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Topological design of materials enables topological sym-
metries and facilitates unique backscattering-immune wave
transport™?. In airborne acoustics, however, the intrinsic
longitudinal nature of sound polarization makes the use of the
conventional spin-orbital interaction mechanism impossible
for achieving band inversion. The topological gauge flux is then
typically introduced with a moving background in theoretical
models™ 22, Its practical implementation is a serious challenge,
though, due to inherent dynamic instabilities and noise. Here
we realize the inversion of acoustic energy bands at a double
Dirac cone'?’?8 and provide an experimental demonstration of
an acoustic topological insulator. By manipulating the hopping
interaction of neighbouring 'atoms' in this new topological ma-
terial, we successfully demonstrate the acoustic quantum spin
Hall effect, characterized by robust pseudospin-dependent
one-way edge sound transport. Our results are promising for
the exploration of new routes for experimentally studying
topological phenomena and related applications, for example,
sound-noise reduction.

The topological insulator, characterized by the quantum spin Hall
effect (QSHE), originates from condensed matter. A prerequisite
condition for such an effect, Kramers doublet, can be fulfilled
thanks to the intrinsic spin-1/2 fermionic character of electrons.
Thus, the key physics behind realizing a bosonic (for example,
photonic or phononic) analogue of the electronic topological
insulator is to increase the degrees of freedom so as to create a
double Dirac cone, where Kramers doublet exists in the form of
two two-fold states (pseudospin-up and pseudospin-down). For
example, a photonic topological insulator often takes advantage
of two polarizations of a spin-1 photon, which are utilized to
construct the required Kramers doublet, for example, degenerate
TM+TE/TM-TE states' (TM and TE represent transverse magnetic
and electric polarizations, respectively), TM/TE states®, or left/right
circularly polarized states®. An acoustic system especially for
longitudinal airborne sound, however, possesses intrinsic spin-0,
giving rise to no such polarization-based Kramers doublet and
thus hindering acoustic QSHE. To overcome this issue, Kramers
doublet in the form of degenerate artificial acoustic spin-1/2 states
may be constructed, for example, using clockwise and anticlockwise
circulating acoustic waves”. Spin-orbital interaction may then be
introduced in a time-dependent fashion*. Most recently, ref. 15
proposed a novel concept for realizing a photonic topological
insulator by utilizing two pairs of degenerate Bloch modes of TM
polarization (instead of two polarizations) as a result of the zone

folding mechanism in a composite lattice structure'. Here, we
show, other than the zone folding mechanism', a double cone
can also be accidentally formed by deliberately manipulating the
filling factor of a honeycomb lattice. This straightforward yet
elegant approach takes advantage of acoustic systems’ large index
and impedance contrast, which unfortunately is usually absent in
photonic systems (see Supplementary Information). On the basis
of our novel concept, we experimentally demonstrate a completely
passive or static two-dimensional acoustic topological insulator,
utilizing phononic ‘graphene’ consisting of stainless-steel rods in air.

In our phononic ‘graphene, an artificial spin-1/2 is emulated
through mode hybridization near the dispersion degeneracy of
different energy bands. Specifically, two degenerate modes M,
and M, at a given frequency can be hybridized to construct
two new superimposed degenerate spin-1/2 states: spin
+=M, +iM,/M, —iM,. Since in this scenario each spin-1/2 state
corresponds to two degenerate modes, the two-fold degeneracy
of the Dirac cone in a spin-1/2 electronic system, where the
QSHE occurs, is replaced with a four-fold degeneracy or a double
Dirac cone. By engineering the nearest neighbour coupling in
a phononic ‘graphene’ with Cs, symmetry, an accidental double
Dirac cone can be realized”*® (see Supplementary Information),
because the C,, symmetry, according to group theory, possesses
two two-dimensional irreducible representations, which can be
leveraged to construct a double Dirac cone by forming a four-fold
accidental degeneracy’. Note that similar double Dirac cones have
also been reported previously in other classic wave systems, such
as electromagnetic waves'>*"* and elastic waves'®. Different from
all of these works**, we show that, in addition to the double Dirac
cone, the phononic ‘graphene’ studied here undergoes a symmetry
inversion in reciprocal space, causing energy band inversion, which
ultimately leads to a distinct topological phase transition®.

