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Toroidal Dipole in Hybrid Bound States in the Continuum
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Abstract Metasurfaces based on bound states in the continuum (BIC) are capable of manipulating light in both temporal
and spatial dimensions. In the temporal dimension, BIC possesses an infinite photon lifetime and is widely used in the laser
cavity, nonlinear optics, and sensing. In this study, we investigate the properties of band-folded resonances and quasi-BIC
based on a hybrid BIC metasurface. The key role of a toroidal dipole in distinguishing the two-type resonances is
investigated via multipolar analysis, and numerical simulations, and verified by terahertz experiments. Moreover, hybrid
BIC metasurfaces with supercells of different band folding features are compared, further demonstrating the essential role
of the toroidal dipole in determining quality factors of these resonances. A deep understanding of the scattering properties

of multipolar in resonance plays an important role in obtaining high-quality factor resonant cavities, laying a theoretical

foundation for promoting the application of metasurfaces in terahertz sensing, modulators, and nonlinear interactions.

Key words bound states in the continuum; toroidal dipole; metasurfaces; multipolar analysis; terahertz

1 7 El

8 A KE (metamaterials ) H & 518 0 30 37 K R 3803
s R R 5 8 7, AT AR R 5RO 5 W) BT AE A T R
FEN ) R e T R A5 R U A A9 AT 2 R AT
DLk — 25 5 4 X F G I8 A A %) T fg vk R 2 R
PEN S IR e T 3 Ak s 45 R R 0T i s ) A A, —
J7 181 AT LA S B E R D O B L B A S AR A

R A IR L 55— T AT DA OROR R T R bR 5 B, AT
VK /N A TR R A R /N TR Ak R Ak A R
e T HE 2 T Ry B b i B Ty T, R 2R OB A ) BRI 4
S R 3 3 — BRI AT (0 ARGOS R I R4 L
Jei 38k 3 %) 8 5 R B T K B OG- AR A, X e S A
B A B v o 5 R B Q) MRS R o R T B L T o I
PR E8 T A 2 2R B A 4E Ok R 1 (Fano) 18 ik 5035
i 1 Z #5371 (multipolar analysis) J7 i i#F — 25 FE A%

YR EH. 2023-06-01; fEEBH. 2023-06-21; FABHE. 2023-08-01; MEHXEHHE: 2023-08-11
BEE&WB . FZRARBAIES(62175099) 7 Z 44 JLAE 5 R L REAF 5T 3 42 (2023A1515011085) IR T w5 45 Be 4 B e S 7

101 (20220815151149004 ) \FI J5 B4 KR g 2 55 4
BEMEE: conglq@sustech.edu.cn
I E S — AR

1811021-1


https://dx.doi.org/10.3788/LOP231429
mailto:E-mail:conglq@sustech.edu.cn
mailto:E-mail:conglq@sustech.edu.cn

R RIEX

FETURE T . Hodh B IE A F (toroidal dipole) {4
— A AR bR HE I 24T R TT 4 &, 75 AR A R 1 4R
SR FE T I R B T BB AR E LN
WA (BIC) BAS ¥ F S WP, B Bl LIS Bl B 55
TR B S B R B BIC AR S T 55 R 45 R i AR
TEAE 2 RS | B 7E BB 25 #4064 DL L (B 4k
B AT AT D) Bk 5 S R A A AP TN TS 5 2 ]
A, DT AT AR 2] JC 95 K06 T F i, ok —Fh )1z
R TS5 W B BAE R B BLE]

AR BIC L& AR 0 5 5 b ot R0, (57 3l X Bk
BP R BIC 1 Q 5 % K/ b 2 0] B 1 R 7 B 32
HOCR R IR AN R &5 Q A 1
WAk o TR AN AT R 2 51 A B O A In) A, AT
KR REAR S B B i o] A5 0 TR R 5 B PR 8. il BIC
B TR Q 5 A2 MBI HE B R B ATF (N —2
FE—6 W) R KR EZEM T QIE M A
SRR A RO HLE T o (2 T TR s o
4 550 JUAAT RS I 338 FH T [R) s 2L 8 X R 477 2 01 41
KR BIC BYRERT , BoREHTZ] . L), Fan 55848t —Ff
Tz 6 I 2246 BIC Jrik %07 15 1T LAAE R o X FR
P 0 BIC 1) B4 i o BRBS0ORT X A 5 Bl 663 1 65 A 12
XA A4 Ak BIC (45 5 n] DLE i 81 5 2 1) A LI X (BZ)
1) BB Y 20 AT R B i, ok 205 4 B 00 2% Ak 1 2o A S B A
JESO A, KRR (4 A B K X 0 4, T T Q 5 A 22 1]
B B 18] 22 B, 3k B R TF BIC & R R SR & HE v H Y
55 R B 3 235 4 B 5 B 1 B AR Ak R S B0 B
UM X BB AT 3T 8, TR G HE DL X FR 4 T i A
(guided modes) #7 & 2| I' 25 . b, 78 28 3 196 3% I
WA LOWE B TR T S ok i 2R R . B,
A TAEC & e 40 i 7 R4k BICHE e i r B ai )
HQ5 rZE M wM kR, 2 — Fh i m xf fR
PR 8 BIC 1y 4 it 5T R B0 RN & 1 2 1% 38 7
2 EE A R R T AR T &0 5L A BT S R
FEdE

