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Fig. 1. Frequencies of doublydegenerate p states and

d states at the I" point as functions of the geometrical
parameter (r/L) for both P-type and N-type acoustic
crystals (ACs). Insets schematically show the struc-
ture of P-type and N-type ACs, where the red hexagon
represents one unit cell, which is composed of two iden-

tical steel rods.
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Fig. 2. Band structures of P-type and N-type ACs
when r/L = 0.45: (a) The band gap of P-type AC is
topologically trivial; (b) the band gap of N-type AC
is topologically nontrivial. In both (a) and (b), insets
show the acoustic pressure fields of the doublydegen-

erate p states and d states at the I" point.

2.3 [EFERENTESERRES

Al X 232 B, Cop A2 4EA 2
%ZT?: El *ﬂ Eg. {px,py}Xj&ﬂ:Eliﬂi\‘, ﬁﬁ
{dao o dy, R RET Bp 7. AR By 0B,

224301-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 22 (2017) 224301

7N PR B R W R, AT AR — A R I 1) S i
HHET=UK, T U = —io, B— MR LIEFEF,
KOS SRRy 2320271 7 S5 BAT o R

Tp, = —ip_,

P+ | p (2a)
Tp- =ips,
T?py = —py,

i (2b)
T°p_ = —p_.

AT UL t, TS0 fA (52 A 0T L T R G 3
S IS A, T L TR 2 9 B 3 5
T SR, B EVES pa = (pe + ipy) [V2 AR
THIAEA: CAE T MR F AT AR, py A
p_ 4RI e RO e R RO R
OS8R S O BERE X FCRE, th e 3 i 2510
B E RS dy = (dyo_ o & iday) /V2.

2.4 MEWMES B FRH

NTHART ST OREER, RIEE - pi
PR (29-26:20,50:55-37) T B % R A — T
AR TTER. BLE, K R BA R & i E A R
(1p2)s Py duz ), |daey)) T FHIE

Hift = Hjj 3 % (6 =1,2:3,4), ()

SO HY, = (L H'| L) AR R ALER I F Ty 2 06
M2 &Ry, H = k-p = ik - (207 1V + Vp; 1)
RAERBEHTEROMRIL L= {p), ),
(o2 —y2), Jdogy) } TR DU AAE S, B AT R
gi = {epsepsaseat. HT |po) M |py) BA & FHK,
|22 ) A |y ) U ETERR, BT LA HL B9 B0t A
BURE. BHBIFIER (), 1de), o), |[d-)T T,
{545 2 B

Heff _
M — Bk Ak, 0 0
Ak —M+ Bk 0 0
0 0 M— Bk Ak_ ’
0 0 A%k, —M + Bk

(4)
Hhky = ky £iky, M = (eqa —gp) /2, AKH—F
AT H; BAEXT F . B R B i AP Xt
i, BT

N T R R RN, v TR

5 e % (spin Chern number) 4381
Cs = i% [sgn(M) + sgn(B)]. (5)

ZAR, R BM < 0, Cs = 0, X BT IRT R,
WH BM > 0, Cy = £sgn(M), %R T3 fhEF e
B AERCHE R T, T PR A g, dSHEE
fEp&Z b(eq > ep), M > 0, Cs = 0, Fr LA B
SRR R, AEXT T N B 1 ik, d SAERLE p
BLF (ea <ep), M <0, Cy = £1, H RN FH
AE-F .

TR A R R, B e, E R
P I AH AR HL B, AR SO S T AR A R G AR K
T CdTe/HgTe/CdTe & ¥ Bt & %t 1 1) Bernevig-
Hughes-Zhang £ 11 [K 58 44 B AR, fEA
SCIFE iR R AT DU I — AN KL 1 QSHE
FR 75 27 H e R RN

2.5 BIEKBHRIMNIFTS

BESRA TS 2 3 B e R R, IRAE 1A ZS -0
TSR R ], 727 75 - AR A s
Z BN A ORI I R AL BRI RS, o BTy P A
AN BYFE 7 i AR PR — g, Tl —Fh =R 4
F: RN 10 BRI N 27 7 R R 10 2 1)
P RS AR NI JefE—iE, Wil 3 (b) Fras. it
T ZM LM T M J7 s 5, 45 5
Kl 3 (a) s, K BB AR ds, I ARRIAAE.
AULE W, DAE (E6) BB S S RATT,
Hi RSB A EERE R HETEENE, BTl
A (W) B — i E R, X2 T
[F] — 99 R ) — A0 R Ak iz R T e [l B R
e 1A R PSS [F IS AEAE BT S B0, T B, X AN [R]
BRI 10 P25 0 BT N B B 1 AR 1 22 AN A
M S R T EEMM B R R, - 3 (a) ik
BT A, BI/MMRER AL, A H TRt B8 S 13
K211 3 (b) H.