The topological phase transition can be leveraged to form
topologically protected gapless edge states inside the bulk frequency
bandgap at the interface between two phononic crystals with
topologically dissimilar phases, which can then be exploited to
construct a topologically protected waveguide as shown in Fig. la.
Due to topological protection, the acoustic backscattering can
be largely suppressed and thus robust against various kinds of
defect (including cavities, disorders and even sharp bends). To
identify these topological phases, the evolution of energy band
structures and their acoustic states with decreasing filling ratio are
illustrated in Fig. 1b. At a high filling ratio, for example, r/a =
0.45 (left panel of Fig. 1b), separated by a bandgap, two two-fold
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Figure 1| Schematic of the acoustic insulator and band inversion process. a, A schematic of our proposed acoustic topological insulator constructed with
two types of phononic ‘graphene’ with the same lattice constant a but different ‘atom’ (stainless-steel rod) radii r. This novel design enables one-way
robust spin-dependent transportation against defects such as a cavity, a lattice disorder and a bend as indicated in the figure. The inset shows a zoom-in
view of our phononic ‘graphene’. b, lllustration of a band inversion process with a decreasing filling ratio. At a large filling ratio, for example, r/a=0.45, the
phononic crystal has two two-fold degenerate acoustic states denoted by px/py and d,2_,2 /dxy, which are separated by a bulk bandgap; at a decreased
filling ratio, for example, r/a=0.3928 in our case, the bulk bandgap disappears and an accidental double Dirac cone with a four-fold degeneracy is formed;
at an even smaller filling ratio, for example, r/a=0.3, the bulk bandgap reappears along with two inverted two-fold degenerate acoustic states,
corresponding to d,2_ 2 /dy, and px/py. In this process, a topological phase transition occurs near the double Dirac cone. Note sketches of energy bands are
shown as black curves. ¢, Calculated projected energy bands of a supercell consisting of a topological phononic crystal (r=0.3 cm, a=1cm) stacked with
an ordinary phononic crystal (r=0.45cm, a=1cm). The material parameters used for calculation are the density and longitudinal sound speed of

7,800 kgm~3 and 6,010 m s~ for stainless steel and 1.25 kg m—3 and 343 ms~". The red and blue lines represent an acoustic spin+ and spin— edge state
that is hybridized with a symmetric edge mode (S) and anti-symmetric edge mode (A) based on S+iA and S—iA, respectively. The right panel shows a
representative example of the pressure field distribution at k; =0.05 for the S and A modes. The shadow regions represent the bulk energy bands.

degeneracy, one for the lower bands p./p, and the other for the (ref. 15). Similar to p and d orbitals of electrons, here p, obeys
upper bands d,>_,>/d,,, appears at the Brillouin zone centre. Spin-  symmetry o, /0, =—1/41; p, obeys o,/0, =+1/—1;d,>_,» obeys
1/2 for the bulk states can thus be achieved through hybridizing o,/0, =+1/41;and d,, obeys o, /0, =—1/—1,whereo,,=+1,—1
these p/d states as ps = (p, £ ip,)/+/2 and d. = (d,>_» £ id,,) /\/§ means the even or odd symmetry along the x or y axis of the
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Figure 2 | Acoustic one-way spin-dependent transport. a, A photo of the cross-waveguide splitter sample used in our experiment. Topological phononic
crystals reside in the upper and lower sections, while ordinary phononic crystals reside in the left and right sections. Four input/output ports labelled as 1, 2,
3 and 4 are located at the interface between these sections. In this test, only clockwise (anticlockwise) edge circulating propagation along the interfaces is
allowed for acoustic spin+ (spin—) as indicated by the red (blue) circular arrow. b,¢, Simulated acoustic pressure field distribution at a frequency of

19.8 kHz (within the bulk bandgap) for the acoustic cross state with an input from port 1and port 2, respectively. d,e, Experimental transmission spectra for
acoustic spin— incidence from port 1and for acoustic spin+ incidence from port 2, respectively. Pij represents the acoustic transmission spectrum from
portito portj(i=12andj=1,2,3,4) including the in and out coupling losses. The shadow regions indicate the bulk energy bands.