A SC RS R #5 (DSRR) Ry 2 Al B AR 15
WHE A4 AL BIC MM Bt F 88 T & 7= B 3 S IR
5 56 BIC H 1 X R SO 1 04 1 BIC i 4k 22 18] 19 4
P25 S B Z TR IF AT R IR
W F 7E X 43 3 1 205 IR R AE b 49y 38 1 R B0 A
o, ARG R I3 o A B A B R E N R 5 1 R
AR BB, DA B0 3 58 ) G 1 k52 4 il I
I 37 B 8 PR OE AR X AR AR P B BIC . 1E— 45 38 1 %) He B
Pl TR 28 B Rl 3T & 7 =X, BN IR A T 3T &
T T S i S5 PR 9 o AR

2 SR BT A RS R R

LS AR B SUFF 1 BRI 4R 2% o e ab, HAR S 2 b
BICZERE WIS = A SIS . 2L DSRR

%6055 18H1/2023 £ 9 B/ ERBEFEHE
BT AE B9 1E 5 T2 245 #4476 S JR149) 59 Cunit cells) BT #4 B HY
578 2% T S R AR AR A BIC! . X A BIC 7] L
SR B 7 B AT i DSRR B C, % FR 1, 75 45 Sy 4 55
B #E BIC i ik (U-BIC) , AT 7E 322 5 19 35 49 o6 1% L
SR ISR o W T TR, A0 SR B B 2 Bl ) AH 4B
# A~ DSRR JE 18— A 56 8 45 44 1 0 J8 3 2. 50 (- 24
6 BIC,H,-BIC) , HXT 17 1% A B I DX 000 AR 7 0 4 R 1E 7
T 45 ¥ ot i — 2, T HLIE 5 T8 A LUK IXORE R 1)  X)
PR A5 AH N BT 28 B 5008 A B UK XX R 04 47 &, an &l 1(ce)
fis o FEREX AT &k B IR LA 7E IE 7 TR AR B X Ok
HELLR XS0 SRR (GR) SIS 8 I 5, R 48
SR, A 1(d) B o 38 R B T i B T 25
G H — A~ DSRR 25 #4 Xk 1 (d=15 pum, Bl « =
0. 128) iy 7 2 55 I 25 48 B 50 DT 7 I ) 3R B 3% A8 | R
FH BB 6 2] 284 T 200 A% & 5 A R 2% 1) 3
S 2R G0 DK 7 AR 2R 8 9 DSRR O 3% T A2
B T T . 3 A X H 3R R AR A S L T LA M
LR B 1E 7 B db A 0 AN TR IR 2 2R KB Y A A
B 3 A IR, WA 2(b) R o X HE X 2505 A
IR BB AT T & AT, BT LA E I AR L4 7R T 18 7
T a1 IR 4h BIC B R, 38 R 1100002 X 0 4 8 1
KWL, 5 —J7 T, 7E [ — X AR B R, i 34N
P F 0 0 AN [R] 04 & 5T BRI, F T 0 b R AL

2w A R gk

2.1 HHHE

Z= 4k BIC H8 3R HAE 5 R AR G 0 6 20 T2 3647
T, 3R A RS R 15 mmX 15 mm B9 JE B R 500 pm
1 5 BELAE F (FLBH %6 >>10000 Q-cm) . 426, fETHTE T
Heir) R R T O i BELEE [ LA 5000 r/s Y R BE U
2 um B Z 1 (RZT 304. 50) , i€ 4 05 18] A 30 s, R Ji5 1
100 “CHYEE FHEEE 180 s. 2 F K, 1 AL 45 1 45 4h
% AR (SUSS-MAG6) ¥ 5 5 it | i) DSRR & % %%
BEDEZIE bR RZX3038 BEHI B 30 s, £
DSRR 45 ¥4 114 5% 2 Jie , Bt 5 BL 120 “C i 8 5 4% I % 1k
By RE S HE R 90 s I fb . fe e, R B TR & &
(TF500) 1y 77 =X 7F i 2% 0 U0 AR B2 2 200 nm 19 4 &
BRZ K R S AE TR R W LA 60 °C Y L BE ¥R 30 30 min
FBRBI A CZIE . 15201 2-Z 4k BIC #8 2 1t B 5
T R A & 2(a) B s o
2.2 LIEHEK

