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Fig. 1. The unit cell and eigenstate of the ring waveg-
uide type phononic cystal: (a) The unit cell with lat-
tice constant a = 1 m contains a hollow ring with inner
and outer radii 71 = 0.0875 m and ro = 0.125 m, re-
spectively. Inside the ring, the air flows clockwise with
a velocity field distribution V' = vey, the distance be-
tween the ring and the center is R and is tunable;
(b) four eigenstates at our interested frequency classi-

fied by symmetries.
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Fig. 2. Two phononic crystals without air flow: (a) The frequency of E; state is lower than E2 state when

a/R = 3.1, the system is a conventional insulator (system I); (b) the frequency of E; state is higher than
E5 state when a/R = 2.9, the system is a QSH insulator (system II).
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Fig. 3. (a) The change of eigenfrequencies at the I' point as functions of the introduced external airflow;
(b) the illustration of pseudo-spin up component when we introduce the airflow that breaks the TR symmetry
and changes the symmetry of the system from Cg, to Cs; (c) a schematic of the evolution of the band under an
increasing external airflow V, gray area indicates a bandgap; there are two initial phases: (i) a conventional
insulator phase when a/R > 3; (ii) a QSH phase when a/R < 3; increasing V splits the degeneracies of
pseudospins, resulting in a gap closing and reopening process; (d) a schematic diagram to illustrate the

topological phase transitions in our system. the three distinct phases are classified by different spin Chern

numbers.
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Fig. 4. Two phononic crystals with v = 8 m/s: (a) a/R = 3.1 (system III); (b) a/R = 2.9 (system IV).
Compared with Fig. 2, all of these phononic crystals have a global bandgap around 560 Hz, and the difference
is that these two phononic crystals are topologically identical to QAH insulators with C+ = (1,0).
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Fig. 5. Projected band structures and edge states: (a) Dispersion relation for a ribbon-shaped 2D topological phononic
crystal with 20 unit cells formed by systems I and IV, it shows the edge state with counterclockwise acoustic energy flux
on the right interface, the pink arrows represent the pseudospins; (b) the same as (a) but for systems II and IV. It shows

the edge state with clockwise acoustic energy flux.
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Fig. 6. One way propagation interface state: (a) Con-
sider the interface between systems I and IV, they are
topologically distinct for pseudo-spin up component
and can observe the right propagating interface state
with pseudo-spin up component; (b) consider the in-
terface between systems II and IV, they are topolog-
ically distinct for pseudospin down component which
gives rise to the right propagating interface state with

pseudospin down component.
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SPECIAL TOPIC — Topological classical waves

Multiple topological phases in phononic crystals®
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Abstract

We report a new topological phononic crystal in a ring-waveguide acoustic system. In the previous reports on
topological phononic crystals, there are two types of topological phases: quantum Hall phase and quantum spin Hall
phase. A key point in achieving quantum Hall insulator is to break the time-reversal (TR) symmetry, and for quantum
spin Hall insulator, the construction of pseudo-spin is necessary. We build such pseudo-spin states under particular
crystalline symmetry (Ce,) and then break the degeneracy of the pseudo-spin states by introducing airflow to the ring.
We study the topology evolution by changing both the geometric parameters of the unit cell and the strength of the
applied airflow. We find that the system exhibits three phases: quantum spin Hall phase, conventional insulator phase
and a new quantum anomalous Hall phase.

The quantum anomalous Hall phase is first observed in phononics and cannot be simply classified by the Chern
number or Zg index since it results from TR-broken quantum spin Hall phase. We develop a tight-binding model to
capture the essential physics of the topological phase transition. The analytical calculation based on the tight-binding
model shows that the spin Chern number is a topological invariant to classify the bandgap. The quantum anomalous
Hall insulator has a spin Chern number C+ = (1,0) indicating the edge state is pseudo-spin orientation dependent and
robust against TR-broken impurities.

We also perform finite-element numerical simulations to verify the topological differences of the bandgaps. At the
interface between a conventional insulator and a quantum anomalous Hall insulator, pseudo-spin dependent one-way
propagation interface states are clearly observed, which are strikingly deferent from chiral edge states resulting from
quantum Hall insulator and pairs of helical edge states resulting from quantum spin Hall insulator. Moreover, our

pseudo-spin dependent edge state is robust against TR-broken impurities, which also sheds lights on spintronic devices.

Keywords: phononic crystal, topology, quantum anomalous Hall effect
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