) 3B % 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 024302

EFEAEEMNESERS5ERY
BERINAZRE
D L N R Ve L < = V)
KB EEVDE EHAD

1) ("PEREBE S ITE ) R 9 E, dbat 100190)
2) (PEFBEBER, JERT 100049)
3) (RDUE AN HIFoE B, BRI 430064)

£RED f 3 I 1

(2019 4E 9 F 23 HUL#; 2019 4F 10 A 27 HUEI B MH)

HA R ol BRI PE R R B e A 1 B K TR A P A DA R AT RE I 7 2 R R R — A IS Y 5 ]
ARSCA T —Fh T i L N T A O Y S R e R AR A R, HOT A A A i — AR
5 (4 A i S B s, 03— A A R 58 B G L 000 (e A B 6. P98 A B> s 0 1.2, 0 9 £:33°IF, R4S HA 1Y
Ay LR D HR i LU R R 2. 7R £33 MM, REAF 2 B A S BG R R DA MR s W), 25K A AR X 7 Bt
Fa A B W, b 6 Sy 09 60°H, AHXT AT TE 43 5 Ry 0.39 i 0.33. AW ST IE THAL T F 3K AR A 1 R A
LS B S5 F R BER REAT , A BRAE AT B A A R 38 1O BRSO FIRAIE T Ak D B 0 R S e e fe
AR s, KA T — Aol A J ST RSUBK r v B TR Y P I G R O e 1 L B S T AR BIT S B4 A FR AR X A

VA R I RIS B e g RS A G P R BOR AR IT T R A S

KGR MEAL, ST, AR R v e M G R

PACS: 43.35.+d, 43.20.+g, 43.28.+h, 03.65.V{

1 3

TR R AR 4 T A e AR 2R B
MR IE R T EER S YA ST AR Ed, (R s
B i i <3 h 7 B gL B Y BEE 5T Y
2016 47 AT DUR Yy B g 452 7 < RIS & Bl £h
FAAS AN AR I T 1y D100 g A X — 18
A P R E . HAT M A AR
AR Z AR P B e B R
5 IR A A AR i T 2 DL R R S

il

DOI: 10.7498/aps.69.20191454

SR ELR I RV 7.
WMNARE BRI TRTREH, )5
ST, & ERHERAZ BN TIET R
Gl ARG TR O T REE, HAEART AR
THBRGE. UM TRERS, JGkB ik
TR 18] SRR . Ao il 5 | AHERS 19
IR IR A 8977 ORI A 7 R G Y
“HE T AT R G R, o 100 R B S i B
A B2 NI A PR T R e A, Bl
R FE BT PR IR P PR s i 2= o
P QAT S I B R 7, AT S B R

* ER AR SES S 11602269, 11972034, 11802213), 1 R} B il T P58 11K (L5 XDB22040301) Fildb st i
FEHR (S 2161100002616034, Z171100000817010) B B AR

T W(EVEE . E-mail: chenmeng@imech.ac.cn
1 BfE1E#. E-mail: hengjiang@imech.ac.cn
©2020 FEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

024302-1


http://doi.org/10.7498/aps.69.20191454
mailto:chenmeng@imech.ac.cn
mailto:chenmeng@imech.ac.cn
mailto:hengjiang@imech.ac.cn
mailto:hengjiang@imech.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B % 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 024302

. Chen Fl Wul $& th T —Fh IE T 7 7 fin A,
R () FsF T8 45 R ) S T S 0 3o o P A0 LA i
LT RSEIE B T AT LAY 3R MRERT . A A
T A AR S PR ARR G 5 B R S B2 B MR
I 3 5 A 2530 Peng S5 29V A BCHE 1R BE Y

