is shown that
near the K point (valley mode), the fifth and sixth bands are
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mainly for out-of-plane modes (red markers). Therefore, in
this model, the out-of-plane vibration is considered.

III. VALLEY HALL EFFECT ANALOGY

For unit cells of types I (4-B) and II (B-4), shown in the
left of Figs. 3(a) and 3(b), the corresponding valley modes
of the phononic crystals are shown in the right of Figs. 3(a)
and 3(b), respectively. The material settings of the lantern
rings are the same as those outlined in Sec. II (bronze
alloy is for A4; carbon steel is for B). For the two cases,
a Dirac cone in the top two bands is opened and a com-
plete band gap is formed. The displacement fields located
at the surface of the sample and energy-flow distributions
of modes K|—K4 are calculated, as shown in Fig. 3(c).
The energy, E,, is defined and calculated via COMSOL as
E. = (1/2)Ne,, where N, is the internal force in the z
direction, and &, is the internal strain in the z direction.
The cyclic directions of the energy flux are represented
by arrows. The energy-flux vectors of modes K; and K,
are distributed in opposite directions. Modes K3 and K4
also have opposite energy-flux directions. In other words,
K (K3) and K, (K4) represent antichirality valley pseu-
dospin modes, which are considered to be analogs of the
electronic spin state. The existence of chiral or antichiral
elastic energy-flux rotation is an important characteristic of
valley modes, and the chiral or antichiral valley pseudospin
modes of the elastic wave originate from the fact that val-
ley modes carry an intrinsic orbital angular momentum.
That is, the energy-flux rotation (pseudospin) represents
the effective orbital angular momentum in the lattice. The
spin-angular-momentum-density vector indicates the rota-
tion of the displacement vector at any point per period. In
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addition, for unit cells of types I and II, the energy-flux
cyclic directions of the top valleys are opposite, and the
bottom valleys also have opposite energy-flux directions;
this results from the difference in the elastic wave valley
Hall phases.

The valley Chern number and Berry curvature are two
important indices to characterize the topological nature of
the band [36]. To further verify the generation of the topo-
logical phase transition in terms of physics, the quantitative
Berry curvature and topological valley Chern number are
calculated by using the discrete method. Compared with
the qualitative method using the k-p perturbation theory,
the discrete numerical method can capture changes to the
valley Chern number and Berry curvature more accurately
[37,38].

The valley phase can be characterized by using the
valley Chern number, C}, of the band, namely, C, =
(1/2m) f Q,(K)d*k, where €, represents the Berry cur-
vature of the nth band; k is the wave vector. The
expression of Berry curvature is 2,(k) = Vk x A, (k),
where A, is the Berry connection, a local gauge poten-
tial for Berry curvature, which is defined as A, =
(U(k)|iVK|U(k)). In this case, U(k) denotes the dis-
placement field in the z direction of the eigenmode
calculated by the finite-element method using COMSOL.
We consider a clockwise path around a certain point,
P(k.,k,), consisting of Py(kc — (8k./2),k, — (8k,/2)),
Py(ky — (3ky/2). Ky + (3K, /2)),  Ps(ky + (3ky/2). K, +
(8k,/2)), and P4(ky + (8k:/2),k, — (8k,/2)). According
to the Stokes theorem, we obtain [ Qd’k = — [ Bdk,
where B is the Berry potential of a state defined by
({U(k)|VK|U(K)). For each patch 8k, x &k,, the Berry
curvature and valley Chern number are calculated as
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FIG. 2. Dispersion curves of unit cells. Color map indicates the polarization index, P.. (a) Bronze alloy is used for lantern rings on
pillars 4 and B. (b) Bronze alloy is used for lantern rings on pillars 4, and carbon steel is used for lantern rings on pillars B. (c) First

