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Fig. 1. Schematics of one-dimensional array of microcavity, with L1/L; = 0.4 (a), 0.5 (b) and 0.6 (c), respectively.

Their eigen-energy spectrums are shown in (f), (g) and (h) respectively. The two red dots shown in (h) indicate two
edge modes localized at the right (d) and right (e) end of the structure (c). 8 =0, 2 =0.
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Fig. 2. The eigen-energy spectrums of one-dimensional array shown in Fig.1(c): (a) 8 = 0, 2 = 0.5;
(b) 8=0.15, 2 =0.5; (c) B =10.4, 2 =0.5; (d) dependence of the spectral position of edge mode in versus
spin-orbit coupling strength. Red dots in these figures stand for the spin-down-polarized edge states, and

blue dots stand for spin-up-polarized edge states. The insets in (a), (b), (c) represent the amplitude modulus

of the edge states localized at the right-end of the structure.
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Fig. 3. (a) Two-dimensional array periodic in y direction and finite in « direction. Modulus of |¢4| (b) and ||
(c) of the edge state associated with wavevector k = 0.25K located at the right-end of the structure; (d) and (e)
are the same as (b) and (c) but for edge modes located at the left-end of the structure. Li/L; = 0.6, L, = 1.4,

B=0.15, 2 =0.5.
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Fig. 4. The eigen-energy spectrum of two-dimensional array shown in Fig.3(c): (a) 8=0, 2 =0; (b) 8 =0,
2 =0.5; (c) B =0.15, 2 =0.5; (d) B =0.3, 2 =0.5. Red-solid lines stand for the edge modes localized at
the right-end of the lattice, while blue-dashed lines stand for those at the left-end.
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Fig. 5. (a) Schematics of two-dimensional array with a defected potential well p = 16 positioned at the structure edge,

while all other potentials wells having p = 8; (b), (c), and (d) show the evolution of edge state at three moments of time

when 3 = 0; (e), (f), (g) and (h) show the evolution of edge state at four moments of time when 8 = 0.15.
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SPECIAL TOPIC — Topological classical waves

Topological zero-energy modes in
time-reversal-symmetry-broken systems”
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Shanghai Jiao Tong University, Shanghai 200240, China)
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( Received 3 August 2017; revised manuscript received 28 September 2017 )

Abstract

The well-known Su-Schrieffer-Heeger (SSH) model predicts that a chain of sites with alternating coupling constant
exhibits two topological distinct phases, and at the truncated edge of the topological nontrivial phase there exists
topologically protected edge modes. Such modes are named zero-energy modes as their eigenvalues are located exactly
at the midgaps of the corresponding bandstructures. The previous publications have reported a variety of photonic
realizations of the SSH model, however, all of these studies have been restricted in the systems of time-reversal-symmetry
(TRS), and thus the important question how the breaking of TRS affects the topological edge modes has not been
explored. In this work, to the best of our knowledge, we study for the first time the topological zero-energy modes
in the systems where the TRS is broken. The system used here is semiconductor microcavities supporting exciton-
polariton quasi-particle, in which the interplay between the spin-orbit coupling stemming from the TE-TM energy
splitting and the Zeeman effect causes the TRS to break. We first study the topological edge modes occurring at the
edge of one-dimensional microcavity array that has alternative coupling strengths between adjacent microcavity, and, by
rigorously solving the Schrodinger-like equations (see Eq. (1) or Eq. (2) in the main text), we find that the eigen-energies
of topological zero-energy modes are no longer pinned at the midgap position: rather, with the increasing of the spin-
orbit coupling, they gradually shift from the original midgap position, with the spin-down edge modes moving toward
the lower band while the spin-up edge modes moving towards the upper band. Interestingly enough, the mode profiles
of these edge modes remain almost unchanged even they are approaching the bulk transmission bands, which is in sharp
contrast to the conventional defect modes that have an origin of bifurcation from the Bloch mode of the upper or lower
bands. We also study the edge modes in the two-dimensional microcavity square array, and find that the topological
zero modes acquire mobility along the truncated edge due to the coupling from the adjacent arrays. Importantly, owing
to the breaking of the TRS, a pair of counterpropagating edge modes, of which one has a momentum k and the other
has —k, is no longer of energy degeneracy; as a result the scattering between the forward- and backward-propagating
modes is greatly suppressed. Thus, we propose the concept of the one-dimensional topological zero-energy modes that
are propagating along the two-dimensional lattice edge, with extremely weak backscattering even on the collisions of the

topological zero-energy modes with structural defects or disorder.

Keywords: topological insulators, topological zero-energy mode, edge mode, spin-orbit coupling

PACS: 02.10.Yn, 33.15.Vb, 98.52.Cf, 78.47.dc DOI: 10.7498/aps.66.220201
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Fig. 1. Hexagonal photonic crystals in nature: (a) The sea mouse (Aphroditidae); (b) the transmission

electron micrograph of the sea mouse spine; (c) images of a sea mouse spine illuminated with light; (d) opal;

(e) the SEM images of the colloidal crystal in opal.
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Fig. 2. The band structure of core-shell photonic crystal and the schematic of topological phase diagram:
(a) R2/R1 = 0.2/0.45, normal photonic insulator state; (b) R2/Ri = 0.26/0.45, Dirac photonic state;
(c) R2/R1 = 0.3/0.45, quantum spin hall state; (d) schematic of topological phase transfer diagram, left

Trivial bandgap

panel is electric field pattern of the 224, 3'd and 4*h, 5*® band at I' point in (a); right panel is electric field

pattern of the 274, 3'd and 4P 5*h band at I" point in (c).
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Fig. 3. Phase diagram of core-shell structure: (a) Phase di-
agram of the p-d inversion-induced photonic Z2 topological
insulator in the R;-Rg2 parameter space, the diagonal line
represents the homogenous limit which separates the normal
and reversed structures in the upper and lower triangular re-
gions, the orange region represents that the p bands are lower
than the d band at I" point, whereas the blue region stands
for the photonic analog of the Z3 topological insulators with
the p bands above the d bands at I' point, the p-d band
degeneracy at the I' point is labeled by black line; (b) rela-
tionship between In(e1/e2) and the critical inner radius Ra
where the double Dirac cone emerges, the outer radius of the
hollow cylinder is fixed at Ry = 0.45a.

%5 18 2] DUIE I 45 0 2 5 se Il 1 R 1 I
B, NS R E BTk, WATRR 7 Ry AN
R BT A0S BE AT SOEE IR, 19 3] 1 REA I

IAHE (B 3 (), BIH i X IR IR p-d %, 7
B X RN p-d IEH. BRI, 4 = A AR
WAMERE R KRS HEEE N AR, £ 2
TE R 4510 (IX B3 M oey Ml eg AZ B S50 N I 45 14,
Ble; =12 > e = 1) R RESEIL AR FAR I .
[FII, FATIBTIE T o1 Ml e B LLAE XS XU Dirac /& H
U B LT S50 Ry A Ry OS2I (B 3 (b)), B 1
BLF, O dR A ) RE BR 2 BE & AN R BT A L
LU AR B 3G 0 3G 0 (HE =R, 2 AR
Ri(= 0.45a) W5 N 1E Ry J g1 /g2 LLIRFF M Dirac
RO, FRATT A I A A I FABLALE €1 /e R — B
0 FE AR A AR /DN, 3% 33 B S A FL 06 X Dirac 5
AN ARG B S8

B R, X B BN SCER (18] R F
JFE TR 06 BT SR AR AR AN — FF, I A —E 2 L
Dirac £, 7] AAEIX FhS Fx o S 2 Dirac fFR 2
b IRTE I L SR, #% -FE 45 Th X Dirac s H
MBEA —E REAE, AZHERE RN R E. T
TR AR, i LA RN R A — A
JLPR R, Hod 1) RS 1T BLA A /2 Mie B & R itE
Jrdk A& P81 2ot A R 6 T BE A T LU R
FHA A s B HE R S 2 A A B S / T
B, @I R ER ST A M I N AR R AT, BT R AL
R T p A A A BEE A o A, A R
W p A A A A RE R, AT S PR B B R A
T