Floquet #i ¥4 Z AR S 1 75 i i IR FE L FEt7 |

Bt qk. S, Peng 45 PO @ i IR T A A
PR B 5 LR A A 3 MHAS , 2 A FHAS Rl 9h + DAH
AIESAF A T 2 R A S IEAh, AR B s
HA Gy, WPRIEFT ARG, IINTAEAT HLIH DX 19 A1
TE R I B KA se A, SRl i e B R A B3
IR IR 2 I ) RO 19996 AR A A X Pk
E Oy, RIS IKIL rOHESAT IR BB, 2]
AR BRI A S B TR MS R WA
TSR TR T RGP A 800 R, MG A AR
Girh B G, XRTER ZZES5H, MITEA FLIH X
R R T T DU R R KL S, SR R B
RRYHEf | BARSE AT DRSS, RJe it A
MR B I BT Zhang &5 BT AR —A> ] HLAY
TG B0 %5 FRA TR A AR A% i S BE T 7 I A e
ZNAS, i A R A A SR R Y 4
(I IR 19 560 2 T LS 0% 9B A% 7 MU 12
[ PR 217 P 5 O oK 51 & i F A A . Deng 2 B9
SN A G SRR AR RIS B A AR
f G, REFRIE A 2 BUA HLIH DX rpoC i Ak DU EE 7 O
ST SRR R KA. Zhang 55 P9 g AR 2%
Fa B~ A A2 £ JBE L S BUE A eR 2 2 [ A 9t
A7 e . Zhang 45 100 38 524 HC VR S 18 Y = £
FEA AT 3]« =B 25, (7 T R 29 n 3 LA
(9 1.5 4%, HEVEF A A AR 1 Sl fY P Sk
BLE. Xia 2 W E AR T2 T8 R 1 ik
CIETEEEE iR ke LN v i U Gl Lol 2l 2D
RS T TR IR RET R, IR PR S AR
R R TR A E SO ERIT“0 Rl Stk
L P MG AN R) , G A ] AR 7 i
GRIRH) b, AT LR T S PR R b 2R AR P Y
AR AR, BT, Han 55 049 R3S T i PSS
AFEPER B I AG BRCLH A ARG R, TR TR
AN IRR S, P T ME G AR SR
BET S Z R ATRENE. SR R S Hh N R A
ot ity B i A A R e PR 2 ], 30 T B0 i i ke
B EAT R FRAE | R R P 2R DA A L
225 Al By 2 B WL T s 25 R 1Y, A L

DHIX Hpcs A Y o 5 1285 A0 Al JE 3 Uk 7 4 A
i IR L.

BT, ARSCRIE T — M R T A S
()2 A e s U MG 45 F (CHL), Hoo i BAT 46 ik
SR s (x I KNIER ) /s A, y I 4/
SRR 1/ /s ) 5050 F iR TO0 st i) S 1k Rl S8 0
DS O IR, B eI s = 1.2, MIX A
B (i BR T8 BE S B RR 2 L) A 0.33 [ —F
FANIE] 0 (%) CHL B4 i) S b S A iy 1
B, SRIEMH s/ 0.8, 1.0, 1.2 B9 =Fh CHL #J3& T
—AH 45 x BN AT T i AR s e R S
FANE AR, WFFE T X PR A A 0 FME . B
TR s M 1.2 0§54 0 4 0°5 60°PFP 75 T i
TR R BT B L <27 B BT L B ARG
HARLF By EHEIE: s H 0.8, 1.0, 1.2 1 =Fhas 4 1
RGN FRIRIEZ B FMAT 1, AS75 Ik GeSsid
BLIT | BRI e Sl o Ak 0 TG S5 S AL 4%

2 R E

2.1 ERHENEIT

CHL MoChE i 1(a) Fizs, HolfiAm BIHIX
WE 1(b) PSR EIXEE X M-K FiR. A8 o =
43 mm, fmEFEER a = ai, ay = —1/2ai +v/3/2aj .
RICE SRS ATEIEARLE ), SR )G 16 fks b
OB—2F42 r = 6 mm WR, BRI R T s =
1.2 (45, BRI — 1 Wh B 4540 . SR J5 v 15 &%
F H O ERE 30°(H A 5] Y /KAl ) 7S £
T B — > F a5 b, FE B E 55 i 0 0 153 Vs 2 T
b EARMIEHL o MIELRE S, Bl RN ob 2k
BREM 0.8 5. th TR EALE ob 1)
K, IR DI EE S b S A PR
[R25% b SRS 120°, 240°, 3 =N HHAE B IR 26
B AR, T —A =7 IR EDE. 4R
JE s AEM 5535 o sURFE RSB 7SAN TS, SR
JETE o BEHTE —42F4% r, = 10 mm ([, R
AT BIAAR R ) A% T LT RE eI 0 IO 5
] 17 55 A A% 1 0 XERR 7 I B A, SRR IR A
Co FTFRPE. TCME G “TEHE T 5 057 F o 1 [
TE S5 R0 7 FH ) S A8 B S A, HL 5 23 S BH BT R i
RAK, Pt fl A PR ICH 4 Comsol #EATALI)
LI O] DL Z 25 R4 v B T s, B SE 454
H P AG B R

024302-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B % 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 024302

