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Chiral anomaly bulk states (CABSs) can be realized by choosing appropriate boundary conditions in a

finite-size waveguide composed of two-dimensional Dirac semimetals, which have unidirectional and
robust transport similar to that of valley edge states. CABSs use almost all available guiding space, which
greatly improves the utilization of metamaterials. Here, free-boundary-induced CABSs in elastic twisted
kagome metamaterials with C;, symmetry are experimentally confirmed. The robust valley-locked

transport and complete valley state conversion are experimentally observed. Importantly, the sign of the

group velocity near the K and K’ points can be reversed by suspending masses at the boundary to

manipulate the onsite potential. Moreover, CABSs are demonstrated in nanoelectromechanical phononic

crystals by constructing an impedance-mismatched hard boundary. These results open new possibilities for

designing more compact, space-efficient, and robust elastic wave macro- and microfunctional devices.

DOI: 10.1103/PhysRevLett.132.086302

Topological acoustics, which enables robust sound wave
transmission and localization, is revolutionizing the design
of acoustic devices [1-3]. Acoustic topological insulators
are synthetic materials with a gapped bulk energy spectrum
and protected in-gap chiral states. To date, the most basic
application is to construct topological edge states according
to the bulk-edge correspondence [4—7]. The most common
method is to create the boundary of two crystals that carry
different topological invariants [4—7]. The topological mode
only exists at the structural boundary, so most of the
footprint of the structure is unused. It is worth considering
whether or not robust bulk states can be achieved. In a three-
dimensional (3D) Weyl semimetal, there are chiral anomaly
zeroth Landau levels equivalent to CABSs [8—15]. The
mode is a bulk state, and the one-way transmission of the
chiral Landau mode can overcome the energy loss caused by
backscattering [14—17]. Various electronic and photonic
systems that support chiral anomaly zeroth Landau levels
have been confirmed [14,15].

The Weyl point corresponds to the Dirac point of the
two-dimensional (2D) system. Discrete Landau levels can
also be achieved by introducing artificially synthesized
magnetic fields in 2D Dirac semimetals such as electro-
magnetic systems [18], aeroacoustics [19,20], and elastic
wave systems [21]. The artificial magnetic field is gen-
erated by applying an external stress or introducing a
uniaxial deformation. However, the corresponding zeroth
Landau mode can only achieve bulk states in the flat band
domain and is still an edge mode in the dispersion domain
[21]. Recently, CABSs have been achieved in 2D Dirac
semimetal materials with a suitable choice of periodic
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boundary conditions due to the finite size effect [22,23]. 2D
CABSs have unidirectional and robust transport similar to
that of valley-protected edge state transport [5,24,25].
Compared to the edge state, the mode is transmitted in
the bulk and not localized at the boundary or domain wall.
CABSs use almost all available boot space and greatly
improve the space utilization. However, CABSs in elastic
waves have not been explored. Elastic waves in solids have
anti-jamming capability, extremely low losses, and scal-
ability toward integrated devices. CABSs in elastic waves
enable more compact, space-efficient, and robust phonon
waveguides, which will undoubtedly play an important role
in advanced information manipulation [26-30].

In this letter, we realize CABSs by configuring free
boundaries in a finite-sized waveguide in the elastic
kagome lattice with C;, symmetry. The bulk state has a
valley-locked property, which can be inverted by changing
the boundary configuration of the waveguide. Elastic
CABSs have the following major distinct characteristics
from those in the air [22]: (i) The bands are selectively
prohibited based on the compatibility of vibration modes
with free boundaries; (i) CABSs are realized in lattices
with C3, symmetry. When the symmetry is reduced from
Cg, to C3,, this system can directly achieve complete valley
conversion of CABS without modifying the waveguide.
(iii) We propose a method to regulate the boundary
potential, i.e., adding suspension on the boundary, to
manipulate the group velocity of the CABS. Finally, we
theoretically propose that CABSs can be achieved in
nanoelectromechanical systems by constructing imped-
ance-mismatched hard boundaries.
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(a) Schematic diagram to implement CABSs in a continuous elastic body. The red boxes are two types of unit cells. (b) Upper

panel: the first Brillouin zone of the PnCs. Lower panel: the twist angle. (¢c) Band diagram of an out-of-plane elastic wave. The inset
images show the eigenstates, where the color bar is out-of-plane displacements (w). The blue band and the red band correspond to an
even mode and an odd mode with a mirror-y parity, respectively. (d) Projected band of the PnCs waveguides, which is a free boundary in
the y direction, and periodic boundary condition in the x direction. The pseudogap (shadow region) is caused by the finite width of the
PnC waveguide. The PnCs waveguides have 10 layers, and the thickness of each layer is (\/6 /2)a. (e) w field of CABSs. Arrows show
energy flux fields. (f) The bandwidth of CABS varies with the number of layers in PnCs waveguide. Because CABS exists in the entire
pseudogap, the pseudogap bandwidth is equivalent to the operating bandwidth of CABS.