2.2 WBARTKREBIEEER R EEE

FLE T A ToHe o 4 T 40 41 448 2 1 i S A
. 15 bbb R G, AT LA R AR
B LA S 2D 3 1 R £ 8 S B A 41
(4P LTS, B 1 Zo A 5] T IR ] S350
SRR B0 AR, 28R ] 2 33 T L%
Ty = ioy K (K FREIH0EAE), 5 o, BT LA
B Co MAERIE MG T A R T2 = 1. X
FEUPINR, NERGAE BRI, RA1M
ST LR s R R 4 TS TRt 2T
AR Z, (034, S BB P R
SRR E FIIFA, EK I, TR R A
SIE M TR 6 T 1 (22 = 015 2, = 1) %
PR (B 4 (2) 5 4 (b)),

WEEL 4TI LA 5, A ORI 75 1 8 P
ENEE S B 7 1) R T, (R [0 b5 B AR i

220302-5


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 22 (2017) 220302

T35 3 V) 3 BN R SR R (R R I A, AR A i
& AT I T SO PR PR B AR . (AR R
FEAEE 4 (c) H, BT T b p 5K d 31— HE i
A B X AR TR ORA 1, T F AN TR 25 R 4 A
IR T C B FRIE, XA R A 2 45
VRS XL T ASATIF T — DRI RERR, T SR

0.6

(b)

0.5
0.4 d

0.3

Frequency(fc/a)

0.2

0.1

~_

T AT I RERR 5 30 SRR Co WEFR I B2 FE
BEVPKRR. BARRESITIF 7 —NDIIRERR,
SR X B8 1 i A A4 BB 77 1 90 12 5T 2 V2 B X
1) (FLAR H TR BRI IR B R IR B IX — R, FRAT
AT 2T Berry phase fTHE L UER 1 4BV F
IR L)

(c)
0.47

0.43

Frequency(fc/a)

(d) A spin-up

(e) B spin-down

4 wIPURE

(a) p-d EH SMBEH LM, Rl = 04a, R2 = 0.26a; (b) p-d RESMAEEH 4, R1 = 0.45a,

Rg = 0.32a, JLARERR th 35 (LRI ISAR s () PIRIARFDE T M A I B RET; (d) A SO R S AR AL 70 A7, of A

WENSE R B J7 e RN, AR B IR L5 (e) B AR R FAL I I 0 A0, %o R A3 B 5% & 05 T At 4, AR B g ) T
Fig. 4. Topology-induced edge states: (a) The normal band structure with Ry = 0.4a and R = 0.26a; (b) the
normal band structure with R; = 0.45a and R2 = 0.32a, the common complete band gap is marked with the cyan
ribbon; (c) the projected band structure of two photonic crystals with oblique line edge, A and B mostly comprise

of the pseudo-spin-up and spin-down edge states, respectively; (d) and (e) are the E. field pattern of A and B.
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Fig. 5. Three dimensional Dirac photonic crystal induced by point group symmetry: (a) Structure in real-space unit

cell of hexagonal photonic crystals, hollow cylinder and micropillars are made of the same material with isotropic

permittivity; (b) top-down view of hexagonal photonic crystal, a; and as are the two lattice vectors in the z-y

plane, the height of each unit cell is h = 0.6a, the outer and inner radii of the hollow cylinder are Rout = 0.5a and

Rin = 0.45a, respectively, whereas its height is 0.4a; (c) first Brillouin zone with a pair of Dirac points along the I'-A

line, a Dirac point with different topological charge is labeled as a red and blue point; (d) photonic band structure

of a hexagonal photonic crystal with Cs and inversion symmetry, inset is the dispersion of Dirac point with K, > 0;
(e) band structure along line, the p bands (red) cross the d bands (green) at (0, 0, K,) with K, = 0.338; (f) E.

field profile in the z-y plane of p bands and d bands.

220302-7


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 22 (2017) 220302

A&, REMERE (dy,py,d_,p )T KRR T
H k- p W E R

2(00
H(k) = -5
C
2
w3 (k i
k 1%% 0 0
b 1
. w.
U*kHelgk P 0
I 2w )
k i )
0 0 wd( ) ’11*]<2H619’C
2wo I )
) w=(k
0 0 ’L)||/{3H6716”C ﬁ
20.)0

(5)
. Arc?

Hoh wy % 77 Dirac 25060 BB, o) = ﬁ%
TE x-y V-1 N BB 7 &, Bk, BRI L, AT
PLR LA B — AN 45 8 Wk, (5) W#R 2 AR —
Fhdm - B EE R R G 4|k > K, I,
wpolks) < waolks), £ RpAMELd SME
BAK, RGN MR 2 P01 R A (48 2 4%
k.| < K, B, wpo(ks) > wao(ks), f£L Mpa
PR d SR E R, KREXN MK EHIS; 4
k.| = K, B, wpo(k,) = wa,o(k.), Bl Dirac i. &
FE RN, BRI Dirac &2 — PR IF 5
DU fE IF AL, HALE K, 2B E S5 250 o
AR AR 1, AH R p i A d TR T A 45 A 2 I
7, X FPE SRR R 2 R AN AT, D=4k Dirac
ARG TR AE |k | = K BOPTILRE 2 3P A
ANFEFHFME R B4 S k. B AT WL, = 4E Dirac s
FE AN 2t R G FMHAR IR 57 A

3.2 ZELHIMMRIPFH=ZHEE L
Dirac Jt F7

I AR, RANICEE R TSR T
FEIX 5, TATVKG A A 3T 3E
RN ARPE BN B = 4E Dirac £, BT JE s
PRAGAE B 45 e i (BB T) n B R (VN T S s
HEEE) (K6 (a). 1E NG, AT H 705
WA A 2 B H 58 A A R A S (BT 6 (b)),
XF LA LH B ey, T ORI IS ARL I A L R
em HIFE =7 B @& HME Nae = 1, %
SE R OB BN AR MR AL RS 1) T EE e B X RR
Sy = (2,9,2) — (0.5 + 2,05 — 4,05 — 2) &
Sy = (z,y,2) = (0.5—2,0.54+y,0.5—2); 2) &% 2
H180° itz 1) Cy = (x,y, 2) — (—x, —y, 2); 3) B
(B SRR T - ¢ — —t; 4) =ANJ7 A (1) 65 1] )

MMM = (2,y,2) = (y,2,2); My := (z,y,2) —
(—y, —x,2); M3 := (x,y,2) = (y,z,—z). {EI, &
115% F MIT Photonic Band (MPB) #1405 i1 5
=4 T A Re i, &R EOR, BRI, =7
[ #EAA E R (B 6 (c)), FHAE RN IRE
MA FHA WA DY HE I 5 (Dirac s1), X E
TRESEMH p B A& (B16(d)).

N7k, = 7 (ky, = 7) T EH =7,
MIELL TR LZERFF: =, = S« T (i = z,y),
Hh ) T o I 8] SOESEAT, A 24 T 0006 7 B ARV A
BB SR RIS 5 W BAUR I Z2 = S2 = Thgo,
AT —NTEEFBREr = (1,0,0), BAAE
FH S IR A AEAT IS M R R A L, B 220, (r) =
el* @ (r). Rk, = 7P L, 22 = -1,
IR 5 Kramers f& I 56 4F, Frf 48 k, = = f-F 1 L
AT IS AR A K 2 —E A, SR, T BLIER,
A AE ky = m WP 1 b B AR V& AR A R 2 — E 1
IR X R UIR R R BRI T DL IO 7 RE
I I, DLERASO6 7 I B e B H

F— 7, LI = 4T AR Dirac sUb LS
PR R, fE1X BLisat — FE i Oy ok
SE Sy ~FTH N IR 5200 3 2 3 P AN 1R 52 1 g e xof
PREFFIH RN X 5 K R Je: SpSy = To10C2 K
8.8, = TrooCo. BIL, 76 M AR BT FRE |, 3

R YA MARX k& b=, 5555 2, B
Oy X AR EAEER X 55 1. B bA, AR & AN 18 9
S BAMFE Cy WATEAE co, T1IX AN A
co = £1FRAT A BRATH SR AR IC 2y ~F 1 A 585K
mt, MAEEHEANE MAZL EEA AR TG
I AZ X A2 = 4E B Dirac /&, X} M Dirac /&
AN O Nop = e (k) — c (kg )], S
) c; 7~ Dirac mUBARIZR G215 TR, ko Ran
Dirac 5T R . MR E B 6 75 BAR 1 7S 2k Re iy
HhE I DU AN B A Npp = +1 0 Dirac £, 4
ATTR 2 H XEE 18] ) p 3 e d I B e e 128 OB
.

