Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BT R RE A KRB AR B AR et

INER EHE OEMRMR By kF g

Sensing and slow light properties of dual-band terahertz metamaterials based on electromagnetically induced
transparency-like

Sun Zhan-Shuo Wang Xin  Wang Jun-Lin  FanBo ZhangYli Feng Yao

5] Fi{i &, Citation: Acta Physica Sinica, 71, 138101 (2022) DOI: 10.7498/aps.71.20212163
TELR T2 View online: https://doi.org/10.7498/aps.71.20212163
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

XUIRERE 3 9 R B AL R 5 S TS
Electromagnetic induction-like transparency in dual-band with dual-bright mode coupling

PyFEEEAR. 2022, 71(1): 014201 https:/doi.org/10.7498/aps.71.20211312

KU A 25 R A AR I A s A SR

Sensing characteristics of dual band terahertz metamaterial absorber sensor

YrE2EdE. 2021, 70(16): 168101  https://doi.org/10.7498/aps.70.20210062

BT SRR IR IR AT IR Y v R R R S B AT R
Tunable grapheme amplitude based broadband electromagnetically—induced—transparency—like metamaterial

YrH2E 4. 2018, 67(9): 097801  https:/doi.org/10.7498/aps.67.20180114

2% e BE LR AR T S 3R A TR
Refractive index sensing characteristics of electromagnetic metamaterial absorber in terahertz band

WIFR2EAR. 2021, 70(3): 038102 https://doi.org/10.7498/aps.70.20201054

BT ARR ARG 29 ORI RS L RE 75 s B RN 5

Research on analogue of electromagnetically induced transparency effect based on asymmetric structure all-dielectric metamaterial

WAL 2021, 70(19): 194201 https://doi.ore/10.7498/aps.70.20210070

Rydberg i1~ HL % 175 2 WD AR P e R

Noise transfer characteristics of Rydberg electromagnetically induced transparency

WIBAEA. 2018, 67(21): 213201 https://doi.org/10.7498/aps.67.20181168



#) 32 % 3R Acta Phys. Sin. Vol. 71, No. 13 (2022) 138101

B T K B #LE 515 B B XU EL K 2%
AT R R B AN g SR

EE E&T

T R AR

#y KT B

(NS R 5 B AR, PPAITEE 010021)

(2021 4F 11 A 24 FCEL: 2022 45 3 1 6 HICEIEMR)

P& IR SE T — Bl = 2 AR A B 2 RS T W R 2% R R L A . 2 LA R AR R AR R 1 B
BRI 59 203, BR R E A Ih4R A0 2 MR W4 7, 77 AR AT T30, ZE P e R s 2 R AR B S o . iz
AR = A BRI R T A US4 28 i 5 B0 . AR I 7 B i R L 3 A, A A T R A R
W25 G B IR L. A, JE 05 BLRTH IR SE T MR R B, TE R M AR, B
2 HL R 5 8 W T 1 A T S 5 0B T g ik 451.92 Ml 545.31 GHz/RIU. 3@ a3 %t 6 Flo£7 9 72 i (4 14 18845 B, 56
TE T SUS B 8 Ak L BT R R b ek A A P 5 DG i Dy 1T B LA DR SRS T TR T B R R R AE 18
TR X WA BT T (4 B IR I HE 43 S T 3K 9.98 1 6.23 ps, I B IHAE 1 5 M0 A% SR RS Ol 42 451 4k L

A EE N ANE.