Figure 1(a) shows the implementation of CABSs in
elastic twisted kagome lattices (TKLs) with C3, symmetry.
TKLs with easy preparation and adjustability are chosen for
verification [31-37]. A TKL comprises two 90°-rotated
equilateral triangles with side length @ = 13.5 mm, where
the triangles are elastic domains [Fig. 1(b)] [35]. The lower
panel of Fig. 1(b) shows the twist angle in TKLs. To realize
kagome lattices in continuous elastomers, ligaments are
used to replace the hinges. The ligaments are constructed as
a sector with radius r = 1.5 mm. Then, the structure is
prepared on a 1.5-mm-thick aluminum plate. Figure 1(c)
shows the band curves of the structure, and only out-of-
plane elastic waves are concerned (Fig. S1 shows the band
including all modes [38]). The metamaterial is a 2D Dirac
semimetal material, which forms a degeneracy point at
point K. Then, this 2D Dirac semimetal is constructed into
a finite-size waveguide. Because of finite size effects, the
pseudo-gap is formed. Next, the suitable boundary con-
figuration is selected to realize the one-way robust trans-
mission of the valley-locked chiral bulk states near the
Dirac point. A Dirac-like Hamiltonian of a waveguide

with thickness L can be expressed as H(y) = ok, vp —
i0y6,vp + m(y)o, [22]. The boundary causes a step mass
term near the Diarc point, m(y) = m,y < 0;0,0 <y < L;
m,,y > L. The Hamiltonian has a bulk mirror-y symmetry
in the domain 0 <y < L, 6,H(y)o, = H(—y). Hence, the
eigensolutions at the Dirac point [22] are

sty )

w = <i11> 0<y<L. (1)

e_mz()’—L)< ! ) y>L
—sgn(m;)

The mass terms introduce an exponentially decaying
solution and hence form a gap, i.e., the finite size effects.
When m; >0 and m, < 0, the bulk even mode y = (})
with a certain mirror-y parity is confined in the middle
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(a) Experimental sample of the 10-layer unmodified waveguides, waveguides with suspended masses on both sides and

waveguides with a suspended mass on one side from left to right, respectively. Inset: partially enlarged view of the structure. (b) w
distributions at 34.2 kHz excited by a point source (yellow star). (c),(d) Fourier spectra for the 10-layer waveguides and waveguides with
suspended masses on both sides, respectively, which are obtained by w in the dotted box in (a). (e)—(g) Experimentally tested projected
bands correspond to the three waveguides in (a), which are obtained by a Fourier transformation of the measured field distribution
interval with a lattice period along the yellow dotted line in (a). The solid line in figure is the calculated band curve.

domain. Otherwise, the bulk odd mode w = () is
supported.

In elastomers, fixed boundaries that are similar to hard
boundaries in air [22] can introduce CABSs, as shown in
Fig. S2 [38]. However, implementing fixed boundaries
through clamping is an energy-consuming method that
increases the transmission loss of elastic waves. Here, we
adopt a more convenient and adjustable free boundary.
Because the free boundary cannot guarantee that the
displacement field at the waveguide boundary [marked
by the blue dotted circle in Fig. 1(c)] is always O during
propagation of the elastic wave, this boundary is incom-
patible with the red band of Fig. 1(c), which makes it
prohibited (see movie S1 [38]). The vibrational mode of
the blue band is compatible with the free boundary and
is supported (see movie S2 [38]). It corresponds to
m; = my, = +oo0, so the even bulk mode is excited.
Hence, when a finite-size waveguide with free-boundary
conditions on both sides is constructed, CABSs appear in
the pseudogap in the projected band [Fig. 1(d)]. The
chirality is different from the chiral elastic wave substituted
by the intrinsic spin angular momentum [41]. This method
can also be used for elastic wave systems with Cg,
symmetry [Fig. S3 [38]]. These states are bulk states,

not boundary states, and their out-of-plane displacement
fields are uniformly distributed throughout the waveguide
[Fig. 1(e)]. CABSs have K or K’ valley locked in the
pseudo-band gap, where the blue and red bands correspond
to different valley polarizations in Fig. 1(d).