EAS UERH B2, X AR A E SR AR IS
1 =4 Dirac s H AT 8T 4540 B AL TR K
INCL KA TR 250, AT B PR AS 6] 2 R 1 e 5 A8
SR Dirac s, BRI, JE TR SRS AR Y
SER L TE IR — PR AR A 2 T V2R S — 4 Dirac

\\\\\

220302-8


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

) 32 % %  Acta Phys. Sin. Vol. 66, No. 22 (2017) 220302

i

¢ axis

c/2

0.45 0.40

o
~
M 0.35
a
3
0.30

0.3584-(f)
0.383
< < 0.356
T T
g 0.382- R
o o
3 3
0.354
0.3814
0.49
. by a0 0.29
"/a) 051030 29

Ele HFaixfR i S8 =4 Dirac S FinfE  (a) IEREEERIEREEL (b) ZMA =485 5 (14 546 BB S i),
A B i IE 2 RS S R AE S AN Sy BRI () ke = TG TREM, AIAREXFRL MA b Dirac 4; (d) p#fid
W E RIS K RS L = 0.5a, w = 0.2a, h = 0.5a, M EHANBHEE G e, = 16, em = 1.9; (e) TH!
Dirac s =4EEAHG (f) 112 Dirac sUH) = 4EEHL

Fig. 6. Three dimensional Dirac photonic crystal induced by non-symmorphic symmetry: (a) Schematic of non-
symmorphic symmetry operation; (b) left is 3D structure of a unit cell (boundaries are indicated by black lines),
right is Illustration of the two orthogonal screw symmetries S and Sy in top-down view; (c) photonic band structure
with k; = m, parity inversion on the M A line; (d) left and right are magnetic field profiles of the p and d wave
doublet, respectively, parameters | = 0.5a, w = 0.2a, h = 0.5a, and permittivity ep, = 16 and em = 1.9; (e) 3D
dispersion of type-I Dirac point; (f) 3D dispersion of type-II Dirac point.
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points are found; (c) depicting the four Weyl points in the first Brillouin zone, green (yellow) spheres denote Weyl points
with chirality —1(+1); (d) Chern number N, for the p1-d4 bands below the Weyl points (blue) and for the p_-d_
bands below the Weyl points (red); (e) photonic spectrum near the two Weyl points, left for WP at (0, 0, K,1); right

for Weyl points at (0,0, K,2).
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Abstract

Dirac Fermion, as one of the basic particles in the particle physics, nowadays have been widely used to describe
the electronic states with the behavior of Dirac fermion in the topological electronics. These exotic electronic states are
called Dirac point, which exhibited as a linear crossing point in the band structure. Usually Dirac point is the topological
phase transition point and thus viewed as the mother state of various topological states. As an analogue of topological
electronics, topological photonics, also attracted a great deal of interest due to its potential application. One of the key
topic in topological photonics is to realize photonic bands with Dirac point. In this review, we briefly introduce the
progress of Dirac point in the photonic system and focus on the realization method of Dirac point in photonic crystal
by take advantage of lattice symmetry. We also discuss Weyl point in the photonic crystal as an extension of the Dirac

point.

Keywords: photonic crystal, Dirac point, topological band, quantum spin Hall effect
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SPECIAL TOPIC — Topological classical waves

Topological phase transitions in core-shell gyromagnetic
photonic crystal®

Shen Qing-Wei') Xu Lin? Jiang Jian-HuaV?1

1) (Department of Physics, Optoelectronics and Energy, Soochow University, Suzhou 215006, China)
2) (Collaborative Innovation Center of Suzhou Nano Science and Technology, Soochow University, Suzhou 215006, China)

( Received 30 August 2017; revised manuscript received 8 November 2017 )

Abstract
We found that core-shell gyromagnetic photonic crystal of two-dimensional triangular lattice exhibit topological
phases. In a certain parameters and magnetic field, those phases could be a conventional insulator phase, a quantum
spin Hall phase, and a quantum anomalous Hall phase. Different from the structure of Ref[1], phase transitions in our
core-shell structure does not involve changes of space symmetry, which depend on parameters of our structure and the

broken of time reverse symmetry. Our result shows the variety of topological phase transitions in photonic crystals.

Keywords: photonic crystal, topological phase transition, topological edge state
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* Project supported by the National Natural Science Foundation of China (Grant Nos. 11675116) and the Faculty Startup
Funding of Soochow University.

t Corresponding author. E-mail: jhjiang@hotmail.com

224102-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.224102

Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

AT HBRM R R HME R
IR ATAE P U TRk

Topological properties of artificial bandgap materials
Sun Xiao-Chen He Cheng Lu Ming-Hui Chen Yan-Feng
5| F{% K Citation: Acta Physica Sinica, 66, 224203 (2017) DOI: 10.7498/aps.66.224203

7 £ %13 View online:  http://dx.doi.org/10.7498/aps.66.224203
2114 7% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/122

AT RERH B BB S &
Articles you may be interested in

J5 <58 AQ IR BT Gk ok 585 T e 2507 o 3 i
Magneto-optical Faraday rotation effect enhancement of a thick metal Ag
YH % 4:.2012, 61(16): 164210  http://dx.doi.org/10.7498/aps.61.164210

HHIAY BOG T di i b i 2006 A O6 — R B G B T 7
Research of dielectric photonic crystal on red LED to increase luminous flux
PP AEH%.2012, 61(15): 154213 http://dx.doi.org/10.7498/aps.61.154213

BRI E T R R T AT
Properties of photonic quantum well structures containing left-handed materials
PP 2EH%.2012, 61(13): 134210  http://dx.doi.org/10.7498/aps.61.134210

BT 98 RS AR AR LA R R QAR V —4EG T SRR GK I i e
Ultrahigh-Q small-V photonic crystal nanobeam cavities based on parabolic-shaped width and taper holes
PP 2EH%.2012, 61(13): 134209  http://dx.doi.org/10.7498/aps.61.134209

—HERHOL TR
Research on one-dimensional function photonic crystals
YHA4.2012, 61(13): 134208  http://dx.doi.org/10.7498/aps.61.134208


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.224203
http://dx.doi.org/10.7498/aps.66.224203
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I22
http://wulixb.iphy.ac.cn/CN/abstract/abstract49737.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49737.shtml
http://dx.doi.org/10.7498/aps.61.164210
http://wulixb.iphy.ac.cn/CN/abstract/abstract49074.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49074.shtml
http://dx.doi.org/10.7498/aps.61.154213
http://wulixb.iphy.ac.cn/CN/abstract/abstract48170.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract48170.shtml
http://dx.doi.org/10.7498/aps.61.134210
http://wulixb.iphy.ac.cn/CN/abstract/abstract48169.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract48169.shtml
http://dx.doi.org/10.7498/aps.61.134209
http://wulixb.iphy.ac.cn/CN/abstract/abstract47509.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract47509.shtml
http://dx.doi.org/10.7498/aps.61.134208

) I8 ¥ 48  Acta Phys. Sin.