unit cell, respectively (see Supplementary Information). With a
deceased filling ratio of r/a=0.3928 (middle panel of Fig. 1b), the
energy bandgap is eliminated, resulting in an accidental double
Dirac cone with the desired four-fold degeneracy at the Dirac point.
Further decreasing the filling ratio, for example, r/a=0.3, destroys
the four-fold degeneracy, and reopens the bandgap (right panel
of Fig. 1b). In this process, the symmetry in reciprocal space is
inverted, causing the energy band inversion, which is confirmed
by examining the Bloch modes before the bandgap disappears and
after it reappears (see Supplementary Information). The acoustic
band inversion effect here is related to the fact that the velocity of
a longitudinal acoustic wave in an air background is much slower
than that in stainless-steel rods. The created symmetry inversion in
phononic ‘graphene’ further leads to a topological transition from
an ordinary phononic crystal (OPC) to a topological phononic
crystal (TPC) (see Supplementary Figs 1 and 2 for details). Note
that the acoustic topological insulator we proposed here is based
on an accidental double Dirac cone resulting from Csy symmetry.
In principle, other configurations, as long as they comply with
the required Cqy symmetry, can have the same phenomenon, for
example, the ring-shaped components in triangle lattices?*.

The projected band structure of a TPC-OPC supercell is shown
in Fig. lc. Inside the overlapped bulk energy bandgap of the two
phononic crystals, it is evident that there exists a pair of edge states
(red and blue lines). These edge states are localized at the interface
between the TPC and the OPC and support edge propagation
of sound. Acoustic spin % of the edge states are obtained via
hybridizing a symmetric mode (S) and an anti-symmetric mode (A)
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shown in the right panel of Fig. 1c as S+1A/S —iA, respectively.
They can also be correlated to the spins of the bulk states in
the TPC and the OPC located on either side of the interface as:
S+iA/S—iA=p,+d,/p_+d_ (see Supplementary Information).
Hence, the symmetric component S can be represented as

=(ps+doyp)/ /2, while the anti- symmetric component A as

= (p, +d.,,)/+/2. The two acoustic spin edge states have the same
sound velocity amplitude but in opposite directions, implying the
existence of spin-orbital coupling and thus one-way spin-dependent
propagation.

Generally, it is very difficult to selectively excite a particular
pseudospin in experiment even with multiple excitation sources.
Here, we utilize a cross-waveguide splitter’’, which allows us to
study pseudospin-dependent transport with a very high fidelity
even in the case of unknown pseudospin excitation state. As shown
in Fig. 2a, the splitter is divided into four sections with the TPC
residing in the upper and lower sections and the OPC residing in
the left and right sections. There are four input/output ports in this
splitter (labelled as 1, 2, 3 and 4). For an acoustic bar state, that is,
the sound transmitting straight through from port 1 to port 3 (or
from port 2 to port 4), with respect to its transmission direction, the
TPC is located on the left side while the OPC is located on the right
side before the acoustic wave propagates across the central region
of the splitter. However, such kind of structural spatial symmetry
is inverted immediately after the acoustic wave propagates across
the centre (OPC on the left side and TPC on the right side). Since
either pseudospin state is preserved across the centre region, the
edge state is not allowed to propagate in a straight through fashion,
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Figure 3 | Robust one-way sound transport. a, A photo of our experimental set-up. The green and yellow dashed lines indicate the location of an acoustic
topological waveguide and an ordinary bandgap-guiding phononic crystal waveguide, respectively. b, Simulated acoustic pressure field distribution for
acoustic spin— incident at 20.1kHz (within the bulk bandgap) in three different configurations, corresponding to three different defects, that is, a cavity, a
lattice disorder and a bend. Blue, red and black arrows denote the propagation direction of acoustic spin—, spin+ and ordinary sound, respectively.

c,d, Experimental transmission spectra for the topological waveguide and ordinary bandgap-guiding phononic crystal waveguide, respectively. The black
curve corresponds to the case without any defects, while the red, blue and green curves indicate the transmission spectrum for the case with a cavity, a
lattice disorder and a bend, respectively. The shadow regions correspond to the bulk energy bands.