"""' _

B 1 (a) IEANHIERR G ICH, o a), ay J& SRR . TE7SIIE T0A 006 6 AL TR 450 5 60 b 1 TR 5 1) R s iz
Fros S A A BRI () SRS B SRR A BLIH X T M-KG () RbA% 2548 i /s = 18

Fig. 1. (a) The hexagon represents the cell of the lattice, where a,, a, is the lattice basis vector, the blue “petal” shape at the apex
of the hexagon and the circular structure at the center represent the hard scatterers surrounded by air; (b) the irreducible Brillouin

zone I-M-K; (c) schematic diagram of crystal structure.
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Fig. 2. The band structures with different 6 and its topological phase transition of the CHL: (a) § = 0°, in which the lower two il-
lustrations show the sound pressure field distribution of the d state, and the upper two illustrations show the sound pressure field
distribution of the p state; (b) # = 60°, in which the upper and lower illustrations show the sound pressure field distribution of the d
and p states, respectively; (c) the topological phase diagram of the structure, indicating that the frequency band is reversed as the
rotation angle changes; (d) the relative bandwidth of the band gap at different 6.

024302-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B % 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 024302

FRA A A, WA 2(a) TR PGB R, XA
SCHF T iR, RS AR e B O
e — WA 0, RILAE 0 £33°0F T b5
2—5 RET & AR IR, B —A U R A, Rt
W p B85 d BT, MZ0RkMp AT A5
TR E AT 23 R A UG TRl 2(c) s . R &R
p A5 d & FETE 0 +33°mHE R & A R . H
A ER p &5 d &SI, B2 p B d SR
PR R U ] I BARAS . 7E 0—33°(-33°—0) f3E
LA d ST B R ARERAIE (1) T p AR ) 43
K AE 33°60° (-60°——33°) YL IR P d ARt
N AR R (1K) F p AT AR st Uit
PRRLEL33°PIM, 215 T p, d B HIRMREH R
A FR. R RE R G AR FFMAAS I R A

2.3 TEHiHRASHEESHE

XFF CHL, MM T 0-—33°FF, d A%
BT p SWIRZT (fy < f,), B (fi - f)/2 =
M < 0, Oy = £[sgn(M) +sgn(B)]/2 = £1(Bk H
A ZR A R T 1) I IR I X AR, N
Z 02, Ja T AR T AR Fh Al B0 S 5 A T
33°—60°HT, d MR T p BIHEZ L (fy > f),
FH M >0, C, =0, JBTFREHIMITEL. NZ5H
FRIFR T & 2(c) AT, 285 ff 728 AR IRE 45+ B B
Vi WA, AT AT LA BN RV £ S 1
FAEXS A FE U 2(d) . Hidr, 0 = 0°B), I
FEAEPIAS A, AN Z MAAEAR S 0)
PR (52847866 Hz), MXIH5EA 39.3%. MK 2(a)
(75 37 53 AR T LU Y, A8 PRI R AL 1) 2
BRI d &, B e p 4, KA~
B AR, 20T 6 = 60°H TR I IE 2(b)
R, AT HARA AL 1 2R F 1 p &, B
WA d A, PRI AN B R Y, LA XY
oM 33.4%. ARCIEBEANXTH YN 39.3% . 6 = 60°
() CHL S5 AIXF 47 96 A 33.4%. 0 = 0°1) CHLPF
AT AR A B i AT TR

2.4 BREEABRHIMNLIRS

WEHE 0 = 60°19 5 J2 FHRS F kS 0 = 0°
(1 5 2RV B RS 5 SR I K, O ) PR R,
B HA BRI R R R T B A IR TR g5
Wk, MBS 1, WKl 3(a) Fios; HE8E 0 = 60°
1) 10 =P RE RS 7 ik S 0 = 0°89 10 2R