The slope (the sign of the group velocity) of the CABS
depends on the selection of valley, where the K or K’ valley
corresponds to the opposite mass terms and supports the
opposite bulk mode, as shown in Eq. (1). The slope of the
CABS near points K and K’ cannot be reversed by
changing the number of waveguide layers [Fig. 1(f)] and
cutting boundaries (Fig. S4 [38]) in the TKL, which is
different from the Cg¢, system [22]. When the number of
waveguide layers increases, the pseudogap decreases (the
operating bandwidth of CABS decreases), as shown in
Fig. 1(f). Here, we select different valleys by adjusting the
boundary potential, i.e., hanging a mass at the boundary.
By regulating the boundary potential, the mass term can be
changed, which enables the waveguide to support the
opposite vibration mode and ultimately reverses the valley
polarization, as shown in Fig. S5(e) and movie S3 [38].
Different shapes and sizes of suspensions can be used to
adjust the boundary potential (Figs. S6-S7). Interestingly,
when |m, | # |m,|, both odd and even modes are prohibited,
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(a) Photo of the PnCs waveguides with a 120° bend. (b) Simulated w distributions at 34.2 kHz for a point source (yellow star)

on the 120°-bend waveguides. (c) Experimental w distributions at 34.2 kHz for a point source on the 120°-bend waveguides. (d) Photo of
the disordered waveguides (left panel) and w distributions (34.2 kHz) on the disordered waveguides (right panel). The distortion is
marked in the red dotted box. (e) Photo of the defective waveguides (left panel) and w distributions (34.2 kHz) on the defective
waveguides (right panel). (f) Transmission curves of the 120-degree-bend waveguides and the disordered waveguides are compared with
those of the waveguide with no defects. Inset picture of (b), (c), and (e): Corresponding Fourier spectra in the dashed rectangle.

so a forbidden band is formed near the Dirac point
[Fig. S5(f)]. The twist angle only affects the operating
frequency of CABS, as shown in Figs. S8 and S9 [38].
To observe CABSs and the effect of the onsite potential
on CABSs in elastic twisted kagome metamaterials,
we construct related experimental samples, as shown in
Fig. 2(a). These samples are prepared by laser cutting and
subsequently mechanically flattened. After the elastic wave
excited by the point source propagates through several
lattices, the wave is evenly distributed in the entire wave-
guide [Fig. 2(b)]. Therefore, the bulk states use almost all of
the available guiding space. The unmodified waveguides
and two-sided-suspended-mass waveguides have opposite
valley polarization characteristics. Only the states near the
K valley for the 10-layer waveguides [Fig. 2(c)] are
detected in the experiment, which indicates the excitation
of CABSs locked at the K valleys. However, only the states
near the K’ valley are tested in the waveguide suspended
mass on both sides, as shown in Fig. 2(d). The valley
characteristics of CABSs can be experimentally reversed by
modifying the onsite potential of the waveguide boundary.
The projected bands that correspond to the three wave-
guides are experimentally obtained, as shown in Figs. 2(e)—
2(g). The 10-layer waveguides and two-sided-suspended-
mass waveguides with K valley or K’ valley are locked in
the pseudogap, respectively. Figure 2(g) shows that a
pseudogap can be generated by suspending the mass on
one side of the waveguide. These results provide new

methods to control the chirality of CABSs and generate a
complete bandgap.