Brillouin zone.
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(a) 180 . ’ FIG. 3. Valley modes of
phononic crystals with different
unit-cell types. (a) Unit cell of
type I (4-B type) and corre-
sponding valley modes. (b) Unit
cell of type Il (B-A type) and
corresponding valley modes. (c)
Displacement fields and elastic
energy fluxes of valley modes
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The Berry-curvature distributions of the sixth and fifth K’ points and carry different signs. When the unit cell of
bands of the unit cell of type I are shown in Figs. 4(a)  type I is transformed into the unit cell of type II, there
and 4(b), respectively, and those of the unit cell of type  is a clear sign flip of the Berry curvature, suggesting
I are shown in Figs. 4(c) and 4(d), respectively. It is  that the topological phase transition happens during this
shown that Berry curvatures are localized at the X and  process.
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FIG. 4. Berry-curvature distributions of the unit cells: (a) sixth band of the unit cell of type I, (b) fifth band of the unit cell of type I,
(c) sixth band of the unit cell of type II, (d) fifth band of the unit cell of type II.

Through the numerical integration of Eq. (2) over a local
square region around the Dirac points, the valley Chern
numbers, C’, are obtained, as shown in Figs. 4(a)—4(d).
For the unit cell of type I, the top and bottom modes
at the K valley carry Chern numbers of C% = 0.39 and
C5, = —0.21, respectively. Those of the unit cell of type
IT are Cgk = —0.38 and Cik = 0.23, respectively. For the
two types of unit cells, the signs of valley Chern num-
bers are inverse; this distinguishes the topological phase of
the structure. Therefore, if phononic crystals with the two
types of unit cells are combined together, there is a phase
transition at the interface, which is an essential condition
for forming topological edge states. Numerical integrations
of Eq. (2) over a small square region around the Dirac
points give Chern numbers with absolute values less than
0.5. Deviations are caused by the strong space-inversion
symmetry breaking [39,40]. In fact, the weaker the space-
inversion symmetry breaking, the more the Berry curvature
is localized at the Dirac point, and the valley Chern number
approaches +0.5.

The influences of variations in the Young’s modulus and
density of the lantern-ring materials on the valley band
gap are further analyzed. Here, only out-of-plane vibra-
tions are taken into account; thus, the Poisson ratio of the

lantern-ring materials is not considered. First, the Young’s
modulus of the right lantern ring in the unit cell is fixed
as 180 GPa and that of the left lantern ring is increased
from 80 to 260 GPa or decreased inversely gradually. The
calculated frequency bands, according to the difference in
the Young’s modulus (AE) between materials of the two
types of lantern rings, are shown in Figs. 5(a)-5(c). The
densities of the left lantern rings in Figs. 5(a)-5(c) are
fixed as 7900 kg/m®; the densities of the right ones are
7900, 3000, and 1000 kg/m® in Figs. 5(a)-5(c), respec-
tively. Under the condition of Ap =0, it can be seen
that, in Fig. 5(a), when AE #0, the band gap opens up.
The size of the band gap increases with the increase of
the absolute value of AE. The maximum value of the
band gap is 6.73 kHz. For Ap =4900 in Fig. 5(b) and
6900 kg/m?® in Fig. 5(c), the maximum band-gap values
are 14.28 and 17.61 kHz, respectively. The density dif-
ferences in two kinds of lantern-ring materials, besides
Young’s modulus differences, result in larger band gaps.
The midgap frequency is defined as the intermediate value
of the top-band frequency, fi,p, and the bottom-band fre-
quency, fhottom, Of the band gap, namely, fmidgap = foottom +
(1/2)(fiop — foottom). The midgap frequency of the bands
increases obviously with the increase in AE. This is
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FIG. 5.

Variations in the topological band gap by changing lantern-ring materials. Influence of the difference in Young’s modulus

(AE) on the frequency band: Ap =0, 4900, and 6900 kg/m? in (a)—(c) respectively. Influence of the density difference (Ap) on the
frequency band: AE =0, 162, and 216 kg/m? in (d)~(f), respectively.

because the propagation velocity of elastic waves is influ-
enced by variations in the Young’s modulus of lantern-ring
materials.

