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Fig. 1. Rhombic loop with gauge flux m; (a) Schematic of quasi-one-dimensional rhombic lattice. (b) acoustic unit cell with gauge

flux m; (c) cross and V-shaped connections in two coupled cavities; (d) the split eigenfrequencies and central frequency as a func-

tion of the tube parameter di for the two cavity structures with positive and negative couplings; (e) eigen-pressure patterns for the

two structures, exemplified with di/dp = 1.6; (f) acoustic band structures for 0 and m fluxes in the rhombic loops.
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Fig. 2. Flat band states in acoustic AB cage: (a) Intrinsic excitation for the second flat band in Fig. 1(f); (b) acoustic flat band

bound state and flat band diffusion state under the case in Fig. 2(a). (c) intrinsic excitation for the third flat band in Fig. 1(f);

(d) acoustic flat band bound state and flat band diffusion state under the case in Fig. 2(c).
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Fig. 3. Composite flat band bound states in acoustic AB cage: (a) Composite flat band bound state based on the flat band bound

state M1, and T, represents the translation of the localized mode along the basis vector by one unit cell; (b) composite flat band

bound state based on the flat band bound state M2; (c), (d) composite flat band bound states formed by the superposition of modes

M1 and M2.

104301-5


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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 10 (2025) 104301
b
(2) fuuit (b) X ) * Eunit R -
® \ 7 Y 7 Mt Ay b 7 W \‘ / N —/ \ L > =
\//§ - & ;;,_,/.._( YR, Y i 5 7__"5.4 % &%
L\ @ \ y
¢=0 i p=mn <
S v X ¥
(c) (d) 2300
2300 > o Edge 200000 2300 %
R o Bulk
N ” . 2280 Py . =0
T 2270 ° T T 2270 —p=n
= ° S 2260 = ° 4
19} Q Q
g 2240 Goeseses § 0000000 § 2200t )
: ,J : 2240 &
— — ~ o q
& [sH [=H
2210 ° 2210 -
. 2220 0o ]
. 200000
2180 L . . . . 2200 X . . . 2180 ) n n i
0 4 8 12 16 20 0 5 10 15 20 25 0 02 04 06 08 1.0
Solution number Solution number Energy ratio
2230 Hz 2230 Hz

& > VIR -\ ™
% , / ‘/ 4 )/ 20 v,
RS Rl

A 4

PA
v
o/

4

p=m
4 ¥ v Y
4 4 ‘ ‘/ '/
2260 Hz 2260 Hz
Min HEEEEN TN Max Min I TN Max
Pressure Pressure

B4 o=0Fp=nPfaRSE&THERBER SN (a) BN 00T S SRR S (b) B4 o 36 MR &
PR R PR, HE i JRRE Sy o8 ARG R v SR SRR T, B (B BB AR IC A RIUR AL () XTI @ = 0 A7 BR AR AU AR IE AR 1 05 (d) Xz
o = n A7 R AR AR G 18], P SRR RN I RS AR : AR ZEHY Eynic/ Esys BEE HOR I, 53R 0y 28 IR 0K A3 (oL
B (e) 7F 2230 12260 Hz, ¢ = 0 ZE I8 & th " RS M40 10 ; (f) 16 2230 1 2260 Hz, ¢ = n Z2JE A%k v (1 Jm 8% 3

Fig. 4. Sound field distributions excited at the bulks of two finite lattices with ¢ =0 and
with gauge flux 0 and sound source for bulk excitation; (b) schematic of topological lattice with gauge flux n and sound source for

¢ =m: (a) Schematic of trivial lattice

bulk excitation. The black box represents for the selected standard area for sound localization, and the yellow star marks the excita-
tion position of the sound source; (c) eigenfrequencies of the finite rhombic lattice with ¢ = 0; (d) eigenfrequencies of the finite

rhombic lattice with ¢ = m, where the green spheres represent the edge states. Right panel: Comparison of the energy ratios

Eunit/ Esys for different structures, and the purple spheres indicate the positions of the selected excitation frequencies; (e) the field

distributions of diffuse states at 2230 and 2260 Hz under the rhombic lattice with ¢ =0

2260 Hz under the rhombic lattice with ¢ = .

W 5(c) Bz, SR AB EHTNSR, AR
TEFEIN By BEELT- S T BN REMEER By, A0
LSRR, R I RIRAE B BRTT. 25,
TEPIASH BN, 23 R G A AR (2216.8 He
F1 2277 Hz) VERICARIIZ (WK 5(c) Hr A RER
Fric), I AN 25 F i 03 A . anlEl 5(d)
LN i o s R L R LY S 4= N b -
B SR8 TR ST N O WA S 1 I
M| ANFEHIIET JG, TERIBEL RS RS &, K&
PR D B SR 1 SRy S A i R IR = AN TR
JEE . AR BRI LA ik, 2 TR SR
BURFIE R 0 4. R, TR RS AR