Vol. 66, No. 22 (2017) 224203

TRl hiMZ K TN

ALHBR R R ME R

Y DIERCERD

5 B D)1

PR FE i D2

1) (FARURY, B ER L=, MRS TRR, fR 210093)
2) (N LI AR 5HAR R EF 0, R 210093)

(2017 4E 9 A 20 HYEI; 2017 4E 11 A 6 HILBE R )

AR, N LA BRAPRL (A0S T AR RO T8 ) B T A0 R RE, © OB — & REATEHK B 78 45
R DT, APRHE S R S B ATUSOZ A A e B I AROR 5 BHERL T R 4, AT TN T AR

\\\\\\

SRR, VAR N HTRT SR EOR. AR SCRIZEA IR MR A & BRL A S Y B R R B R L, 8124
WOt /PR TR R RN BT B R R AN Floquet # #h 82 AR S8 M 5% T AF; A Dirac J5 #2, MJEEE 73 #r
ot/ FE IR BT R 5 A S AT 1 A JRe T 16 AP T SEEEAT T AR R K 1.

K§EIE: N LawrBastkl, #h4h, Dirac 72
PACS: 42.70.Qs, 03.65.Vf

15 =

SALFrhda TR, SRS 2R, 2N ESHIEL
ST AT 2 B S TR, R LS R
A, HERATEE, S AARIEIOT — 2 K B ATAR
Ah, —RRA PR R, WA R,
WL KA — 2, WEREESE Tt 2.

Vo T P A IR AN R0 P, U T
TSP T A, 52 «JBE IR IR AR RIDRE 28 457 31X —
T 200 LA PR 2 ) 2 A A B AE 3 R R AP Al
H Al BN P A SRS 2 R BT AR
HIANSZANFE T, REWS 5 U R, SRAT RIS, X
FE—3k, WAL T 88 b 74T, Hofe b
RCRAG KRR, B FE R, IXA A] A
S tEERE, SR AR I AR AR R AR 55K
IR, B A AT DASEHUE 42 W P RE, 1k AT
CAESFIhRE A R E R T, Blerxraid

DOTI: 10.7498/aps.66.224203

ZEF ORI, MR AP A A S A, B
LR T A AN T IS 2R, SRR .
S BIAMRI BORDRE, e B 2 AR S TP
SERFER, W] DASEILERIE | R IR BEFE IS 514 4.

1 SR CkEEEER, HBEFERCRTY)
Fig. 1. Control the sword (From Baidu Picture, Game
“TIANXIA”)

IR — DR B R, AT
HEELIVAZ, WA “BIJF B “RE”, MR R
RETE AR & ORAFANAL, TR AT Ja B A4 “dh 45
o A BRG], — ADERIINE T — A B

* B E R (S 2017YFA0303702) % F AR = 4 (HHES: 11134006, 11474158, 11404164). E 5 B AR 5L
SABFERES (MHS: 11625418). TT74 HARRIF A4 (it 5: BK20140019) RV M e 34 R &% THRIUE (GitHkS:

PAPD) B H)RE.
T BfE/E#E. E-mail: luminghui@nju.edu.cn
© 2017 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

224203-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.224203
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 22 (2017) 224203

— AR AN SN T — DM, B, B
B4R AN SO, A2 15, BRI TH A R B A AN [
AL, Gl 2 s, AERERASY UL, B ik
Re iy HIS IR R, AR I CLAR 1 kAR LT 15
A5 (Bh & -Re B G R, EIREH), tEAERT LA
AN TR A B T L IR T, AT B AN [F B4R
N R R G R 1t v 1 32 1
HE RN K, B ABRAERXA RS
AR BINEVE T RN, BT ias v R a2 IR
FEANAR, BN FAEVE TCHiFE. s T M55, A
HiIX— %, 1984 4F Berry 8 J LA AH AL B8 & 1E 20
SIS, ET N TAEM AL 0 42y
“Berry phase” & 25, IXAMBESRIE 514 1
MR, AR AMHAR R FE R R R . L R
%172 QH ZKik.

v O de
Q06O

2 RRFEKHHA D]

Fig. 2. Different topology classes 151,

18794F, K HY) % K Hall fE W 5T & J8 3
MU R BT B R BN FEIR 3 BT 4Nk (B)
I SR, BT R AR I, BT A
07 1 B A 2 SRR R LR (R ) R iX
ot ELAH I B R A E RN IR 2 L, S R B
e Rl B 2t m O & 3 (a) FTon. 19804, 18
[ #3725 von Klitzing &K B T B ¥ & T E H X
M FEARIE SRS N, B TSR B — 2
e (0 2R AR 2 iz . IR 9 2K F BE S
B3 B 1K RIE AR T & HEUEUE N
Ry = h/(ne?) (n NEEH) KV 6. 1P, BR
FLBEL G B IR BE L I e /N AN UG, DA
HEME TR, 19824, Thouless 2545 Hi:
KPR TR P ARE SR B R G Bk B A 1
AL En, IF H 5] NFRE(Chern number, B
PR S5 kR XA IR E. FE—, X
P B8 Ph AP R A R T S e A A

%4 Thouless-Kohmoto-Nightingale-Nijs (TKNN)
KAREL B R ER I INETE R G
BAEZ, 0 BT I 4 A ST R G R ECN
T AL TR, X PAELE T REHT B RRAR <&
B R T DA B BT 30 SR A AR S R <P R
PR MRER I TR B, B e <l
PSS A A1) PR IR AN 23 A A 2 1T ) 2R o S
BN —— X 2 B SRS B R I A8 2 R A
I NS I FE R B R A Y B T )
J7 ], AR R E R R, TR R R
NI R Y SEEF 6 - BRI S50 HE JE At /5 4k Hh %%
1% 1988 4F, Haldane ) $2 4 T —Fh 75 J& 1T 1 #i
I8 P S B R T R AR T, AR R IR BTk
RG0S R Y 8N o DA - S X 4
AT, BT RARSIRAEE ML RS 00 [H3
— 32 /)2, Thouless Fl Haldane & f& 7 $1 M AH Y 5
A FNAHAE J5 TH () DT R, 5 Kosterlitz —#2 = A 4
T 2016 FEFR v UKD B AL, 2005 4FF1 2006
., Kane Ml Zhang 5577 il 52, B -1 B el
WE, nTLAERW NS 3] — X L5 0 B e 1
TCRERIL A, X0 B g 5] UL — X &
S BRI 4, BATTHE AR RE T e B b i OF,
It 52 It 8] SO ARV RS XS BT E e R
RN () M X — LR F 2007 4E7E HegTe & T
B at Ak 2 b 25 DS B (12, SRADUE T8 JR R0, IX
P ARGV UL 54— BB R HIR: Zo 0
A 1 193] 8 5 e B2 (spin Chern number) [,
ERGE TR R, BRI 4R
Gy REB| =4 RS, 2009 4F, G 2D & T HEE
IRZNEJE ), B2 AR T —Fh 3D $h 4 4 %
P 01 SR S o B T HRRAE: 7 AR RE Ak
B P i) Dirvac B4R H A (1 101 2011 47, G K2
Fu (171 5 AT 388 3o 5t A )k e A 3 — ol = 4 3 3
G, ART — Rk, HAFREE
WERNERE G, $h A 5T 32 B b A% PR (b g T
XA ) T S B TR g 8 o Bk 1 DR A, I B S A S
EAUEESZ IS 2011 4E, B 5Tk S Wan &5 [19) 2%
J& Dirac J7 FEX FRVERL B (1) Weyl 7 F2, 1R H 1%
7R EE B R, Bl Weyl & 8. 514,
— R ULHERE = A 8] A H M Floquet & HAFR £ 1Y
Floquet ¥ 4 2% 44t 18 i Fo R % 175 545 DA SR 30 51
20,

224203-2


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 22 (2017) 224203

Conductance
(¢) channel with

3.5

3.0
2.5
2.0
1.5

paa/KSsq !