S SR PV, KRB, (R, TR

PACS: 81.05.Xj, 42.50.Gy, 07.07.Df, 42.25.Bs

1 3

HL 14175 5 % B (electromagnetically induced
transparency, EIT) & = fe i+ RE T 1 —fp
FTWHE. B TR0 R A RS T R
W ISP R A B R I R, TR SRR X S8
PR T —ANREIRY B S 1 . EIT g™ A
R G SR U, XD RREAR TR, MR
TAEL M B EIT W9 SIS 2 i Harris ALY
WFFEATBATE 1989 4F 2, 1990 4F, % AT BA ¥ O
LFEXMBL M. HILLUGE, BIT &5 T2
KE, IR T 2 GU, Qnfe B Fig ol
a8l BRI, R RS EIT 408 5 75 2 AE

il

DOI: 10.7498/aps.71.20212163

AR ARt B B8 5 B RO T A a] SEBL P X%t EIT
BORBIR R — DR IR AR, O T R X L
B, A e 25 Fh 2 il RGeS B EIT LR,
UG 1O g B I T R e 1Y AR 13191,
FEXAWFFE L R T, Zhang A0l AT BA 19 7E 2008
SEAE T AL RE B A RSB T 2R RS B T (elec-
tromagnetically induced transparency-like, EIT-
like). M), FI A BHRTT EIT-like 2500 #9775
IR AR

FURIT, F AR A58 0258 22 8] A A A
PR SEBL BIT-like 280 0L 9 77 3547 WAl — o2
AR g — R 3R T A A B PR R
Wk, I HAFER 2 Y SRR [ B T . 12454
AR R O WA, e IR 2 (R AORE &, 7R

* ERAREEEE S (JES: 51965047), N5 A RENEEE S (JILfES: 2021MS06012) AN S HIE XA E (S

2020GG0185) ¥ B iYL
t BIEVE#E . E-mail: wangxin219@imu.edu.cn
1 BIEYEH. E-mail: wangjunlin@imu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

138101-1


http://doi.org/10.7498/aps.71.20212163
mailto:wangxin219@imu.edu.cn
mailto:wangxin219@imu.edu.cn
mailto:wangjunlin@imu.edu.cn
mailto:wangjunlin@imu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 71, No. 13 (2022) 138101

EIT-like 7 [T 07=21 25 — Ff 2 7 A0 7] )t i 55 14
T, PRSI AR ST B, R R AL iR
AR . EIT-like #5007 A B ARRN BAASE 2 (] (KR &
FEA 2=l g X IR R TR IR R, AR
35 5 | A B S AR T T XU B RN 22 0 B 1
EIT-like A8 #4 A4 26-281 3305t 148 A4 L 7E 2 0% Be %
TR RN 22U B M s R ) o FH ELA Ei B S 29,300,

ARSCHE T — T B A EIT-like 800 9K
o 2% B A RE. B = A WS R £ ok 7 A U B
(1) EIT-like R0 . 38 7 H & M3 004, 140
SR T EIT-like AT BEHLER. 4387 T AR 8%
FIAS i) J5E 88 f4 73 0 9 %o BT T-like %7 11 A 52000, BF
I8 T M BHOAR BRI, B T B P o 1) fe A5
B XHEEAT R R S 6 FlaTmrs S B T T
15 8, {5 BLE U BZ B R REIES T e AR 14
JEAGIN, I HEAT T R A A HE TR AR,
USTT BB A R 115 445 2 LU PR B AR A R B T
SER R REN A R R s, B X B
B AT, UER T T A ABR 2% R A R
FEM RN T HBEA R I TERE.

2 GEAAE A Fr i AR MR

2.1 SEHRERY
BRI IR 2 2 i B AP TR AE FE A B e
JE_EEIZA S R ZA . Frisi A R 4

il

i
it
[ 422 1
A
\ !
g
AT
A
J)/1V|Ll'/
il
]