(f) the localized sound fields at 2230 and

SRR, AR FINAR AN TR AT B3 el 2 m s
AR R, b FESIUR R B 3
AT RIS

YT o = nil B ENS A, 23R IR A T
SASA AT, P R R SRS A, R
ST RSN G. H R R R E
T PR IS, PTHITE % AB 28 fh s ARl
B BIRT S  Jm k. I R R T A A
Wil 0Vl . 1935 T AB [NZERUN, 75 0K
Bl AR AR K e i 161,

B, TE5 2% AB 328 S s 5| A L5 il
Po, B UEH G A R S S R AR Y

104301-6


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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 10 (2025) 104301

(a) Eunit (b) Eunit

ot B = N

DL B

- ’V — .7
--=" ,/ »=0 - ’/ p=m
E < : = = A O S, A E - BN - 5 o =
TP 2T AL P LY :\//?'»/?ngg/»'%)(’\y\”\/
1 1 1 1 A
() 2300 ] (d) =0 (e) p=n Max

L e jiedeRegsielede gRelcfefelelsd
N 2280 = =0 P 3 X % 2 X ) i
= p—n 1 f Ko ik ok ) F ol I o
= 2260 2216.8 Hz 2216.8 Hz =
(9] wn
g &
2 2210 T ngm plaBalaakale Im
Qo > - s WL LS S WS L, A8 4
£ sa0], ‘ b ry T

2277 Hz 2977 Hz Min
2200 - 1 P 1
0 0.2 04 06 08 1.0 Max

Energy ratio

(f) p=n
Heloielololels il pisieieieieielr

Min

Pressure

B 5 =0 p=nMffRM&THBREEFS SN (2) 0B EA RS THA R ERER; (b) oA R
B3 SR R BIRL; (o) PIFPE f S8R Bt LE R i 4R, S RO SR IR SR IR AL 5 (d) 78 2216.8 F1 2277 Hz, o = 0 A7 MR &A%
B RS () 75 2216.8 Fl 2277 Hz, o = n A5 KRG A& T 038 SR B 3, (f) 75 2204, 2245 F1 2289 Hz, o = n A BR & i
O

Fig. 5. Sound field distributions excited at the edges of two finite lattices with ¢ =0 and ¢ = n: (a) Schematic of the edge excita-
tion for the finite lattice with flux ¢ = 0; (b) schematic of the edge excitation for the finite lattice with flux ¢ = m; (¢) the energy
ratio versus the two types of gauge fluxes, and the purple spheres indicate the positions of the selected excitation frequencies;
(d) the sound fields of diffuse states at 2216.8 and 2277 Hz under the finite lattice with ¢ = 0; (e) the edge localized sound fields at
2216.8 and 2277 Hz under the finite lattice with ¢ = m; (f) the diffuse sound fields at 2204, 2245 and 2289 Hz under the finite lat-

tice with ¢ =m.

S HEE 2E AR RG] AT, H T S5 A BB . %
P KB rg = 5 mm, & F hg €0—6 mm Ff AL
R RIAEZE AL, A BENIZE R COMSOL Multi-
physics ## Matlab 84 . B4R PE, @it 7E
A7 5 HE R X 57 5 R AR PR A BRI v B A ) A
T FR) /NI, T 3 30 35 X6 R RS2 X R R 2 TR g
T, W 6(a) FIE 6(b) H L RAHE BT 7% . 1% 2 fifi
BIL v /N B AT i A 25 s JIG R, an &l 6(a), (b) £
M2 s N IRER G RIAE BT 7, AT LA S 3508 2 A= s
BRI, & 6(c) R T X AR 45 H (& 6(a))
MIATERE I, AT DL ARB R S R AR T
WA E, D RBAAE TR RN . BT AR 53
A1, 3 BRI BRI (2230 Hz FlT 2270 Hz)
P RS HR (2218 Hz Hl 2280 Hz), 43
FHPRIRAE S A B AN B O . A&l 6(d)
FE 6(e) BTN, 75 57 X6 WA 2 40 591 o Bl A PN
5 AR R 3 R, WA Z R MY L, RV
X R A SR 7 37 S el . 23t 1 6(F) 8
AR T RAFREL (LI 6(b)) )5 ks B A 1% 14

A TEARE AL, PR A S AE R 3,
BRI 5 8 D A A E R O AR AR 3B S8 2o 53 BT
AN BN IR (2230 Hz A1 2270 Hz) F1H5AS 1 7
IR (2220 Hz 1 2284 Hz) 35504, WK 6(g)
FIE 6(h) Frs, & BAEXS A% T #0R I 3 1E
PRFL S B BT — e FREE R RE B AL, R f
PR RN TAFBR A, 3X 7R B SO PRI 2 B
P SRR AE. B2 R T RO R IR B TR
BT 1R B AR LA T, AR A2 IR TE
TR n o 1 S RONIE S, NI 0% 5 DR 3k
I Iy S

4 % b

AL T HE— 27 AB B2 fhik s
FRBESHIIE. BT IR IR — O R, A
IR A, TR PR i 5 IS
RORIE. IR o = 0l @ = m il 5t 2544 14 i
R, A BLAFROILT Y n] il (B RE T IR AL T 4H