B A B FE 3 (b) i L7, WLLEH: A
30 b R I A2 300 I T A 1D, 0T LR e EE B
YR b, A RS R (—y i) A&k A mia gt
BB A A Tl B 1, N 1 i T AR 5
N, ZAASHEAT (—y W) 8. A SEYE
B ARl RN RE VR 5 R0 T B e T 1R R4 4% T
35 B s 22 i 5t 1 Re IR0 I 1 e % 11,

224301-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) 32 % % Acta Phys. Sin. Vol. 66, No. 22 (2017) 224301

1.2
(a)
o i i

§ R LTI .uuoun

< 09 . B
ST
0'Z1.0 —c|).5 (I] 0.I5 1.0

ky(n/a)

K3 PA/NBGEFRARE RRIMNIRE  (a) £R PNP =HIREH (1 10 2 N B4 10 2 P BIE5 4 w243
ML) W56 TM J7 M I BEGE A 454, BREIN SRR S, WENARRURE; (b) W EHTACE T AT 2 M g5,
WA EEE T B AR, THHASEA A SRR, Forb B SRR R [P35 5 KRR B R R, 1
TR PR B T IR R 1 7 1 T ELARTET W4, P 4% R e e & Sk e, RIS e 0 R nd 12 I 1 e T ELAR I 9, AL
PR B Sk 2o o ) (R i R R AR B A S _E 5 IR 1 e B ) 78 0 S s I RV — AN T A 7 TR A, AL T
LIS RFIE

Fig. 3. (a) The projected band structure along the I'M direction for a ribbon of a N-type AC (10 unit cells)
sandwiched by two P-type ACs (10 unit cells) from both sides, black and blue dots represent bulk and edge states,
respectively; (b) the blue rectangle represents the supercell used in the calculation, acoustic pressure field distribu-
tions at edge states A and B are shown, where the wave energy is obviously localized around the interface between
N-type/P-type ACs, black arrows represent the time-averaged Poynting vectors, the counterclockwise and clock-
wise rotational behaviors of the Poynting vectors are consistent with the spin-up and spin-down orientations of the

pseudospin components.
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Fig. 4. (a), (b) When excited by a pseudospinup source (5S4 ), there exists an edge mode that can propagate along
the left hand side P/N interface, but no edge state exists along the right hand side N/P interface; (c), (d) when
excited by a pseudospin-down source (S—), there exists an edge mode that can propagate along the right hand side

N/P interface, but no edge state exists along the left hand side P/N interface.
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Fig. 5. (a) The edge mode can propagate unidirection-
ally along the interface with almost no backscattering
even when there are four 90-degree bends at the inter-
face; (b) similar to (a) but with two more defects (a
cavity defect and a disorder defect) are introduces into
the interface. It can be seen that the acoustic wave can
go round all these defects with little back-scattering.

Red arrows represent the incident waves.
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WIFANE Ak, LA S I T DO U5 38 7R U
(AR AT i B PR 7 30, A S B B B BAT K
PRAFNE 7).
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SPECIAL TOPIC — Topological classical waves

Topological phase transitions caused by a simple
rotational operation in two-dimensional acoustic
crystals®

Wang Jian Wu Shi-Qiao  Mei Jun'

(School of Physics, South China University of Technology, Guangzhou 510641, China)
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Abstract

We design a two-dimensional acoustic crystal (AC) to obtain topologically protected edge states for sound waves.
The AC is composed of a triangular array of a complex unit cell consisting of two identical triangle-shaped steel rods
arranged in air. The steel rods are placed on the vertices of the hexagonal unit cell so that the whole lattice possesses
the Cg, symmetry. We show that by simply rotating all triangular rods around their respective centers by 180 degrees,
a topological phase transition can be achieved, and more importantly, such a transition is accomplished with no need of
changing the fill ratios or changing the positions of the rods. Interestingly, the achieved topologically nontrivial band gap
has a very large frequency width, which is really beneficial to future applications. The topological properties of the AC
are rooted in the spatial symmetries of the eigenstates. It is well known that there are two doubly-degenerate eigenstates
at the I" point for a Cs, point group, and they are usually called the p and d states in electronic system. By utilizing the
spatial symmetries of the p and d states in the AC, we can construct the pseudo-time reversal symmetry which renders
the Kramers doubling in this classical system. We find pseudospin states in the interface between topologically trivial
and nontrivial ACs, where anticlockwise (clockwise) rotational behaviors of time-averaged Poynting vectors correspond
to the pseudospin-up (pseudospin-down) orientations of the edge states, respectively. These phenomena are very similar
to the real spin states of quantum spin Hall effect in electronic systems. We also develop an effective Hamiltonian for
the associated bands to characterize the topological properties of the AC around the Brillouin zone center by the k - p
perturbation method. We calculate the spin Chern numbers of the ACs, and reveal the inherent link between the band
inversion and the topological phase transition. With full-wave simulations, we demonstrate the one-way propagation of
sound waves along the interface between topologically distinct ACs, and demonstrate the robustness of the edge states
against different types of defects including bends, cavity and disorder. Our design provides a new way to realize acoustic
topological effects in a wide frequency range spanning from infrasound to ultrasound. Potential applications and acoustic
devices based on our design are expected, so that people can manipulate and transport sound waves in a more efficient

way.

Keywords: acoustic crystals, topological phase transition, band inversion, pseudospin
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