To analyze the influence of the density difference,
the density of the right lantern-ring material is fixed as
7900 kg/m® and that of the left lantern ring is increased
from 5900 to 9900 kg/m> or decreased inversely gradually.
The calculated frequency bands, according to the differ-
ence in density (Ap) between materials of the two types
of lantern rings, are shown in Figs. 5(d)-5(f). The Young’s
moduli of the left lantern rings in Figs. 5(d)—5(f) are fixed
as 270 GPa; those of the right lantern rings are 270, 108,
and 54 GPa in Figs. 5(d)}-5(f), respectively. It is shown
that the maximum values of the band gaps are 2.53, 10.9,
and 16.18 kHz for AE =0, 162, and 216 GPa, respectively.

In addition, the midgap frequency of the bands decreases
obviously with the increase of Ap. The above results indi-
cate that differences in the Young’s modulus and density of
lantern-ring materials can both lead to the opening of Dirac
cones. Some typical materials are selected to calculate the
topological band-gap values, which are shown in Table 1.
It can be seen that the required band gap can be obtained
by selecting suitable lantern-ring materials.

IV. VALLEY-DEPENDENT EDGE STATES

To verify the existence of topological valley edge states,
two types of supercells are constructed by connecting lat-
tices based on unit-cell types I and I1, as shown in Figs. 6(a)
and 6(b), respectively. For supercell I, lattices based on

TABLE I. Calculated topological band-gap values based on typical materials.
Combination No. Material 4 (E, GPa; p, kg/m?) Material B (E, GPa; p, kg/m?) Band gap (kHz)
1 Steel (185, 7850) Lithium (4.9, 534) 18.04
2 Lead (16, 11730) Lithium (4.9, 534) 16.13
3 Magnesium (45, 1700) Lead (16, 11 730) 10.57
4 Bronze alloy (80, 8640) Carbon fiber T700 (2 101 740) 16.97
5 Silicon carbide (400, 3073) Brass H62 (105,8400) 17.36
6 Carbon fiber T700 (210, 1740) Lithium (4.9, 534) 32.53
7 Lead (16, 11 730) Gray cast iron (1207 000) 12.71
8 Zirconium oxide (220, 6000) Lithium (4.9, 534) 22.33
9 Carbon fiber T700 (210, 1740) Magnesium (45, 1700) 17.18
10 Silicon carbide (400, 3073) Lithium (4.9, 534) 32.23
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(a) Supercell I; a is the lattice constant. (b) Supercell II. (c) Displacement-amplitude distribution of supercell 1. (d)

Displacement-amplitude distribution of supercell II. (e) Band structure of supercell I; k is the wave vector in the x direction. (f)
Band structure of supercell II. In (e),(f), triangles denote valley edge states; squares correspond to bulk states.

unit-cell type I are on the left, and those based on unit-cell
type II are on the right. For supercell I, the arrangement is
reversed. Periodic boundary conditions are enforced along
the x direction to simulate a continuous plate. The top and
bottom boundaries along the y direction are assigned as
free boundary conditions. The dispersion relationships of
the two types of supercells are calculated, as shown in
Figs. 6(e) and 6(f), respectively. In the dispersion curves,
the color map indicates the polarization index, P,. The
valley Hall edge states can be observed in the frequency
range from 167 to 178 kHz for supercells I and II. The
edge states are indicated by triangles, and the squares
correspond to bulk states. The displacement-amplitude dis-
tributions of these two types of supercells for an edge-state
frequency of 172 kHz are calculated, as shown in Figs. 6(c)
and 6(d), respectively. The results indicate that the domain
walls can effectively support edge states. For the edge
state in supercell I, the vibration-displacement strength and
the energy-concentration degree are higher than those for
supercell II. Thus, the domain wall in supercell I is cho-
sen to illustrate the behavior of backscattering suppression
and defect immunity of the edge state in the following
discussion.

