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T R Dirac RIS R, I H BA AR A IR, 78 75 B U A RaF R A RT St H
I, P 7 d AR A4 PNA G35 BT Bragg HUN PP 2R R REAT 454, ME ASEERAI A I (1 32 90 $h DR 37 B R 32
GAtt. AN RS, Vit T HA Cay XARNE R A B RS2SR, IF AT 70 H AT BN X o
MRai (K /K" 1) BIEPK Dirac $ETRZME (. 5, JERd e 4T 5 (A S Se 21 P 2 R BB Bk, A8
H Dirac il HHERIT M0 7 £ WP IMAR RIS B IEAS. ea, KRS AL T 17 bR
HIE IR AN IR, SR AN B et . 2 (R B S R S S AR K Dirac 20 (S WK B
TEAS TR T P T AN GAR I U RT BR DS P SRS (i A% S IR BLA) B 4R fit PR S i

KR TRELGEAEH, WP A AR, Dirac fa JF4E, 030 B IS
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15 =

2 % R A W B AU oK B T e R R AR
(quantum spin hall effect) Fl#fi $h £ 2 1A (topolog-
ical insulator) FEZM 2 #F 78 N 53 5%t 1 & 4k
(photonic crystal) #l 75 ¥~ i /& (phononic crystal)
E I AT R 4t (Bosonic system) [ 4 #7152 ¥
MR B A G I R AT TR B0 B
L A% B 1) FE AL B B (potential gradient) #13H I
ANTE GG T AR, BRI R TN A TR
BRGNS HLEL AN ES B L
I8 3o B R 't 1 A 2R G IR IR TA] B R AR 1 (time
reversal symmetry) 55 5 SEIOGFHH L ) A S A%
i1 (topologically protected one-way edge transmis-
sion) (4591 SR SRS 0 e B2 AR, FLZE AT
B, mmiEAM R E R AEN BRI R, RASH
(1) BN 2 P 45 8 A 3 R AT T O T R
Ji 61010 i Y, S % 57 M A4 R} (optical bian-
isotropic metamaterial) &SRS =+ H
WEEE IR RN, S T KA S Imh b A AR ) ik H
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JiE - BB AZ HAFF (spin-orbit interaction) [78:12:13],

EH T 75 I IR A 6 3 Bz /N T IR AR T
DAL SH 7 A i PR A B, LA 1 R A - [A] 1) 22
BT ghab, 757 PR ESE S (group ve-
locity ) 1 ey % 55 2 77 ok 75 4% Hn % A% Hh S g e
A 5 5 B LR (backscattering) 121, 47 Mg
YT B A AR i ) B v 30 A% B, X R B BT B
Ja B e R, R, RO aR R, ST
1R B $h A2 @ 25 (topologically robust state) fff H
Xk B B BRI 2. A (acoustic polar-
ization) f [ A7 G0 [ P Jo A 45 4% St 1) B e P 0E =2
EHLERAE DL A T A L X R, B
NI T REBRRENB L. EFREN R
grrh, YRR i i 2 Bl 18 T AR 400 1 37 RS FT R IS
B) BN PR A, R 10 R B A T B 9% 1) 7S 1
LG A N R EE AL Wi ER
(PG PR Bl (19251 75 75 s I 4 T S B T B2 40 $h R
P BRI L SR AR . SR T 1R S B MR i e 3 a2
SAEI, HEAEHE B A A& A, JFERA N
FEWEFE T HME LAN H TS BR TRE. B, BEAT N
K F i 25 4 ] (spatiotemporal modulation) 24 1
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THE A 1/2 B IE %K 7 M5 (spin-1/2 Fermionic
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SN Dirac #E ¥ (R & B4k, PSR H e
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zone) I =R FR A U AT PR 1] (two-fold degen-
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I}, Dirac fa] J¢4E BT (1) 68 0 4 & 1 411 -5 90 -1
FTHF, AE AR bR Bl ) B 7 SO I GO A s 1
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RE S LA AT T AR AR A AP0 4 A 3. F XTI
—HiAR, Simon 2% (Y 51| ] Helmholtz H:47 25 #4 3R HL
T LK Dirac {5 F-4E, I8 T 7 18] S50 PR
P, ST R K A R @ L 4. Helmholtz
FLHR AR ) 32 EEBRRF 42 H Helmbholtz LR 5
TCHIREEFEE . BT —ERE, BETEN
(R GREE M) Gl NP A P RL, vt s R i S Y
AR SR G A B A AR R E
AR ) B Ge G 1 Th GAT AL 4R, BE 0 AR SR I A] B
A ROHH R 12430, DRk, A ST 2 ) AR AR
P 5 75 1§ A& Dirac {6 JF4E 2 AT 0 &, Wit T2
H Csy XTI ) 2 () Bt S Y P 2 k), IR AE HoAl
HINX B o R K (K S8 T 3 K Dirac
I IEAS. e 2 A B e Y S 2l Aok, A X FR 1