Because of the valley-locked property of CABSs, the
chiral bulk states have immunity against sharp bends,
distortions, or defects. To verify the robustness, the
PnCs waveguides with a 120° bend, disorders, and defects
are fabricated, as shown in Figs. 3(a)-3(e). The elastic wave
excited by the point source extends to the entire waveguide
space, there is almost no energy loss, and the waveform
does not undergo obvious distortion when the wave passes
through the bending, twisting, and defect regions, as shown
in Figs. 3(b), 3(c), and 3(e), respectively. CABSs are
immune to different types of defects, as shown in
Fig. S10 [38]. The Fourier transform before and after
the turning, distortions, and defects is used to obtain the
momentum space information, as shown in the inset of
Figs. 3(b)-3(e). Both domains of the 120° bend waveguides
have identical valley characteristics, which enable the wave
to turn. When the wave passes through the distortions and
defects, the wave has the characteristic of K valley locking,
so the intervalley that scatters from valley K valley to valley
K’ is weak; thus, the states are robust. As shown in the
displacement field obtained through simulation in Fig. 3(d),
the wave can pass through the 120° bend and is evenly
distributed in the entire waveguide space with almost no
loss of energy. The good consistency in the transmission
curves [Fig. 3(f)] indicates the immunity of CABSs against
bends, disorders, and defects.
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(a) Schematic diagram of the implementation of CABSs in nanoelectromechanical systems, which incorporate a dual 120°-

bend waveguide. Its lattice constant a,, is 6+/3 um, the circular rods’ diameter r, is 4 um, and the micropillar height £, is 200 nm.
(b) Band diagram. The inset images are the eigenstates. (c) Projected band of the PnCs waveguides. w of the CABSs (right panel). The
PnCs waveguides have six layers. (d) w of the triangular waveguide resonator at 72.457 MHz.

Compared to the Cg, symmetry in air, the twisted
kagome metamaterials with C5, symmetry (threefold rota-
tional symmetry) can achieve the complete valley con-
version of CABSs without modifying the waveguide [22].
The 60°-bend waveguides were prepared for verification
[Fig. S11(a)]. The wave excited at the Dirac point fre-
quency is evenly distributed in the waveguide space after it
has propagated through several lattices, and the wave can
also smoothly pass through the 60° turn [Fig. S11(b)].
Figure S11(c) shows the experimental displacement field
distribution. Then, Figs. S11(d) and S11(e) show its
momentum space information. Figures S11(f) and S11(g)
show the corresponding projected bands along the X
and X' directions. The experimentally tested transmission
curves [Fig. S11(h)] show that the conversion character-
istics can be realized in the pseudogap. These results
confirm that CABSs transform the valley polarization
characteristics after the wave passes through a 60° turn.
The complete valley conversion has potential applications
in valley information transforms [38].

As discussed above, we have realized CABSs in the
macroscopic elastic wave system. However, it is difficult to
realize such a large-area suspended structure in on-chip
elastic wave systems. In nanoelectromechanical systems,
acoustic impedance-mismatched boundaries, similar to
that of hard boundaries in air acoustics, can be constructed
to achieve CABSs [42-47]. Figure 4(a) shows the

nanoelectromechanical PnCs structures, where single-layer
graphene is pinned on micropillar arrays with triangular
lattices. Because of the acoustic impedance mismatch
between the waveguide and its unsuspended bulklike
environment, acoustic energy can be confined to the
waveguide [45,46]. Figure 4(b) shows the corresponding
band diagram of the structure. The detailed process of
numerical calculation is shown in Fig. S12 [38]. The
quasihard boundary condition is incompatible with the
vibration mode of the red band [Fig. 4(b)], which is
prohibited. Then, CABSs can also be generated in the
pseudogap in Fig. 4(c), and Fig. S13(a) demonstrates the
robust waveguides. Through the characteristics of CABSs,
we design a triangular resonator, as shown in Fig. 4(e).
Figure S13(b) shows the eigenstates of the triangular
resonator, and Fig. S14 shows the realized electrically
tunable narrow-band switch [38].

In conclusion, we realize CABSs by configuring free
boundaries in a finite-sized waveguide in the elastic
kagome lattice with C;, symmetry. We demonstrate that
the bulk state has a valley-locked property, and the
inversion of the valley-locked property can be achieved
by changing the boundary configuration of the waveguide.
Then, the states are immune to sharp bends, structural
distortions, and structural defects due to the valley-locked
feature. Since the twisted kagome lattice has C3, symmetry,
the waveguide can completely convert the valley state from
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K to K. We theoretically propose that CABSs can be
achieved in nanoelectromechanical systems by construct-
ing impedance-mismatched hard boundaries. These results
open new possibilities for designing more compact, space-
efficient, and robust elastic wave macro- and microfunc-
tional devices, such as large-area elastic waveguides,
high-quality factor elastic wave resonators, elastic wave
focusing, phonon lasers, etc.
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