To examine the -elastic-wave-transport characteris-
tics in the phononic crystal structure, straight and Z-
shaped waveguides are constructed. The elastic-wave-
transmission effects are examined by simulation and exper-
imental methods. The transmission input is located at the

entrance of the waveguide path; the transmission output is
located at the end of the waveguide path. The transmission
is defined as 7' = Sout/Sin, Where Sy 1S the displacement of
the transmission output and Sy, is the displacement of the
transmission input. The sample, experiment sets, and prin-
ciples of measurement are shown in Fig. 7. A laser Doppler
vibrometer (LV-S01) is used to test the displacement fields
of the sample, which is shifted using a precision transla-
tion platform (PSA500-11-X). A Rigol DG1022U arbitrary
function generator is used to generate sine excitation wave-
forms. The excitation signal is further amplified to 200V,
by a Trek PZD700A wideband power amplifier and applied
to a piezoelectric transducer at the entrance of the waveg-
uide, which is used to excite the out-of-plane vibrations.
Additionally, the borders of the sample are coated with
absorbing materials (photoresist and silica gel) to avoid
wave scattering from the boundary. During scanning, the
laser beam from the vibrometer is perpendicular to the
sample and only the vertical displacement component (z
component) is captured.

For the straight waveguide, a defect is set in the middle
of the waveguide path, namely, two lantern rings made of
carbon steel are taken away, as shown in the local image
in Fig. 8(a). The Z-shaped waveguide [Fig. 8(b)] is used
to examine the ability of the phononic crystal structure to
suppress scattering when corners emerge in the waveguide
path. Frequencies of 150—180 kHz (step width is 1 Hz)
are chosen for the excitation signals. Sweep-frequency
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FIG. 7. Photograph of the fabricated sample and a flow chart of the vibration test.

measurements on the displacement field of the sample are
conducted for the above frequency range. The measure-
ments for each frequency at each location are conducted 5
times; displacement values obtained 5 times are averaged.

The simulations are conducted via COMSOL Multi-
physics. The solid mechanics module is used to model the
phononic crystal structure; a frequency-domain analysis is
carried out to simulate wave propagation. A wave source
(same as that in the experiment) is set at the entrance
of the waveguide. During finite-element-method simula-
tions, an absorbing boundary condition is applied to four
outer edges of the phononic crystal plate to prevent wave
reflections from the boundaries. The frequency-scanning

range for the simulation is the same as that for the
experiment.

Figures 8(c) and 8(d) show the simulation and experi-
mental results, respectively, of the displacement-field dis-
tribution of the straight waveguide shown in Fig. 8(a).
The frequency of the edge state is 172 kHz. The elastic
wave energy is well localized along the interface between
the two domain walls. Near the defect, the scatterings
are slightly stronger. After passing through the defect,
the elastic wave can still propagate along the waveguide.
Figures 8(e) and 8(f) show the results of the Z-shaped
waveguide for the edge state at 172 kHz. Even if there are
bending corners in the waveguide’s path, backscattering

Type | (A-B) Type | (A-B)
(@) 0888050 (b) 8509005
858553000 885050
1 0°0°8°6% 06906900
Corner
Defect
Type Il (B-A) Type Il (B-A)

Experiment

Simulation

FIG. 8.

Simulation

Experiment

Topologically protected waveguides based on the edge state at 172 kHz for phononic crystals with bronze-alloy and carbon-

steel lantern rings. (a) Straight path with a defect. (b) Z-shaped path. (c),(d) Simulation and experimental results, respectively, for
topological transport of a straight waveguide with a defect. (¢),(f) Simulation and experimental results, respectively, for topological

transport of a Z-shaped waveguide.
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is minimal and the energy loss in the propagation pro-
cess is very small. The simulation and experimental results
indicate that stable edge-state transmissions of the elastic
wave can be realized in this phononic crystal structure. In
Figs. 8(c)-8(f), the path width in the experimental results
are a little larger than those in the simulation results. This
can be attributed to manufacturing deviations of the sam-
ple, which influence the degree of energy concentration.