M Cs,, BN O3, #1032 Dirac fi J &840 M0
RIS B IRES, ST T IR IR NS A i
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W 1 (a) Fros, 4803 2 0] 3 Ge 2 75 2
FER AL HH T i A 1 2 1) 38 S8 B [ A DA S A i T
XAEZ P A EHE R . For, 3 A8 5 4
RS, QAR E. &
BHEB N = |a)| = |az] = 70 mm. 1 (b) N
MR R A R BN E S T, /)
al TR R Ric N = =N R B =i A Y N S )
R =32 mm, N OEPEEAr =4 mm, Z5[A]
PGB ERMEE Nt = 1 mm. BLZR S5 EE
BRI 5 BSAS X 38 BEAS X 5 b 25 38 5 A i,
EEAN ORI EEY N w = 1 mm, #IE 8] BE 354
d = 2.5 mm. FANXIRKESEC N = 8, BIFE K
FEAZ X 35125 it I8 38 h SAT AR FR I 8 IR
FHAR B PIAN DX T H A JEa s SR B AR FR . 2
V) 3% S8 2 [ A B AE B2 T 5 A Wk [ AR S . 2 ]
Fk G B AT 1) e i M FE T 5E N . Mo = 0° 1,

(b)

K1 S ME SRR VTSRSl () &
VF1) 3 8 A 7 2B A L DA A ot i 2 2 A A I 4
fi, MkEHH e = 70 mm, BEFREEME o = 15°; (b)
AL G 2 A BRI ST LT 25 K 18], I 42
R=32mm, NEF¥ZEr =4 mm, BEAOEEFw =1
mm, HIEEFE d = 2.5 mm, Z4EE ¢t =1 mm

Fig. 1. Schematic diagram of the space-coiling struc-
ture acoustic metamaterials: (a) The space-coiling
acoustic metamaterials are periodically distributed in
the air in hexagonal lattice, the lattice constant is
a =70 mm, in the figure, the rotation angle is & = 15°;
(b) geometrical structure of minimal unit of the coil-
ing up space acoustic metamaterials, the radius of the
circumference is R = 32 mm, the radius of the in-
ner circle is r = 4 mm, the channel entrance width is
w = 1 mm, the channel spacing is d = 2.5 mm, the

thickness of the structure is ¢ = 1 mm.
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SEERS U, I BT AFEARSIUSAUAT R Bl 1 3
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AR B TTAN T E AN A E TSRS, 12 F
FH v 3 555 S FIORE It 350 14 75 I BT DAIOR SRR AR B
B R 58— W SR LR A A 18 A5 IR i
A RO 7 (R B SR A5 1 () ELARAH S5, LR
AT AR 7S k0 [F) P 1) ARG, AR,
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T e AR A A R RS AT AT A5 % 7 ) i SR Y
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A GAL I SEIL IR At R AR T 5.
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PELE & Cs, XEARYE. BRB, 75 258 AR R B8 s 45
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Fig. 2. Band structure of the unit cell of the subwave-
length space-coiling acoustic metamaterials: (a) When
the rotation angle of unit cell &« = nmn/3 (n is an inte-
ger), the bands linearly cross to a subwavelength Dirac
degenerated cone at the K(K') points of the Brillouin
zone; (b) when the rotation angle of unit cell a = 15°,
the Dirac degenerated cone will be opened and gener-

ate a complete bandgap.
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BHEFT 7R, B A T8 3 K Dirvac #E (1 3 — b 41 %
wa/2me A 0.1989 (w/27 K 7~ Dirac HE (1 5 x4 2
W 975 Hz, a Rosans 470 mm, ¢ LR HE HAE
A RIERREE 314 m/s).