RIS ARG kb, 7 I DR E, K A sl 34
Fx ok AR AL, anfEl 3(b) Firzs. MBS D516
B 52 BT P FR AR & B T A TR BV L P A
TAZS, 0 H A AL B RESRL 43 A HrmT DLk BLHAT
A e S B0 R E. NSRSl LA
e 1) TR L Gy, WMRRPERBER, SEGIAS
A A GRS BRIE R, T 8 A
6278 —6448 Hz i B IR A 7e 25, 1 8 ih
6181—6612 Hz J&2547; 2) EH & @ik KN
R P RE IR A R /NVRI D ) (R Sk R RER
R B, \TLULE ST 1805 AE kol
—0.04m/ a [ 57 EARAT Ak 1Y) B 78 A% 300 B 4T ) 5 4%
&), 005 AL A RE TR R TR T 1) ZE AL 4K ). T
BBV 710 5 0.04n/ a &b 1R BE T 9 77 ] WA AH .
XtF RS, 78 &, R —0.04n/ (av/3) 147 B (A5
R BB B 0] 22 A5 4%, e s Ak Y BTS2
W ) 454K, 50.04m/ (av/3) A0 B RE TR A 7 1]
NIGFAE . BT Lk, A58 R FAS [R5 fa ) CHL 44
T —FRLTF T RS QSHE MYIREN 4.
M, T PR T i AR E A R A X e
FIF LA FH#5 /0 A A4 22 B AT I 3] 32 B 3R M4
ENPUETAS

2.5 RINOFRHRREERERE

FFb i1 B — A FE TR U FO i B
Gk, MR A 2 A S TR
FYERIS | BLF SR HA et AR 2 213 EMA Y Y
A REGE L X B T LT AT S M A TG H%
] 4(a) B2 IR 1. f = 6900 Hz [19°F-
T N ZEMAG B — B 5 A S Z A
LSS, RS oA R B I AR 0 =
60°55 0 = 0°RY 7 fb AAHA) B 1 320 AR b 1 4 ok
F=. B 4(b) EEBEEE 4(a) BEREIRZ ESIATLF
SRR B, % R AR T D B 1 3 S o Ak
SEln) N AEHE. B 4(c) JRXT LR, HFIRAY 25 1%
NSRRI 0 = 60°19 7 T A ) 5K 4(a).
&l 4(b) AH A /N B G546 1B, 75 S 1 43 A 15
] 4(d) 2K 4(a) FE 4(c) S5 Y P om0, P
55 )R A7 A 0 A BT, A 4(b)
B X N BB (output) s, ELARG & K K@
X3 R 0.081a, 56N 1.5a. MK 4(d) iTLIAE H:
XFF I A(c) S5, H 585 R R RS 5 e
FEIAH 22 LUK, il &7 HoAl BRI A g LT AN e

024302-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B % 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 024302

(a)
8200 25 75
L 7
7800 4T o ray
: 9e%
7400 F 45 ) 4
% %%
8 7000+ o9 A
E 3% a8 S}Sj o Un gé
g 6600 &t 4
Q
g 6200 g\ ] . k
5800 | 2 ) . s j;é’ A ;,;z‘
) Nt %(’ 5 " O i O
v 3T .° UL v ;f’
5400 | %’f)ﬁ . . ‘
b > it ®
53 | g P
5000 73 a W
4600 |§
1.0
(b)
8200 |
7800 |
7400 |
X 7000 F
= ve, 02 o e
g 6600 | renon
Q
&
g 6200
~
€5
5800 |
5400 |
5000 | ) A
d; 4
4600 |,

-10 -08 —-06 —-04 —0.2 0 0.2 0.4 0.6 0.8 1.0
ky/m-(V3a)~!

3 (a) T RUHFNY k,J7 MIESESZH G, B K 6 XIRR R, 206 AR RR AR, PEIEERR 0 = 60°19 5 2T
RIS TR S 0 = 0°19 5 2 AR T BLUS T Ik, 07 T PRk, M BB ay, ap, by, by SBGFE R AT (b) T RS 50T
K, 77 1) RGBT 5, W3 P 380K 6 = 60°1Y 10 2 PR BL S Tk 5 0 = 0°f 10 B AR PR B S T RN K, O7 1 BREE K
MR BIE R ¢, e, dy, do s BT ST 4 P 0 PR 6 DI 37 Sk 3R 3 FLA 1) BB W T )

Fig. 3. (a) The projection band structure of the type I edge along the k, direction. The gray area in the figure represents the bulk
state, and the red dotted line represents the edge state. The illustrations on both sides indicate that the five-layer trivial phononic
crystal with § = 60° and the five-layer nontrivial phononic crystal with § = 0° are spliced along the %, direction to form the super-
cell and the sound pressure distribution at aj, ay by, by; (b) the projection band structure of the type II edge along the k, direction.
The illustrations on both sides indicate that a 10-layer trivial phononic crystal with # = 60° and a 10-layer nontrivial phononic crys-
tal with 6 = 0° are spliced together in the &, direction to form the supercell and the sound pressure distribution at points ¢; ¢, dj,