To be more quantitative, the transmission-frequency
curves of the edge state that propagates along the straight
and Z-shaped waveguides shown in Fig. 8 are measured, as
shown in Fig. 9. The simulation results are also presented.
Slight differences exist between the transmission curves
obtained by numerical calculations and experimental mea-
surements; these are caused by machining tolerances of
the sample. It is shown that, for the frequency range from
166.1 to 176.3 kHz, the transmission of the edge states in
the straight waveguide is obviously higher than that for
frequencies out of this range. For the Z-shaped waveg-
uide, the frequency range with higher transmissions is
166.4-176.1 kHz. The two frequency ranges agree approx-
imately with that of the edge states shown in Fig. 6(e)
(167-178 kHz). It is indicated that different valley Hall
phases can be realized by changing the lantern-ring mate-
rials of the phononic crystals, based on which, the edge
states emerge at the interface between the two domain
regions with a phase transition.

To present the tunability of the operating frequency,
lantern rings made of another kind of material are intro-
duced. Titanium alloy is selected as the third material to
replace lantern-ring material B (carbon steel), and lantern-
ring material 4 remains unchanged (bronze alloy). A
straight path with a defect and a Z-shaped path, the same
as those in Fig. 8, are set. Frequencies of 170200 kHz
(step width is 1 Hz) are chosen for the excitation sig-
nals. Sweep-frequency measurements on the displacement
field of the sample are conducted for this frequency range.
Figure 10 shows topologically protected waveguides based
on the edge state at 189 kHz: (a) and (b) are simulation and

(a) 1.0 —Experiment

0.8  —Simulation ‘
c 1
=3 L
‘m 0.6 l
R {
€ 04 ’ /A
c <
@ 2
= 0.2

0.0

150 160 170 180

Frequency (kHz)

FIG. 9.
Z-shaped waveguide.

experimental results, respectively, for a straight path with a
defect; (c) and (d) are simulation and experimental results,
respectively, for a Z-shaped path. In Figs. 10(a)-10(d),
it is shown that, at the operating frequency of 189 kHz,
topologically protected stable waveguides can be obtained.

When lantern-ring material B (carbon steel) is replaced
by titanium alloy, the topological operating-frequency
range changes to 182—192 kHz, which is shown in the
transmission spectra [Figs. 10(e) and 10(f)]. When lantern-
ring material B is carbon steel, the topological operating-
frequency range is about 166—176 kHz, as shown in Fig. 9.
It can be seen that the operating frequency can indeed be
altered conveniently by changing the lantern-ring material.

Additionally, more materials are used to replace lantern
material B; the calculated operating-frequency ranges are
shown in Table II. It can be seen that a sufficiently large
tunability of the operating frequency can be obtained by
changing the lantern-ring materials.

To capture the topological phase-transition process
when changing continuously the material parameters, evo-
lutions of the Berry curvature and valley Chern number
when varying continuously the Young’s moduli and den-
sities of the lantern rings in the unit cell of type I are
calculated by using Eqgs. (1) and (2), and the physical
mechanism for the generation of topological edge states
utilizing the change of lantern-ring material parameters is
clarified. First, the densities of the two sets of lantern rings
are set to be the same (7900 kg/m?), and the difference in
the Young’s moduli is changed (the Young’s modulus of
the right lantern ring in the unit cell is fixed as 180 GPa and
that of the left lantern ring is increased from 60 to 300 GPa
or decreased inversely gradually). Evolutions of the valley
Berry curvature, Chern number, and Dirac band gap are
shown in Fig. 11(a).

In Fig. 11(a), corresponding to the difference in the
Young’s modulus (AE), the evolution of the Dirac band
gap is shown as a solid blue line. Near the solid blue
line, the corresponding Berry-curvature distributions and
valley Chern numbers of some points are presented. It

(b) 1.0

——Experiment

0.8 + —Simulation
c
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[}
Q2
€04
(7]
(=
lg 0.2

0.0 : :

150 160 170 180

Frequency (kHz)

Transmission spectra for phononic crystals with bronze-alloy and carbon-steel lantern rings: (a) straight waveguide and (b)
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FIG. 10. Topological transport effects of phononic crystals with bronze-alloy and titanium-alloy lantern rings. (a),(b) Simulation
and experiment results, respectively, for topological transport at 189 kHz of a straight waveguide with a defect. (c),(d) Simulation
and experiment results, respectively, for topological transport at 189 kHz of a Z-shaped waveguide. (e),(f) Transmission spectra for a
straight waveguide with a defect and Z-shaped waveguide, respectively.