1.0

0.5 |

0kl -

0 2 4 6 8 10 12 14
Magnetic field/B

up-spin charge
carriers
3 .4.}

Conductance
channel with
down-spin

charge carriers - —mn/2 0 /2 n

xl El

Bare substrate  Film

K3 ERMMEE (a) ERYAE (b) B FERMR, (o) T AMERMS 12 (d) b L%1k 7] (e) Floquet #ih

duth 201 (f) SO TR RN S [21)

Fig. 3. Hall effect family: (a) Hall effect; (b) integer quantum Hall effect [7); () quantum spin Hall effect [12); (d) topological

crystalline insulators 1, (e) Floquet topological insulator (201, (f) the experiment of anomalous quantum Hall effect

SR, 0 I RE RS B 52 2R 1) 75 1 S R
M. HTHTIERARGHEIE A, 200 L2
W, 1 EL B8 1 BT EE SR I B TR 1T g 58 36 8K
B, BT LR T B2 21 (0 R L 5 1R 1 B I G AR A TE 5K
b Zy N E]. DU RO E RS R, B
2013 4F, K24 Xue ZEZ W 704 P A 785256
ORI 313X — 8, ¥E Haldane $2 X — M % 0.4
T 254, WS —Jr T, N LA BRI R —— G
JeF AR AR S RO A BAE
55, 2 —RaF RS, N B R T 5 i
HHEE S E G TR IR e, RS2 2 AAT
PIERL. TEN N T BA R E AR, b/ T
PR /75 A TR 4 HE R BT 1 HE ) Bt IR AT
FIMMEMA R, b ps/ AT SR THETR
S s, A IR N TR I R G S IR TR
R INME B A T ATE: 1) B T R YE T AR
R RE X FR I 2) B IR AR FR IR T By
FAMER. BT RERGRA W S KG 0 BT RE
WIS IR, AT LB ERI A T
e R SEEL R PR A, Ak, N T B
MORLSEIAR AT, B B S A 1) AT
W BE AT RHE OB B RS, TRATLEMHE F RS

[21]

B K RE IR PR ], 38 B e 3 0 I BLIEAT T T
2) fEF R GTH, R LASE 5 (S R Al 1 5N 2% Jo B
ToRF, RK$Ewm 1 L Ras P 3) MOS0 i R
A, A RGAAE E R AN TR, BT BLEAT
SEREAER L P 4) ML T R, T HIE TR
Gt S 5 S e I 2 0 R IR AT AR o D B
AR E A 43 ) URD B A AR ' /75 #0 A4
Bl IR HEG BB SN BRI A AR, B
S P ST B RV AN AL O BB, 1 S 4
HAT IR ARG 1L A2 0t /75 B 1 R RN
B B AT O B R SMR ST B RO /7S
BT HBEE/RUR; K5, LU/ Floquet #i M 2
GHNIEK, B EA AR LRSI
Bl R RIS H 4R = 4R/ B AR AR
IR EGS, WEE A BRI ZE T Fh A R A 1
BN, feJrd B 5.

2 ) FEHETERME

SR IBIBHAN LS. IR RA AT
MRS, DR AT LS R S B LA, i
— NG, R T —Re, RA TR

224203-3


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 22 (2017) 224203

) k. A, ZPEAEABRKAR, b
PR 2R TR IR T RORE A TP, ke AN 2% 5
AN REI . 5 A /K AR R S WX R i
T, AU AN, R R AT DX 2. T
TS B HABE T RET. SRBGE RGP A K
T DAAFAE R AT V8 AR A 2 I8 R AR, T LA Al
A YRR, XU R, W 4 (a) BT, AT
LAE 2, B A SR AN RAE AR, A2 1
ARG RV PB N BEEL, X2, T
FOBLNIZ B L, A0 R AR M A2 X A 7 5 A
W, A TRN T — A “BGAR7, Rt
L. R, FCSEROREEAT SR, A7 LE I ki vl
CATEAT LR T A5 1. X PP R A AL Ry AR By —
SAOL MR, MRRGSHEFE Y, B
FAAE— MRS RF IR AR A il EBol 7 LR
Beihsaess, B0 7 RARER, WA 4 (b) s,

FAT AR AL 0 3R 100 A& (A A BT 40 445
Il EIX 2 3R T A il 28 BLR B ikt £,
el 7 SRAL i B Bl (Al R PR A e R
—MRHEAR R OR AR, T EABIL “PRE Oh 1. T
ORI R T A T, SR TR REA
IEAE TPk, MRS BB 2 1L
B NI EIEE N o i Y e < R S R N
T B P B A A AR, TEVRAE R B A A% 4R,
B R PR A% 4. ANk, R Eryn TA
W5, BEE IS T, HA S AR IR SR,
WA & BRI AN R A . XAt BAE T
RSP RA B G0 WA, X BRI R, B
PR “BRIn N2 AA.

ey

ot

K4 (a) BEBRSTFHIZAE; (b) BECR TE /R
IR, (o) BT HIRE /RN ML S

Fig. 4. (a) Band gap and trivial edge state; (b) the
topological state of integral quantum Hall effect;

(c) the topological state of quantum spin Hall effect.

B EIFRAGERDG/ A RGPk BT RIFER
B AYELE ), ST a7 SR Ok /78 B el
M2 RIS MR “RE T ™. B ATEE /B R RETS
SEILARFNIB? 2005 4F, Haldane i Raghu 123 8 ¥k
P T RS BRI R AT R
W B4R, M E JefE fe i o A& Dirac {8 JF, B
B ELE R A2 TSR & Dirac 582, 1M G £ 5 R
oo B2 T A fa AR B, T g S8 IO B 1B SR AR
T SR PR I 7 2L HE BR324 7% (8] SO R PR, A
SIS E] S s AR, ol R TR I, RA Y
FTE I ) SOEOR FRVERS, AN A ZE M Dirac s A 42
HARF 5 MK Berry curvatures (A PAL R %
FEEA A BN X B R k50 A0). T2, vl BLfd
mE ke RAAERMBRE. ke, B R
TR R, T DR 58 B 18] S8 AN R ME () R 4, Berry
curvatures 57 5 1 2, B8 2 A W FRECK 2 B A
HRIH.

2008 £F, Wang % 24 281 7 #)38 Dirac & 3 (1)
R, BB R G R IR, R T SRR E
TFERUMNM BT R, A5 ANSHFMH, &
REMNBEBH e 5IN T & A BT
T, 3P B A R A AR X A TR BT — AN S5 R
Y, 4 T Haldane $& H i % i B 7] 2 38 %) FR P4
IR, fER— 4R, MR SCA T LI IEE
BRE, #1550 & O Dirac 5 72, X AXAE
TR B AR 7 AR, 3T Wang 25 7€ 2008 4F
BT SR, TR AR B T 2 e VR 4H AE SR8 R A
< )& 3 B ] ) W RGO 1 b AR A R R OO0 )
THBEHAMDETA, WE S () s P g7
RGN E T RN, X 5l G 7 A A% FR I xf
PRSP SRR TE R, B R B R R b
Gh, Gn SR B X Rl RS AE TR LA, s
T W TE 75 4 J@ A J PR A 3l A PO), i — B
I8 R AR PAE HoAh 3 2 T 6 115 DASCER, 9] an i
& (coupled cavities) P71 BERE G T f AR (gyro-
magnetic photonic crystal slab) 281 DL J 8 % 1 #%
(gyrotropic photonic clusters) 2% &5, {5 & )
&, BRIk 1] I SIS EOR 2 B R R il A A
;’ﬂ[BO].

T, P25 1B IR BRI 9T A A e
X I R A R 90 1 446 % A 2 5K N 18] e J A o, T 7
) WE 3 52 0N, e DAAE L Hh 5N IS TA] S i
B w5 (b) Fior, 2014 4E, Alu%s B 154 e s

224203-4


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

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 22 (2017) 224203

BRI SN T AR, LB T AR R g, EAh
ATRIBETEHh, ANFRIZ S 7 1) R i 5 Uk 52 31 1
SRR T AN B ez B B, 31X
4 T MMRZ R7R: 21507 LU S A e

(@) scatterer of Antenna B\

variable length |

CES waveguide

Antenna A

F ARG MRS IZE? 2016 4, Yang % B2 DL K
Ni %5 1931 535502 RTE PR TR i vh 51 NS 55 3
Yy, WE T IR SO AR, TSI TR A PR
GAR.