JRJECFE = HA AR S5 : BT BIZ5H (dou-
ble T-type, DT). 4 4~ L 454 (four L-type, FL)
FIXUHIE 454 (double rectangles, DR). 4 )& )24
BN, BT F o0 = 5.8 x 107 S/m, JIEJZ/ Tk
BN R IUFH LM (polytetrafluoroethylene, PTFE),
R e = 2.1, A HEAFEM IEVIEY 0.002. 5
JERYEERE D 2 pm, A JZ AR 16 pm.
RHAGFIZEANT: [, =120 pm, b, = 31 um, I3 =
40 pm, Iy = 49 pm, Is = 112 pm, g = 15 um,
g2 =5 pum, g3 =98 um, g4 =40 pm, w; = 10 um,
wy = 20 pm. SR ZYE4 ) B R 07 B F CST
Studio Suite 2020 X FEAELHETT 05 B o HFT y Bl
D5 T S4B R FLRAT, TR 2 By e B S iR
LI RAAUTC IR JEIA 51 $ A5 (% 1t
k) BB MY 2 SRR 0TI, ASHGHY I ARG
Ypor iy « A y Rhidi, anfel 1 poR.

2.2 ISRV

—NSTEHY EIT-like #54%} (single-band EIT-
like MM) 1 DR #1 DT 1%, Z5H82%500R E. 435
%f DR, DT #il single-band EIT-like MM # 17 {}j
B, AR M A& 2(a) B, TERE M 1L 4%
#F, DR 1 DT 43 7€ 1.311 THz 1 1.379 THz
b7 AR R A B A R ATR AR A, IR T 11
14 it o RS AN T) 3 2 BT T-like 8500 7 A= 1Y
LGN P IR A B2 AR T e LR

BT R AR LA £ K A T 454 1A

Fig. 1. Geometry of the proposed metamaterial structure and the unit structure diagram.
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Fig. 2. (a) Transmission amplitude curves of the single-band metamaterial, DR and DT; (b) transmission amplitude curves of the

dual-band metamaterial, DR, DT and FL.
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Fig. 4. (a) Electric field distribution of the three trough fre-
quencies; (b) electric field distribution of two transmission
peak frequencies.
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Fig. 5. Simulation curves of the metamaterial covered with
the measured substances with thickness 4 pm and different

refractive indices.

138101-4


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

#) 32 % 3R Acta Phys. Sin. Vol. 71, No. 13 (2022) 138101

J&, %~ EIT-like % [ Q {H7E 25.2927.14 2
[a)Astk, 55—~ EIT-like B Y Q {H7E 20.15—23.56
ZIalAR k. AT U0 A [ Rk I A o e T R AR Ak
XHER M BHE AR 1R Q (ERE AR K. 5 BL45 S 1 M
Hb 57 55 A EIT-like B H MRS K T8 —4
EIT-like fid H 40A% . A 45 2 8O 098 X, A
EIT-like & 1 ELAT 5 5 1) R AR

J T RSB RHME B P R R R, R
P (3) 2B RS 5 4T S AR Z R A 2P G R,
RIS 12 5 AR TSR B ZMEL G, G B
BER B PR R Wit FAR T AR AR Y
REE. GYBIREE N 4 pm 1, IS EIT-like % H
FR A1 205.8 F1335.6 GHz/RIU. i (4) =X
AR, BEE TS ER RN, 55—~ EIT-like % H Y
FOM {HAE 4.05—4.59 Z [BZ#i4 K, 5 4 EIT-
like % /9 FOM {H7E 4.64—5.93 Z [AlZ Wi k.

BT RPN W o (Y S 0T, AR 22 v
RS B i SRR Z [ R AT B

AeE - E} + ApH - Hj)dV
g (5B 0)

“ /(5E~E§+MH~H§)dV
\4

/ (Ae| Bol*+ Api|Ho[2)dV
AV

Y

| B ey )