dy. The black curved arrow in the illustration indicates the energy flow direction at the edge.
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Fig. 4. The sound pressure distribution and transmission spectrum of the structure when a plane wave is incident from the left side
with amplitude 1 Pa and f = 6900 Hz: (a) A mixed phononic crystal composed of a spliced structure of phononic crystals with § =
60° and 6 = 0°, and the edge between the two phononic crystals is called the topological edge. The cyan arrow on the left side indicates
the plane wave incidence. It can be seen from the sound pressure distribution that the sound wave can propagate around the right
angle and the Z-angle along the edge; (b) introduce disorder and cavity on the basis of Fig. (a), sound waves can still propagate

around these defects; (c) a structure consisted of phononic crystals with § = 60° alone where sound waves cannot propagate;

(d) sound intensity transmission spectra of the structures of Fig. (a)
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diagram of the structure at s = 0.8; (c¢) the topological phase diagram of the structure at s = 1.2.
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Fig. 6. Sound pressure distribution of aperiodic topological insulator structure: (a) A periodic acoustic topological insulator com-
posed of three phononic crystal structures with s = 0.8, 1.0, and 1.2 and its sound pressure amplitude distribution when sound wave
with f= 6900 Hz is incident from the right side. The horizontal dashed line in the middle indicates the horizontal stitching position,
and the vertical dashed line indicates the vertical stitching position. The first and second insets represent the lattice cells with 0 =
0° and s of 0.8 and 1.0, respectively. The specific positions of the three phononic crystals are shown in the third illustration, where
A, B, and C respectively represent s = 0.8, 1.0, and 1.2, and the numbers 1 and 2 represent § = 0° and 60°, respectively. The cyan
arrow on the right indicates the incident plane wave; (b) the sound pressure amplitude distribution along the y direction at z = 20a,
and its value is normalized by the maximum value; (c) the distribution of the sound pressure amplitude when introducing disorder

and cavity on the basis of Fig. (a).
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Abstract

The discovery of quantum Hall effect and quantum spin Hall effect has set off a new research upsurge in
condensed matter physics. As is analogous to electronic systems, many novel optical and acoustic control
devices have been designed by using the defects- immune and backscatter suppression of topological edges in
photonic crystals and phononic crystals, which greatly enriches the current physical world and arouses more
research enthusiasm. With the study of acoustic topological structure, it has been found that the realization of
good reconfigurability, good compatibility against manufacturing defects, and compact acoustic topological
insulators may become a promising development direction. This imposes higher requirements on the topological
band gap width of the current acoustic topological structure. At the same time, the restriction on the using of
the same primitive unit cells in previous researches does not reveal the implementation of aperiodic double
Dirac cone topological insulators. Here in this work we present a tunable, two-dimensional broadband composite
honeycomb lattice structure for airborne sound. Firstly, We construct a hexagonal structure and then take a
circle with a radius of r in the center. Then the circle is anisotropically scaled with the scaling factor s, which
means that the z direction of the circle is expanded by +/s times, and the y direction is reduced by 1/4/s times
to form an ellipse. Then, we perform a translation and rotation transformation on the ellipse, and finally
construct a “triangular-like” petal pattern at each vertex of the hexagon. Secondly, we place a circle with a
radius of r, in the center to achieve the unit cell of the phononic crystal. This cell has two variables. One is the
rotation angle 6 of the petal pattern around its centroid, and the other is the scaling factor s. We find that
there is a quadruple degenerate state at I with s = 1.2 and § = +33°. On both sides of +33°, changing 6 will
induce an inverted band and a topological phase transition. At the same time, the relative band gap of the
structure increases gradually. When 6 is 0° and 60°, the structures are two topologically distinct broadband
phononic crystals with relative band widths of 0.39 and 0.33, respectively. Calculated by the finite element
software Comsol, the edge states existing in the band gap are found, and the backscattering immunity
characteristics of the topological edges to defects such as right angle, Z-angle, disorder, and cavity are
confirmed. For the first time we construct a aperiodic double Dirac cone acoustic topological insulators with
different values of s and change their defect immunity. The research system is rich in function, and its relative
bandwidth can even exceed 0.5 for a certain s value, which significantly exceeds the bandwidth of the known
structure, and lays a good foundation for miniaturized acoustic wave devices taking full advantage of acoustic
topological edges. Meanwhile, the realization of aperiodic topological insulators shows that the system can be
used more flexibly for acoustic structure design.

Keywords: topological phase transition, broadband structure, aperiodic double Dirac cone topological insulator
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