104301-7


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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 10 (2025) 104301
(a) (b)
3 - =
# Symmetric disorder 27 ‘ # Antisymmetric disorder 27
d ; ; d
[~
ey ./{ naly
. gl - 7 v v ol T A ¢! & 7 Y
L E RS, L RL S IR IR ITKY
() (d) (e)
2300 |
EN 2980 . S X ) 3 X b X Y e : ) : A 5 A : A : ol [
§ Sl R0 Sl 0 el S 220 Sl 0 il 0 Sl [ [
g 2260 2230 Hz 2218 Hz
9] _ §
22240 F bRl T S S S B B B S S S
e K g B e Do Dgns Dy ¢ g Bgv Bax Bow Baw
B 2220 F—>.° R0 Sl U S £ tf Sf fed R0 S U Skl a1 Sl 1 a4
000° S tri
2900 Loymmetne 2270 Hz 2280 Hz
5 10 15 20 Min EEEE O Max Min EEEEE N Max
Solution number Pressure Pressure
(f) (g) (h)
2300 O Edge . % e
N Bulk _, S50 38 C ¥ 9l S e P D 9k
T 2280¢ . Ry ‘%m P Py pl %ﬁ*L 20 sy sy o
; » > y y ' ' y v 2
g 2260 2230 Hz 2220 Hz
9] olle
=] 2240- 2 9 v y y ’ Fo v
g R \’,;;f‘; N X “‘, Y Y * AR T Tl Y
m 2220 F 250 27 Sl fu hed f i e bl St St St St AP S
o7 Anti tri }
9900 L STEISYImEtTE 2270 Hz 2284 Hz
5 10 15 20 Min IS M ax Min I M ax
Solution number Pressure Pressure

E 6

PRI RLEEAG Tl 0 AB-J 2000 5 5 1) Jo 38l 37 14 52 )

(a) M FRIEBILEAG AR B (b) 0 FR3E BZE 0 s BIA

(c) REFRGCHE 45 #4) I AAE AT 1S (d) 7€ 2230 #2270 Hz, XF BRI Z5 4 T R Bk 19 )R 3075 7 (e) 7 2218 Fil 2280 Haz, X #4514
il SO AR ML RS () RO BRGNS M AL ; () 76 2230 1 2270 Hz, SO RN E A TR SR 19 3R 5 380+

(h) 7E 2220 1 2284 Hz, SO BRI S5 i1 S0 19 AR = 18055 3
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ated at the edge of the finite lattice with antisymmetric disorder.
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Abstract

The energy band theory of acoustic crystal provides an important theoretical foundation for controlling the
features of sound fields. By utilizing the acoustic flat bands, the sound wave can be effectively modulated to
realize the acoustic localization and diffusion. In this work, an artificial gauge field is used to design a system
supporting multiple acoustic flat bands, leading to the emergence of diversified acoustic localizations.

Initially, cavity resonators, linked with different connectivity based on the field profiles of acoustic resonators,
are employed to emulate coupled p-dipole modes of atomic orbitals.

According to the band order of in-phase and out-of-phase modes in two coupled cavities, it can be
confirmed that the cross-linked and V-shaped-linked tube structures can achieve the positive coupling and
negative coupling, respectively. By introducing positive and negative coupling into a rhombic loop, a synthetic
gauge field can be formed due to the = flux phase accumulation of acoustic wave in the loop. Correspondingly,
the different geometric phases of acoustic wave in different paths are analogous to the Aharonov-Bohm caging
effect. Due to the Aharonov-Bohm caging effect, the introduce of =n-flux into a rhombic loop causes the
dispersion bands to collapse into dispersionless flat bands, providing the opportunity for controlling the
localizations of sound fields. According to the finite structures of the cases with and without gauge fluxes, the
eigenmodes and energy ratios are analyzed to investigate the sound field distributions. Compared with the zero-
flux structure, the acoustic localization can be realized in the bulk and edge of a finite rhombic sonic crystal
after introducing an artificial gauge field with a = flux in each plaquette. Here the localized states, induced by
Aharonov-Bohm caging effect, are topologically immune to symmetrical structure disorder, indicating that the
localized mode relies on the topological feature of the m-flux artificial gauge field. Additionally, based on the
excitation of flat band eigenstates, the acoustic flat band bound states corresponding to different eigenstates can
be obtained. By superimposing acoustic flat band bound states, the amplitude and phase of sound wave can be
manipulated at specific locations, realizing the composite flat band bound states with rich acoustic field
patterns.

Therefore, we achieve different types of acoustic localized states in an acoustic topological Aharonov-Bohm
cage. These localized states can be excited in any primitive cell of the rhombic lattices, and possess the
remarkable ability to trap sound waves at different bulk gap frequencies, which achieves the broadband sound
localizations. At the eigenfrequencies of flat bands, the localized states will be transformed into the extended
states, exhibiting acoustic filtering functionality. Therefore, the acoustic Aharonov-Bohm cage is promising for
applications at bandgap and flat band frequencies. The findings in this work provide the theoretical guidance
for exploring the acoustic localized states with artificial gauge field, and can realize potential applications in
acoustic control devices.

Keywords: sonic crystals, acoustic localized states, acoustic topological edge states, artificial gauge field
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