(b) Inc

E5  (a) SEHSEBE T M A BT R RN (25); (b) 7R IR oh 5| N A 488 (3]

Fig. 5. (a) Experimental realization of photonic quantum Hall effect [25]; (b) introducing airflow as effective

potential field in the acoustic annular cavity P11

3 t/FETHEHRERKME

o ] AR R R AR B BRI AN, Skt B
SR SIS G 8. K, BEERS KRG, BT
W BA S B XA W B, WIRE R G
gl N B BEBIE RS B, T84 AR [R] ] E A EL
W2z <z BN AE OT [ . RS, SR
WRE R THPRE 23 T il — %It [l AH e (3 48, 4kt
i A BE. 2005 4E 112006 4, Kane Al Zhang 25
gy, R B s B R EE R G, T DALE R
W AR B0 AR B e R I RE BRI AR, X
— 5% [ W@ AR S (1) FE RS BRI K /MASE 7 AR IR, 7
S 2 — % JLAE 1) i & I Dirac 7 2. fERET L
F, KRS AE A BN X 0 R AT I,
Bl 4 (c) . SBHETE/RBNAR KR, X
BT EREE /R RN, 75 ORI [A] S5 80 AR 1 Sk O
TEIL S &R

[FFEHL, 6T EA BiE. FrEBRAERE
HTF A&, T AAEAE N IE 1 — 1) B RS 73 70 B (1

Je A R GAS W W] ARG e — WL s, SEfr b, AT
PATESG /75 3 8 R G0 46 21 2 PR Al e A i i i
FSR A MR A& BT & 13 111 25 FE B
FG/ R R HBEE RN, 1 HIEE KRN
A% RN A2 SR HE 3L ) 52 1) BF 1) e Y885 AR 2 AR 47
HIE PR AN S, OB Sl id A TE R
K a3, B Kramers {8 3%, HFAE RN KT, B [A]
SIS FRME W mT DA 2 3 2 X — R 44 AF. Tk
AR NI R G0, FLm ) RO 0 ARV 5 AR R 2K
T T AR A, ToiE R i Kramers fii] 3.
X —PUIRG R CLIE K a0 S 8] s 3850 R AN
REFE I 0 R G M)t Kramers 7] 37, -4 HoAth X Fx
T RE B Wi Kramers 717 #5 2, R B RS
SEPL T REEE IR, B R A 1 6 2T
V) S8 %o TR A DR 2

2013 4, {85 5 1 K % BT 40 1 Khanikaev
S PULEH IS BAR T — Bl U 1) 5 A R
SEILH Z4E R b SR, WK 6 FroR. ARATH i
TS, IR AL B AR AL TE4TE/ TE-
TM L ARRAIENE A RS, X5 CEREMARRN

224203-5


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

¥ 12 ZF R Acta Phys. Sin.

Vo

1. 66, No. 22 (2017) 224203

i E A I TA] S Bkt HAR S ikl 7 RS e
BRI, (HR, MBI 0 R G E R S5 0
FRUVER —— X N R, ol i, X Fh &R 2
5 I 1] S 38 0 FR PR B4 AR G AR A7 5. 2014 4F,
P IR 5 B | R ZE AT 7 /INHLAE arXiv B4R
SRR T R T R R A A R
WA GARBITY. 35 R A Y7 ks, I B LA
et LCP/RCP NJ&E HJiext. 5 3CHk [34] B RLA
A, 1% RGNS R S is, ANOR B — P R R
B 1F1) J52 Y58 288 1 FRD 0T R 1 —— R 2 A JER I (1] sz Y8 %
FRPE. VB8 RGOSR T X P& FRRR S br B2

C3 U g
™ TE ™
e —> —>H, + —

/ / E
Q
l I3
H, E, a
E. H. 5
|
= TE ™
D o o
E
/ / ,
v oo

Frequency (2nc/a)

0.36 |

-5

0.65

0.60 |

0.55

0.50 [

0.45

0.5

3] T ) S Y5 G R R4 (1 T BT 1) S Y X6 AR [ A7
7, Wk A “Hidy” sk « N SERERE 1 0.
F Uk, POTF T B € TR BT X B (R 205, TT A
K 2 Fh 8 b TR 7T, AT T PAE B A R
G ki T 5 T SRR PR B AN TS, 1%
WETF 2016 FER K FE P

TESZIG T, 2014 4F, w1l K22 8 d S0 iR
FRALBGAE T 9 0 FL2 B A s o B0 A7
I FE B2 T A0 50 8 T 6 A A1 Al A 38 DC T 2 07
BB R 7 UL TE+TE/TE-TM ZAR4R1E N E E
JiEAS BT H R R AR

5 —5.0 —45 —-4.0 -35 -3.03.0 3.5 4.0
K

4.5 45 5.5

K
q||a0

0 0.5

ky|(2m/a)

6 i INESIE  (a) D TE-+TM/TE-TM i £ 0 17 S8 B G 68 $h 40k 391, (b) L LCP/RCP 9 F

Jig ¢ B i) 52 355 6 AR A ok ) 1 4 45 £ (35
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Fig. 10. (a) Photonic Floquet topological insulator (421, (b) realizing photonic Dirac point with lattice symmetry (731,

(¢) photonic Weyl point [75],
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SPECIAL TOPIC — Topological classical waves

Topological properties of artificial bandgap materials®
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Abstract

Recently, artificial bandgap materials (such as photonic crystals and phononic crystals) have been becoming the
research hotspot of the next generation intelligent materials, because of its extremely designable, tunable and controllable
capacity of classical waves. On the other hand, topological material phase, originally proposed and first demonstrated in
Fermionic electronic systems, has been proposed in more and more Bosonic systems. In this review paper, we first focus on
some of the representative photonic/phononic topological models, and four common types of topological photonic system
are discussed: 1) photonic/phononic quantum Hall effect with broken time-reversal symmetry; 2) photonic topological
insulator and the associated pseudo-time-reversal symmetry protected mechanism; 3) time/space periodically modulated
photonic Floquet topological insulator; 4) a summary and outlook including a brief introduction of Zak phase in one-

dimensional systems and Weyl point in three-dimensional systems. Finally, the underlying Dirac model is analyzed.

Keywords: artificial bandgap material, topology, Dirac equation
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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.
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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.

Wov, v v v v,

w¥a%a"a%a%a%

K4 (a) MEEBER L (S4) B BEREIE 2 P /N L5 0 T %3, EARRIE A MK N/P WA a4 (b); (c) MEA
6 R (S-) B MASRENTE 200 P/N LS ) ALk, EREITE AU N/P A5t T4 (d)

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.

224301-5


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

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 22 (2017) 224301

J& E e B AU R, 2 RS (y 7)) 4R
&, A5 R A B e ), T E e E
il b, A WIE b (+y 77 m) AR X
RAERE SR IA T b (ANVE R T M 558 R A A 5L,
[F I EAFAE 2 MU RDS, BANURESHA —DHE
A& R 77 Im), HLABHE — N (08 B e Im). BRI,
XA AR TIER (helical).

N T IR TR SsSB4 RO TR E
Ji& B e A ) 75 R PR A A FAR S IS . B4 (a)
FEL 4 (b) ALALL 2 8% 5 e RA b (S5 ) B9 AS 3 MAE
BTN B PASTL ARE, RTEAE HA AT A
WML T (P/N LG Tefiett i, Hkdnd 4
M3 5 (N/P A, B4 (c) FE 4 (d) B 2 &
H BT (S-) B BRE i 07 N5 35~ 7t
5L, FIRERT DUE B, Ak R eI R — AN R
14, (B S5 AT — A OL NI AE B TR B s T I A
P REE I ML A (N/P IR, EAREE T AL i
Ft(P/NILFY). WASPIXFITASHET RATH
QSHE 584 —%.