B 2 (b) W BE T 45 M BT, 2 7 A R
) 7 Jié % 15° BF, A BL X K £ (1) Dirac 4E 245 1M
T B — X 0 e A A, a3 Tl AR e R AL 2R 1 p~ AT
R gt 55, fEp MMt Sz T —B
IH— AL AT 2 0.1908—0.2071 (1) 58 4= B (24
HA R BEAE 9351015 Hz). 7~ A A A BLIH X
K(K') 5 (P 5 14 3 Dirac 4 52 5 548045 6 Fr b
PRI DRI, 27 25 R 5 B 1) T % A B A 25
o =n1/3 (n N I, RIS TRES
B i I B BN AR R T, A XS BRI M Cs,y FEAR
Cs, BET % AT BN X K ) Dirac 249, 11 7=
H—B e A .

3.2 IREKEATRER

B 3 oA HLIH X K S BE 5 IR AR B
T F FE AL A 28, B b ) 4 2R A 2R R 3R
p~ BRI gt SRR AR 2. R B AR ) B
WERE A o L —60° 3] 60° i A1k, M]3 0] 40,

0.4

0.3 .

Frequency(wa/2nc)
o
o

0.1r

0

—60 60

a/(%)

B3 A BINIX M i K R A b 75 2 A R e i
AR R, 1B A o = £15° B IIES
KR AR

Fig. 3. Schematic diagram of the rotation angle of the
acoustic metamaterials dependent frequencies for the
band-edge at the K-point. When the rotation angle is
«a = £15°, the acoustic topological valley-spin states

of unit cell is shown in the illustration.
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Fig. 4. Subwavelength topological valley-spin edge state: (a) Bulk band structure of the supercell of acoustic
metamaterials has four edge bands in the complete bandgap, the red line indicates the direction of the energy
flow to the right; the blue line indicates the direction of the energy flow to the left; (b) there is four pionts Ly,
Ri.11, L1.11, Rir.1 on the edge bands showing the different subwavelength topological valley-spin edge states.
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Fig. 5. Robustness analysis of subwavelength topological valley-spin transport: (a) When the frequency is 997 Hz

(normalized frequency is 0.2035), simulation of sound field in two different transport paths is shown in the illustration;

(b) there are two different transmission efficiency curves with two different paths, the black dotted line indicates

that the sound wave transport in a straight path, the red dotted line indicates that the sound wave transport in a

zigzag path, the shadow region indicates the range of the topological bandgap.
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SPECIAL TOPIC — Topological classical waves

Subwavelength topological valley-spin states in the
space-coiling acoustic metamaterials
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Abstract

Phononic crystals possess Dirac linear dispersion bands. In the vicinity of Dirac cones, phononic crystals exhibit
topological properties which have good application prospects in control of acoustic waves. Up to now, the topological
edge states of phononic crystals, based on the band structures arising from the Bragg scattering, cannot realize low-
frequency sound waves by the topologically protected one-way edge transmission. In this paper, by introducing the
space-coiling structure, a space-coiling phononic metamaterial with Cs, symmetry is designed. At the K(K') points
of the Brillouin zone, the bands linearly cross to a subwavelength Dirac degenerated cones. With a rotation of the
acoustic metamaterials, the mirror symmetry will be broken and the Dirac degenerated cones will be reopened, leading to
subwavelength topological phase transition and subwavelength topological valley-spin states. Lastly, along the topological
interface between acoustic metamaterials with different topological valley-spin states, we successfully observe the phononic
topologically valley-spin transmission. The subwavelength Dirac conical dispersion and the subwavelength topological
valley-spin state breakthrough the limitation of the geometric dimension of the phononic topological insulator, and

provide a theoretical basis for the application of the phononic topologically robust transmission in a subwavelength scale.

Keywords: space-coiling structure, subwavelength acoustic metamaterials, Dirac degenerated cone,

topological valley-spin state
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