AR S5 SR FH K R %% B 3O 15 R 40 6 A E AT DU
PR o A8 T X IR i A AS 4 Ao ek % £ (R L AR AR
FRRE AL 035 S o AL, AR [R] RS BE i s BELRE AR (1)
BEHEE NS H R AAR RN A — b n B S5, sl 2(b)
WA {0 R LR TR o KRS DSRR Z5 0 S50 F < p=
73 pm /=60 pm . w=8 pm.g=3 pm.d=15 pm,

FIF Fano Ze 78 8 5065 52 56 0 38 A 0 24K 45 19 i
S AT LA, 4 AR A IR A Q (E, W&l 2(b) B

1811021-2



B RIS X
(a) U-BIC lattice
D

«— [ ----—- b

EEEETTT T

H[ -+
v
*

(c) g M M
, .
A
L
I | 1
1 I {

I I i

——~—~-:——~I&———I———-n~——
e  F

I
A
1 I I
; : i
] ! :
1 I i
L 2t J
L\ R

F£6055F 18H1/2023 £ 9 B/ B EXBEFZHE

2p

a=Il L1 +L,)

(d)
15 .
mode III,
e
\ BIC ;
E (mode I1) light line
band folding _ e
g Lo GR T
E‘ (mode 1) % &
i
‘-:'0
0.5 - 1

Bl -2k BIC (BT H 3R 1 PR o8 S H g 3r & s =l - (a) A p=73 pm K /=60 pm ) DSRR #4 5 1 52 J5L - 1F J5 I8 &b %
(b) W5~ DSRR 4 5 1Y 2 Bl 77 100 049 J5 3 D 2p B9 SO 46 08 88 ks o a= 10, — LI/ (44 1) |, o X FRBS R B2 £, F0 2, 53 50 R
DSRR 76 47 4 J@ £ 9 8 5 (o) 3T BLUH IX B9 RB Al T 8 /% BB, Fhop | B B0 A A9 X 0 7 28 30 OBUJR T i BZ W Ik
(d) A7 R (0 68 L) 0 A 0 [0 o5 ) %) A 205 4 1R B HL e 8 0 06 2%, vl | 00 jig 2k e s ol e o (5 P R L5

5 FL 5 A 22 R TC B Ao JIC 465 M A AU AR A5 R AE A3 6

Fig. 1

Schematic diagrams of H,-BIC metasurfaces and band folding. (a) One unit cell of U-BIC lattice composed of DSRRs, where

period p=73 pm and length /= 60 pm; (b) one unit cell of H,-BIC lattice composed of dual DSRRs along x axis in a supercell,

a=1l,—L|/({,+1,), represents asymmetry parameter, where /; and /, denote the total lengths of left and right metallic branches

of DSRRs; (c)band folding of Brillouin zone, where the X-point of a single atomic lattice is folded into a diatomic superlattice

BZ I point; (d) band structure diagrams and their folding relationships of U-BIC lattice (blue circles) and H,-BIC lattice (orange

dots), where gray dotted line represents light line. Perfect electric conductor and structures without substrate were used for

DSRRs in simulations to calculate eigenvalues
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Fig. 2 Experimental and simulated results of H,-BIC metasurface. (a) Microscopic images of H,-BIC metasurfaces; (b) amplitude

transmission spectra of experimental (orange dotted line) and numerical simulations (gray solid line), and normalized scattering

power of multipoles from simulations; (c) surface current distributions of three resonances with y-polarized incidence
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Fig. 3 Numerical simulation results. (a) Relationship curve between the Q corresponding to resonance I (blue) and resonance II

(orange) obtained from electromagnetic simulation and a; (b) relationship curve between the p, and T, components at the intrinsic

frequencies of resonance I (blue) and resonance 1II (red) and «
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Fig. 4 Simulation and experimental results of H-BIC metasurfaces. (a) H,-BIC lattice composed of dual DSRRs along y axis, where

period p=73 pm, length /= 60 pm, and d = 15 pm (a = 0. 128), the inset depicts the band folding of H,-BIC lattice from U-

BIC lattice; (b) surface current distributions of three resonances in H,-BIC metasurfaces with y-polarized incidence; (¢) amplitude

transmission spectra of experimental (orange dotted line) and numerical simulations (gray solid line) and the normalized

scattering power of multipoles from simulations; (d) relationship curve between the Q corresponding to resonance I (blue) and

resonance II (orange) and a; (e) relationship curve between the scattering intensity of p, and T, components at the intrinsic

frequencies of resonance I (blue) and resonance 11 (red) and «
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