2.6 HREERE

PR ANL AR — A B UM R B RS R
ERT BRI A B, AERE IS, A

(a) Y () 2

5 (a) PN —AEA T HEIER PN RS T
s e, AT BRI LS CA BELAS AL R 255 (b) 42
(a) ERIEERE 151N T 25 ORUTE 7 1k b, (H S 3 i X
B T d 2, 5 (a) MR RAALA BT 4t
i AR BT )

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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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)

( Received 24 July 2017; revised manuscript received 19 September 2017 )

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

PACS: 43.40.+s, 43.20.+g, 46.40.—f, 46.40.Cd DOI: 10.7498/aps.66.224301
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Fig. 1. A schematic of experiment setup, the 1D diatom granular crystal model and the simplification of our model:

(a) A schematic of experiment setup; (b) the simplification of the experiment setup in the left of interface, the chain

is composed with nonlinear springs whose equivalent stiffness coefficient k; can be changed by external force and

linear springs with constant ks2; (c) the simplification of the experiment setup in the right of interface, 1D diatom

granular crystal model is composed of two types of linear springs with constant k3 and k4; (d) the simplification of

experiment setup.
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Fig. 2. Dispersion relationship and the Zak phase of the 1D diatom granular crystal at different precompres-
sion F: (a) F = 603F/1000; (b) F = Fy; (c) F' = 1406F/1000. The mass of the all granular is m = 6.40 g,
equivalent stiffness coefficient ko = 7.46 x 10 N/m, Fy = 19.91 N. The Zak phase under disparate condition

are marked on the respective energy band.
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Fig. 3. Topological phase transition caused by F: (a) The Zak phase of the acoustic band change along with F; (b)
the band gap is tuned by precompression F'.
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Fig. 4. The energy bands on the left or right of the interface and the log of amplitude of the interface modes at the interface

change along with F. When F < Fp, the interface modes (marked in green solid line) exists in the frequency spectrum;

when F > Fp, the interface modes disappear, as shown in (a); the red solid line label the the energy bands on the left of

the interface, and its change when F' varies, as shown in (b), (c), (d); the green solid line label the the energy bands on

the right of the interface, and remian unchanged when F varies, as shown in (b), (c), (d); when F < Fp, the local level of

interface modes drop continuously as F' increased, as shown in (e), (f), (g)-
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SPECIAL TOPIC — Topological classical waves

The topological phase transition and the tunable
interface states in granular crystal”

Wang Qing-Hai Li Feng" Huang Xue-Qin" Lu Jiu-Yang" Liu Zheng-You??

1) (Department of Physics, South China University of Technology, Guangzhou 510640, China)
2) (Department of Physics, Wuhan University, Wuhan 430072, China)

( Received 18 August 2017; revised manuscript received 24 October 2017 )

Abstract

Topological phase is a new degree of freedom to describe the state of matter in condensed matter physics. One could
predict the existence of the interface state between two topological different phononic crystals. The band structures of
phononic crystal depend on the characteristics of their composite and their combination, such as geometry, filling fraction,
and stiffness. However, after the phononic crystal is fabricated out, it is relatively difficult to tune their band structure
and its topology. In order to broaden the application scope of phononic crystals, different kinds of tunable phononic
crystals have been proposed. One method to achieve this tunability is to introduce nonlinearity into the phononic crystals.
Granular crystals is one type of tunable nonlinear material, whose nonlinearity stems from nonlinear Hertzian contact.
By changing the static precompression, the dispersion of granular crystals can be tuned. In this paper, by combining
topology with nonlinear we create a new type of interface state switch without changing the experimental setup. Based
on the Su-Schrieffer-Heeger (SSH) model—an example of a one dimensional (1D) topological insulator, we present a 1D
nonlinear granular crystal, to realize the topological transition by precompression. First, we construct a 1D mechanical
structure, which is made up of nonlinear granular crystal and linear phononic crystal. The 1D nonlinear granular crystal
is simplified as a “mass-spring” model with tunable elastic constant and invariable elastic constant. By calculating the
band topology—the Zak phase, we found that the Zak phase of the two bands can switch from 7 to 0. There exist a
critical precompression Fp, when F' < Fy the Zak phase of the band is 7w, when F' > Fj the Zak phase is 0. The granular
crystal vary from nontrivial bandgap to trivial one as precompression gradually increase. This effect enables us to design
interface state switch at the interface between granular crystals with trivial and nontrivial band gap. Furthermore,
when F' < Fp, we find that the localization of interface state decreases as the applied precompression increases. Thus,
we investigate existence of the interface state under different precompression and found that the interface state can be

controlled freely. We anticipate these results to enable the creation of novel tunable acoustic devices.

Keywords: interface state, tunability, topological phase transition, granular crystal
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Fig. 2. (a)—(d) The contour map of Berry curvatures for bands 1-4 at hc— = he — 1072 rad/ps; (e)—(h) the contour map of
Berry curvatures for bands 1-4 at het = he + 1072 rad/ps; for (a)-(h), the horizontal and vertical axes correspond to wave
vector kg and ky; (i) £2 at different magnetic fields, the solid and dashed lines correspond to 22 and 23 at he_, respectively,
while dotted and dash-dotted lines correspond to those at hct; (j) Chern numbers of four bands, C! (solid line), C? (dashed
line), C? (dotted line), and C* (dashdotted line); (k) the dispersion relation of bands 2 and 3 at different magnetic fields
in the vicinity of hc, the dashed, solid and dotted lines correspond to the bands at hc—, he and hc4, respectively (15]
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Fig. 3. Valley electronic Hall effect diagram [34.
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Fig. 4. Phonon Berry curvature and valleyphonon Hall effect in a honeycomb of A /B lattice: (a) Berry cur-
vatureof band 1 (bottom contour plot) and band 2 (top 3D plot); (b), (c) schematic of the valley phonon hall
effect (the Hall current denoted by the olive curve arrows) undera strain gradient (the orange arrows), where

valley phononsare excited by a ray of right-handed or left-handed polarizedlight (the red wave lines) (17,
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SPECIAL TOPIC — Topological classical waves

Topological phonons and phonon Hall effects”

Xing Yu-Heng Xu Xi-Fang Zhang Li-Fa'

(School of Physics and Technology, Nanjing Normal University, Nanjing 210023, China)

( Received 28 September 2017; revised manuscript received 6 November 2017 )

Abstract

The combination of topology and physics is a new field of physics development in recent decades. It is not only
active in quantum field theory and high energy physics, but also widely exists in condensed matter physics, including
quantum (anomalous, spin) Hall effect and topological insulators (superconductors) etc. Phonon, as the main carrier
of heat transport in the crystal, recently, due to the discovery of various phonon devices, phonons has been widely
concerned by scientist. In this paper, we introduce the topological properties of phonons and the phonon hall effect. We
have reviewed the related physical research progress of phonon hall effect, phonon valley hall effect and so on, which
are generated by breaking the time reversal symmetry, spatial inversion symmetry, both breaking the time and spatial
inversion symmetry. Finally, the application of topology in other acoustic systems is briefly introduced, and the future

development direction is discussed too.

Keywords: topology, Berry phase, Berry curvature, phonon Hall effect
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Fig. 1. (a) Dirac cone dispersion of PC around the

center of Brillouin zone center; (b), (¢) two inverted
band structure of PC1 and PC2.
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Fig. 2. (a) The schematic of the complex lattice PC;
(b) PC’s band diagram.
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Fig. 3. (a) The schematic of two inverted PC struc-
tures with C3, symmetry; (b) band diagram with com-
plete band gap for photonic crystal structure A; (d),
(e) the inverted chirality of phase distributions at K1
and Ky points.
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SPECIAL TOPIC — Topological classical waves

Deterministic interface states in photonic crystal with
graphene-allotrope-like complex unit cells”

Jia Zi-Yuan Yang Yu-Ting Ji Li-Yu Hang Zhi-Hong!