Ho woo AT 6 RIS HEARITR, Ey 1 Ho
JRIiE S, AV RN BRI AR i, Ae Fl
Ap 53 A BLE BRI TR AR fe it AR o
WU, Ae FI AP, AR EIRR BE RS, BERS
SRR ARSI A I A B AR R AR (A5 ] —
FEON = HE AR R RR BE A ARS , MRS R, A% IR Xof
Yy R AR T T 26 AR AR R T R R A
JETIFR—E, RFIA AR AR L Fh AR 4 ) B ke
SE. RIL, R A TR 2 5 ma AL s i I iR R
WORE . TSR 0 = 1—1.5 BN RIS RS A AR )
A S BB R L B, AR R
FR REEEANE 6(a) F1E 6(b) Fras. w] LA
A, B AR N 2 um BN, AR
() RHREAR R . (R, A2 W I JEE 5 52 i 17%) R A
FERENN AR B AT BRI JEEE L] 30 um J5, RAL
FE AR T, A 6(c) R, JEREN 30 pm
A B 2 A0 R B 0 T R 00 P A B B s 1 0L
JE. Pk, S B RE RS R 30 pm B, AR R

fEORE Ik B B, 40K 451.92 1 545.31 GHz/RIU,
FOM {E43- 59 4.75 1 6.21. £ BTk, Frikiti
BT EIT-like (4 A5 2% MR REIT LA S 4y o A il
fihy ey R AL AR .

300
(a) — h=2pm
— h=4um
240 | —— h =10 pm
E —— h =20 pm
0] —— h =30pm
; 180 - h =40 pm
=
wn
>
9
g 120
3
o
&
[<3)
60
0 1 1
1.0 1.2 1.4 1.6
Refractive index
300
(b) — h=2pm
— h=4um
240 | —— h =10 pm
IN —— h =20 pm
0] —— h =30pm
~
£ 180 h =40 pm
<= [}
[}
)
g
g 120
3
o
&
€3]
°l /
0 1 1
1.0 1.2 1.4 1.6
Refractive index
600
(c) = f1
—— fo
ﬁ\ 480 +
=
A
N -
o 360
o
=
2 2401
2
el
k7
g
& 120}
O 1 1
0 15 30 45

Analyte thickness/pm

P 6 (a) BARER B 5 AN 5] 45 00 4 5 188 X 7 1) 25 —
EIT-like % M A LA R AR ; (b) A8 M Ak 2 i 7 35 AN [6] k)
Wy JEE B ik B 425 A BIT-like % 1 A94LA REUE; () B
I3 1) JEE R of SR AL 1 R

Fig. 6. (a) Fitting sensitivity of the first EIT-like window
corresponding to different measured substances thickness
covered on the surface of metamaterial; (b) fitting sensitiv-
ity of the second EIT-like window corresponding to differ-
ent measured substances thickness covered on the surface of
metamaterial; (c) influence of thickness of the measured

substances on sensitivity.
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Table 1. Simulation and calculation results of metamaterial covering the measured substances.

Frequency shift/GHz

Calculated &

The measured substance € Calculated average ¢
First Second First Second

JP-4 1.7 133.85 171.83 1.68 1.73 1.705
Petroleum ether 1.8 152.73 188.22 1.79 1.81 1.8

90# 2.01 188.82 227.67 2.01 2.01 2.01

934 2.11 201.44 248.53 2.09 2.12 2.105
Transmission oil 2.2 218.42 265.2 2.2 2.21 2.205

97# 2.25 222.98 270.68 2.23 2.24 2.235
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Fig. 7. (a) Simulated transmission curve and phase shift curve of the metamaterial; (b) calculated group delay and group index of

the metamaterial.
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Table 2.  Comparison of sensing and slow light properties of various metamaterials.
Ref.[34] Ref.[35] Ref.[36] Ref.[37] Ref.[38] Ref.[39] Ref.[40] Ref.[41]  This paper
Performance index
2018 2019 2020 2021 2019 2020 2020 2021 —
Q 58 22.05 30.5 — — — 11.88 — 26.63 19.46
S/(GHz-RIU 1) 105 300 280 229.7 — — — — 452 545
FOM 7.5 2.94 8.54 — — — — — 4.75  6.21
Tg /DS — — — — 6.74 7 7.28 5.5 9.98  6.23
5 E 4 [2] Xiao M, Li Y Q, Jin S Z, Gea-Banacloche J 1995 Phys. Rev.
ANN p=
N H Lett. T4 666
[3] Hau L V, Harris S E, Dutton Z, Behroozi C H 1999 Nature