implying that the acoustic bar state in this splitter is completely
prohibited for all pseudospin edge states. Similar analysis can show
that for an acoustic cross state, for example, from port 1 to port 2 or
to port 4, the structural spatial symmetry is always preserved and
the propagation of edge states is always allowed. In addition, the
acoustic cross state is spin-dependent, which is determined by the
spatial symmetry. For instance, in Fig. 2a, the acoustic cross state
with input sound at port 1 or at port 3 supports only the spin+
edge state while the cross state for the other two ports supports the
spin— edge state. This unique effect can be explained by checking
the slope of the dispersion band, that is, the group velocity, for each
individual acoustic spin edge state in Fig. lc. Clearly, because of
their opposite slope across the whole Brillouin zone, the acoustic
spin+ edge state and spin— edge state can travel only in a one-way
fashion but with opposite directions, clockwise (red circular arrows)
versus anticlockwise (blue circular arrows) as illustrated in Fig. 2a.
Such a transport behaviour characterizes an acoustic counterpart of
the QSHE.

Figure 2b,c shows the simulated pressure field distribution with
inputs at port 1 and at port 2 respectively for an acoustic frequency
in the bulk bandgap, which resemble clearly two cross states with
almost no transmission into the through port in both cases. Such
an observation is consistent with our theoretical analysis above.
These configurations are then experimentally studied with the
resulting transmission spectra shown in Fig. 2d,e. It is found that
the acoustic bar state is heavily suppressed as evidently observed
from its low transmission, <—10dB for the through port. The

NATURE PHYSICS | VOL 12 | DECEMBER 2016 | www.nature.com/naturephysics

spin-dependent cross state for the two acoustic spins, however,
remains with very high transmission for the two cross output ports.
These experimental observations for the cross-waveguide splitter
model confirmed clearly the unique one-way spin-dependent
transportation in our acoustic topological insulator.

The demonstrated topological edge states are also symmetry
protected with topological immunity against all non-spin-mixing
defects. Different defects are intentionally introduced into our
topological waveguide near the TPC/OPC interface to study the
propagation robustness of our acoustic topological edge states. In
comparison, a bandgap-guiding phononic crystal waveguide is also
constructed with two OPCs and similar defects are introduced for
a control experiment. A picture of the test sample is shown in
Fig. 3a, where the location of the topological waveguide and the
phononic crystal waveguide can be seen. Three different defects,
including a cavity, a lattice disorder, and a bend, are implemented
in the two waveguides. Note that all these three types of defect
are none-spin-mixing defects by their nature, meaning that no
effective ‘magnetic’ impurities are presented intentionally to break
the topological characteristics'>'®'****_ Simulation results show that
with a spin— acoustic wave incidence from the left the edge state
in the topological waveguide can detour around all these defects
and maintain a very high transmission (three upper panels of
Fig. 3b). In contrast, the results for the bandgap-guiding phononic
crystal waveguide are drastically different. The cavity in this case
causes acoustic resonances, while the disorder and bend severely
inhibit the acoustic forward propagation, leading to a decreased
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Methods

Experiments. The phononic ‘graphene’ consists of commercial 304 stainless-steel

rods with radii r =0.3 cm and r =0.45 cm, arranged in air in graphene-like lattices.

The radii tolerance of these steel rods is +0.01 cm. The height of our phononic
‘graphene’ is chosen to be 20 cm, roughly 10 times larger than the acoustic
wavelength in air at 20 kHz to make sure that two-dimensional approximation is
applicable. Experiments are conducted with a large-area acoustic transducer. The
transducer excites a roughly planar acoustic field, which then will be scattered at
the input facet into the appropriate spin edge state according to the symmetry of
the interface. A B&K-4939-2670 microphone acts as a detector, which is placed

2 cm away from the output port with its response acquired and analysed in
B&K-3560-C. Acoustic input frequencies are swept from 18 kHz to 22 kHz with an
increment of 0.01 kHz. The experimentally measured transmission spectra plotted

in Figs 2d,e and 3c¢,d are normalized to the acoustic wave transmission through the
same distance in air. In theory, the transmission should be 100% (0 dB) for the
topological edge states with frequencies from 19.00 kHz to 20.53 kHz. The
deviation recorded in experiments (between 0 dB and —5 dB) is primarily due to
the inefficient coupling into and out of the topological waveguides.

Simulations. Numerical investigations to calculate Figs 1c, 2b,c and 3b in this letter
are conducted using the acoustic mode of commercial FEM software (COMSOL
MULTIPHYSICS).

Data availability. The data that support the plots within this paper and

other findings of this study are available from the corresponding author
on request.
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