(College of Physics, Optoelectronics and Energy and Collaborative Innovation Center of Suzhou Nano Science and Technology,
Soochow University, Suzhou 215006, China)

( Received 24 July 2017; revised manuscript received 13 August 2017 )

Abstract

Topological insulators have aroused much research interest in condensed matter physics in recent years. Topological
protected edge states can propagate unidirectionally and backscattering free along the boundaries of the topological
insulators’ which will be important for future electronic devices for its immunity to defects. Topology is dependent only
on the symmetry of lattice of the system rather than its specific wave form. Thus, based on the analogy between electronics
and photons, photonic topological insulator has also been demonstrated both theoretically and experimentally. Graphene,
composed of a monolayer of carbon atoms in honeycomb lattice, exhibits unusual properties due to its intriguing band
diagram. Many types of graphene allotropes have been proposed theoretically. However, due to fabrication difficulties,
most of graphene allotropes are unavailable. Here, we propose to study two dimensional (2D) photonic crystal (PC) with
complex lattices, similar to that of graphene allotrope. The complex PC structure provides more degrees of freedom in
manipulating its symmetry.

Interface states can also exist in the interface region between two PCs, if they have different topological properties.
Without any surface decoration, deterministic interface states can be created when bulk photonic band inversion can
be induced and are demonstrated theoretically and experimentally in 2D PCs with square lattice. By controlling the
parameters of PCs, their bulk photonic band properties are engineered and topological phase transition occurs. By
inverting the bulk photonic band properties, interface states exist in the common band gaps for two PC systems in the
gapped region. Similarly, we proceed to complex honeycomb lattice of PCs. By lowering its original Cs, symmetry to
C3y, C3, C2, and even C symmetry, the degeneracies of valley Dirac dispersion at the corners of Brillouin zone are lifted.
Photonic band inversion occurs in all four symmetries and the deterministic interface states are numerically realized in
the interface region between two PCs. Unidirectional propagation of interface state immune to backscattering along the
interface channels is demonstrated if a source with proper optical vortex index is utilized. Due to its easy fabrication,
PC is a perfect platform to explore the topological properties of complex lattice and these acquired topological optical

states can be of benefit to the control the propagation of light in the photonic waveguide.

Keywords: photonic crystal, topology, valley, interface state

PACS: 78.67.Pt, 73.20.At, 42.70.Qs, 61.48.Gh DOT: 10.7498/aps.66.227802
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El1 (a) SPPALET SRR K285 b, 1 HLEA 08 A e 53 BEUE R R; (b) SPP AL 4E= AN b B RR B
RANT 3 M AN G IR R A B i [13]

Fig. 1. (a) Surface plasmon polaritons (SPP) exist inside the gap of the metal bulk spectrum and have spin
momentum locking relationship; (b) the two-dimensional dispersion of SPP mode exhibits a vortex spin texture

similar with the edge states of 3D topological insulators.

oc=1
900

Frequency 2nc/cm~!

~10 -05 0 0.5 10 o= —1
Wavenumber (2n/3L)

K2 (a) ARG RE; (b) B ERGN B FERE R BN, 21 EFITE 65 73 275 A5 T IR A0 A0 A Jié 18 A
1 29); () ELAg S IR Bk e ) JEL I TN Tt by 1301, i M R 72 2 L B R AR R S5 2R (d); (e) SRIFOR Pk ok
F) 2R T 44 M A A g R R T e (B 1)) R e A AN R4 7 11 (£)

Fig. 2. (a) The metasurface with spatially gradient phases; (b) the direct observations of optical spin Hall effect, red
(blue) means right(left) circular-polarizations [29; (c) the periodic artificial microstructure [?0] with broken inversion
symmetry can induce spin - dependent band structure (d); (e) the metasurface with broken inversion symmetry can

31]

hold spin-dependent surface waves [31] which have strong lockings with momentum directions.
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K3 (a) ENG 5 MNG FH1 b 32 #5876 1 8 T 28 IR BN
(b) RIPII EBE sgure RIUHRE K H e 5 5h B UE 53]
Fig. 3. (a) The optical quantum spin Hall effect on
the interface between ENG and MNG; (b) the spin

density Sgyu,f of surface mode can exhibit strong spin-

momentum locking (331,
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K4 (a) FIF B EICRET LRGSR ENG # MNG FHH, /£ MNG N #FH R A B ikt
RN B IR BB R T (b), (c) BAZEHEMh 1 75 A% BRI R T (d), (e) PG WU Hh 1m) 4 A% 48 R T (D),
(g) M |H-| W3s 5 Aii vl LLE AN 6] [ Tt X 823 43 A1 i IE BEPE UK, CRS (clockwise - rotating source) 7R/l
IFEFSURI R, ACRS (anticlockwise-rotating source) e~ i £H U (195 [33]

Fig. 4. (a) The interface profiles between ENG and MNG can be realized by the microwave transmission line

system with artificial microstructures, a circularly polarized source in MNG can excite one guided mode with

a specific propagating direction; (b), (c) the surface waves excited by clockwise-rotating source; (d), (e) the

surface waves excited by anticlockwise-rotating source; (f), (g) the normalized stimulated values of |H| can

reflect the selected excitation of corresponding surface mode profile, In figure, CRS means clockwise-rotating

source and ACRS means anticlockwise-rotating source [33].
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Fig. 5. (a) The theoretical model of Lieb lattice, t; and
to represent near-neighbor and next-near-neighbor cou-
pling strengths respectively; (b) the first Brillouin zone of
model, and means the high symmetry points in Brillouin

zone 411,
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Fig. 6. (a) The Lieb lattice circuit system, the links with different colors mean circuits in different plane; (b) the

circuit profiles corresponding to quantum interaction with 90 degrees phase; (c), (d) give the concrete circuit profiles

inside the block in (a); (e) the bandstructure of Lieb lattice circuit system, when a = 1 and ¢1/t2 = 2; (f) the

bandstructure and spin Chern number of edge states of half-infinite Lieb lattice circuit system (411,
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SPECIAL TOPIC — Topological classical waves

Quantum spin Hall effect in metamaterials”

Long Yang Ren Jie! Jiang Hai-Tao Sun Yong Chen Hong

(Center for Phononics and Thermal Energy Science, School of Physics Science and Engineering, Key Laboratory of Advanced
Micro-structure Materials, MOE, Tongji University, Shanghai 200092, China)

( Received 20 September 2017; revised manuscript received 27 October 2017 )

Abstract

Quantum spin Hall effect (QSHE) of electrons has improved the development of condensed matter researchnowadays,
which describesone kind of spin-dependent quantum transport behavior in solid state. Recently, a variety of theoret-
ical and experimental work has revealed that Maxwell equations, which is formulated 150 years ago and ultimately
describeproperties of light, can exhibit an intrinsic quantum spin Hall effect of light. The evanescent wave supported
on the interface among different media behaves strong spin-momentum locking. With the rapid development of new
optics materials, metamaterials, we can not only adjust the optical parameters of media arbitrarily, but also introduce
a lot of complex spin-orbit interaction mechanism. Based on metamaterials, the essential physical mechanism behind
quantum spin Hall effect of light can be understood deeply and verified easily. The purpose of this review is to give a
brief introduction to quantum spin Hall effect of light in metamaterials. These include, for example, the physical essence
of QSHE of light, the topological interface mode between permittivity negative and permeability negative metamaterials,

QSHE in topological circuits.

Keywords: quantum spin Hall effect, metamaterials, topological transition
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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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SPECIAL TOPIC — Topological classical waves

Multiple topological phases in phononic crystals®

Chen Ze-Guo Wu Ying'

(King Abdullah University of Science and Technology (KAUST), Division of Computer, Electrical and Mathematial Science and
Engineering (CEMSE) Thuwal, 23955-6900, Saudi Arabia)

( Received 31 July 2017; revised manuscript received 27 October 2017 )

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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JiE - BB AZ HAFF (spin-orbit interaction) [78:12:13],
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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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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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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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