AW T —FEA EIT-like XU BL R
2B ARL AR T =AU R AR B AL
B 5 LA B = A WIASE 5 ith 2 i A T8 in = A
A~ EIT-like 5 5 1. 254 L 308 5 /Y o0 A i B
T AR EIT-like = A= ALBE. R 48 A5 2% 1 A4
R ZEAERE SORREIRE AL, BT bR 4% B8 A1 AT
PLFIE AL R A e . 38 a0 7 26 AN Rl iR
D) BT A BRI T B, B T AR AR E R
Y e AR TR BT, T OE T A Y S AR S
%mmgm&i%Tﬁﬁtﬁ%ﬁ&W%%i
TR AR IR WA, B F - 2SR A ) 7 VA e 1 XL
ﬁ&ﬁﬁﬂ%ﬁ&&ﬁﬁﬂmwf FLH 50 VG i
J7 L. [, EIT-like %508 0977 A 500 35
S OIS S B I AR ARV, A5 S B R
B RESA KT 5 ps, FEITSTHEKT 100, BA R4fF
(02 G REPE . B MR R R 2% 8 M4 ) Sy SE R EIT-
like $24IE T —Fp o ms, XHBM BHEG RS g
PR R B — S H M.

S 30k

[1] Harris S E, Field J E, Imamoglu A 1990 Phys. Rev. Lett. 64
1107

[10]
[11]
[12]
[13]
[14]
[15]
[16]
17]

(18]

138101-7

397 594

Boller K J, Imamoglu A, Harris S E 1991 Phys. Rev. Lett. 66
2593

Lin X Q, Chen Z, Yu J W, Liu P Q, Li P F, Chen Z Z 2016
IEEE Sens. J. 16 293

Lin X Q, Peng J, Chen Z, Yu J W, Yang X F 2018 IEEE
Sens. J. 18 9251

Li H M, Liu S B, Liu S Y, Zhang H F 2014 Appl. Phys. Lett.
105 133514

Zhang F L, He X, Zhou X, Zhou Y L, An S, Yu G Y, Pang L
N 2013 Appl. Phys. Lett. 103 221904

Longdell J J, Fraval E, Sellars M J, Manson N B 2005 Phys.
Rev. Lett. 95 063601

Ma J Y, Qin J Y, Campbell G T, Lecamwasam R, Sripathy
K, Hope J, Buchler B, Lam P K 2020 Sci. Adv. 6 eaax8256
Liu N, Weiss T, Mesch M, Langguth L, Eigenthaler U,
Hirscher M, Sonnichsen C, Giessen H 2010 Nano Lett. 10
1103

Waks E, Vuckovic J 2006 Phys. Rev. Lett. 96 153601

Tassin P, Zhang L, Koschny T, Economou E N, Soukoulis C
M 2009 Opt. Express 17 5595