can be seen that, with an increase of AE from —120 to
120 GPa, the band gap of the two eigenbands closes and
then reopens. Before and after AE =0, sign reversal of the
Berry curvatures occurs. The sign of the Berry curvature
indicates the valley topological phase. Thus, this reveals
that the topological phase transition happens as the sign
of AE changes from positive to negative (or inversely).
Therefore, when two types of phononic crystals with dif-
ferent signs of AE form an interface, valley topologically
protected interface modes can be obtained, which results
from the topological phase transition originating from the
equivalent space-inversion symmetry breaking.

In Fig. 11(a), when increasing the absolute value of
AE, the magnitude of the Berry curvature becomes smaller
and the distribution becomes dispersed (a blunter shape
of the Berry curvature is obtained), which results in a
decrease in the valley Chern number. This verifies that the

degree of equivalent space-symmetry breaking becomes
stronger with an increase in the absolute value of AE.
When AE =0, space-symmetry breaking is absent, so the
band gap of the two eigenbands closes completely, which
results in the disappearance of the topological edge states.
Then, the Young’s moduli of the two sets of rings are set to
be the same (54 GPa), and the density difference is changed
(the density of the right lantern-ring material is fixed as
7900 kg/m* and that of the left lantern ring is increased
from 3900 to 11900 kg/m?® or decreased inversely grad-
ually). Evolutions of the valley Berry curvature, Chern
number, and band gap are shown in Fig. 11(b); similar con-
clusions to the case of the changing Young’s modulus are
obtained.

It can be seen that the variation in the material param-
eters does change the degree of symmetry breaking of
equivalent space inversion. Breaking the symmetry of

TABLE II. Tunable topological-mode operating frequencies by changing the lantern-ring material on pillar B.
Combination No. Material 4 (E, GPa; p, kg/m>D3) Material B (E, GPa; p, kg/mD3) Frequency range (kHz)
1 Bronze alloy (80, 8640) Carbon steel (185, 7900) 166176
2 Bronze alloy (80, 8640) Titanium alloy (110, 4500) 181-191
3 Bronze alloy (80, 8640) Aluminum (70, 2700) 192205
4 Bronze alloy (80, 8640) Lithium (4.9, 534) 136-157
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FIG. 12. Reconfigurable cross-waveguide splitter. (a) Schematic diagram of the path design. (b)~(d) Simulation results of transmis-
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equivalent space to a greater extent can be realized conve-
niently by the method presented here, namely, by selecting
lantern-ring materials with a larger parameter difference.

V. RECONFIGURABLE CROSS-WAVEGUIDE
SPLITTER

A reconfigurable cross-waveguide splitter is designed,
as shown in Fig. 12(a). This splitter consists of four sec-
tions consisting of phononic crystals with unit-cell types I
or II. Four topological edge states are formed. Three fixed
channels are labeled by S}, S», and S3, and one channel is
changeable, which is labeled by D. S is the input chan-
nel, the others are output channels. The angle between
the changeable channel D and fixed channel S| is denoted
by 8.

To further characterize the cross-waveguide splitter, a
full-field numerical out-of-plane elastic wave transport
simulation and experimental validation are performed, and
the material and dimension parameters used are the same
as those in Sec. II. Details of settings in the simula-
tions are the same as those in Sec. IV. Specifically, three
types of splitters are obtained through changing the posi-
tion of channel D, namely, the angle B is selected to
be 60°, 180°, and —60°. For the simulation and experi-
ment, the wave source at the entrance of the waveguide
is an out-of-plane sinusoidal harmonic vibration with a
frequency of 172 kHz. The simulation results for trans-
mission of the three waveguide splitters are shown in
Figs. 12(b)-12(d); the corresponding experiment results
are shown in Figs. 12(e)—12(g), respectively.

In fact, channel D plays a role in the transmission
ratio between the edge modes of channels S, and S;.
For B8 =180°, the simulated transmission ratio between
channels S3 and S, shown in Fig. 12(c) is 0.96, which
approximately agrees with the experimental value of 0.92.
That is, the vibration strengths of channels S; and S;
are approximately equal, which can also be seen in the
transmission spectra in Fig. 12(i). In the transmission spec-
tra, T; represents the transmission spectrum from port
S; to port S; (i=1 and j =2, 3). For B =60° shown in
Fig. 12(b), the simulated transmission ratio between chan-
nels S3 and S, becomes 0.33 (the experimental value is
0.30), which is less than that with a 8 value of 180°, and
more energy tends to transfer into channel S;. This is also
shown in the transmission spectra in Fig. 12(h). Under
this condition, phononic crystals of type II and type I are,
respectively, located on the left and right sides of chan-
nel §3, namely, the phononic crystal types located on both
sides of S5 are inverse compared with the other three chan-
nels. Thus, channel S; corresponds to the interface-state
type II described in Figs. 6(b) and 6(d), the scattering of
which is stronger and the vibration in the channel is weaker
compared with interface-state type I. Therefore, this leads
to weaker wave transmission in channel S3. For 8§ = —60°,

the simulated transmission ratio between channel S5 and
S is 2.7 (the experimental value is 3.1), which is larger
than those with 8 values of 180° and 60°, and more energy
tends to transfer into channel S5, which can also be seen
in the transmission spectra in Fig. 12(j). This path dis-
tribution makes channel S, belong to interface-state type
II, which leads to a weaker transmission of channel S5.
Consequently, through changing the location of one out-
put channel, the transmission ratio between the other two
output edge modes in the cross-waveguide splitter can be
controlled effectively. The wave splitter proposed in this
work has the feature of reconfiguration. In other words,
through the rearrangement of lantern rings, different trans-
mission ratios among output branches of the wave splitter
can be obtained conveniently. In addition, the operating
frequency of the wave splitter can be tuned easily by
changing the lantern-ring materials.

For the reconfigurable splitting of topologically pro-
tected elastic edge states, applications in elastic wave
devices, such as splitters and signal processing in a mono-
lithic elastic network [41,42], could be realized in the
future.

VI. CONCLUSIONS

Here, the topological valley transport edge states of elas-
tic waves are realized based on material differences. It is
shown that differences in the Young’s modulus and den-
sity of lantern-ring materials can cause the destruction of
the effective spatial inversion symmetry, which gives rise
to the valley Hall phase transition, and thus, leads to the
formation of topological edge states. The evolution pro-
cesses of the Berry curvature and topological valley Chern
number, when varying continuously the material param-
eters of lantern rings, are revealed; the topological phase
transition caused by changing the lantern-ring material is
captured; and the physical mechanism for the generation
of topological edge states, utilizing changes of lantern-ring
material parameters, is clarified. The results show that the
topological valley transport of elastic waves has no obvi-
ous backscattering at bending corners of the waveguide
and has a certain immunity to defects. By rearranging the
lantern rings, any waveguide path with topological valley
transport can be realized conveniently. As an application
case, a reconfigurable cross-waveguide splitter of topolog-
ical elastic edge states is realized. For valley topological
edge states, the traditional method to break the spatial
inversion symmetry is to change the structural parameters
of the scatterers in the phononic crystal. However, in many
application cases, topological band-gap sizes obtained by
this method are limited, which restricts the frequency
range of the topological edge states obviously. Addition-
ally, after sample fabrication is finished, it is difficult to
change the transport path and operating-frequency range
of elastic waves. Here, the above problems are solved by
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realizing valley topological transport based on changes to
the lantern-ring materials. The transport path can be easily
altered, and the operating frequency can be tuned conve-
niently by changing the lantern-ring materials, which is
very important for topological transport of elastic waves.
The realization of topological edge states based on material
differences provides an effective method for achieving the
topological transport of elastic waves, breaking the limita-
tions of those based only on structural parameter changes,
and has a good application prospect in the field of elastic
wave manipulation and communication.
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