Sun Y R, Chen H, Li X J, Hong Z 2017 Opt. Commun. 392
142

Xiao S Y, Wang T, Liu T T, Yan X C, Li Z, Xu C 2018
Carbon 126 271

Zhang S, Genov D A, Wang Y, Liu M, Zhang X 2008 Phys.
Rev. Lett. 101 047401

Hokmabadi M P, Kim J H, Rivera E, Kung P, Kim S M 2015
Sci. Rep. 5 14373

Zheng S Q, Zhao Q X, Peng L, Jiang X 2021 Results Phys. 23


http://doi.org/10.1103/PhysRevLett.64.1107
http://doi.org/10.1103/PhysRevLett.64.1107
http://doi.org/10.1103/PhysRevLett.64.1107
http://doi.org/10.1103/PhysRevLett.64.1107
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1038/17561
http://doi.org/10.1038/17561
http://doi.org/10.1038/17561
http://doi.org/10.1038/17561
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1109/JSEN.2015.2480800
http://doi.org/10.1109/JSEN.2015.2480800
http://doi.org/10.1109/JSEN.2015.2480800
http://doi.org/10.1109/JSEN.2015.2480800
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1063/1.4897194
http://doi.org/10.1063/1.4897194
http://doi.org/10.1063/1.4897194
http://doi.org/10.1063/1.4897194
http://doi.org/10.1063/1.4833817
http://doi.org/10.1063/1.4833817
http://doi.org/10.1063/1.4833817
http://doi.org/10.1063/1.4833817
http://doi.org/10.1063/1.4833817
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1021/nl902621d
http://doi.org/10.1021/nl902621d
http://doi.org/10.1021/nl902621d
http://doi.org/10.1021/nl902621d
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1016/j.optcom.2017.01.046
http://doi.org/10.1016/j.optcom.2017.01.046
http://doi.org/10.1016/j.optcom.2017.01.046
http://doi.org/10.1016/j.optcom.2017.01.046
http://doi.org/10.1016/j.carbon.2017.10.035
http://doi.org/10.1016/j.carbon.2017.10.035
http://doi.org/10.1016/j.carbon.2017.10.035
http://doi.org/10.1016/j.carbon.2017.10.035
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1038/srep14373
http://doi.org/10.1038/srep14373
http://doi.org/10.1038/srep14373
http://doi.org/10.1038/srep14373
http://doi.org/10.1016/j.rinp.2021.104040
http://doi.org/10.1016/j.rinp.2021.104040
http://doi.org/10.1016/j.rinp.2021.104040
http://doi.org/10.1103/PhysRevLett.64.1107
http://doi.org/10.1103/PhysRevLett.64.1107
http://doi.org/10.1103/PhysRevLett.64.1107
http://doi.org/10.1103/PhysRevLett.64.1107
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1103/PhysRevLett.74.666
http://doi.org/10.1038/17561
http://doi.org/10.1038/17561
http://doi.org/10.1038/17561
http://doi.org/10.1038/17561
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1109/JSEN.2015.2480800
http://doi.org/10.1109/JSEN.2015.2480800
http://doi.org/10.1109/JSEN.2015.2480800
http://doi.org/10.1109/JSEN.2015.2480800
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1109/JSEN.2018.2868873
http://doi.org/10.1063/1.4897194
http://doi.org/10.1063/1.4897194
http://doi.org/10.1063/1.4897194
http://doi.org/10.1063/1.4897194
http://doi.org/10.1063/1.4833817
http://doi.org/10.1063/1.4833817
http://doi.org/10.1063/1.4833817
http://doi.org/10.1063/1.4833817
http://doi.org/10.1063/1.4833817
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1103/PhysRevLett.95.063601
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1126/sciadv.aax8256
http://doi.org/10.1021/nl902621d
http://doi.org/10.1021/nl902621d
http://doi.org/10.1021/nl902621d
http://doi.org/10.1021/nl902621d
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1103/PhysRevLett.96.153601
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1364/OE.17.005595
http://doi.org/10.1016/j.optcom.2017.01.046
http://doi.org/10.1016/j.optcom.2017.01.046
http://doi.org/10.1016/j.optcom.2017.01.046
http://doi.org/10.1016/j.optcom.2017.01.046
http://doi.org/10.1016/j.carbon.2017.10.035
http://doi.org/10.1016/j.carbon.2017.10.035
http://doi.org/10.1016/j.carbon.2017.10.035
http://doi.org/10.1016/j.carbon.2017.10.035
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1103/PhysRevLett.101.047401
http://doi.org/10.1038/srep14373
http://doi.org/10.1038/srep14373
http://doi.org/10.1038/srep14373
http://doi.org/10.1038/srep14373
http://doi.org/10.1016/j.rinp.2021.104040
http://doi.org/10.1016/j.rinp.2021.104040
http://doi.org/10.1016/j.rinp.2021.104040
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

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 13 (2022)

138101

[19]
[20]
21]

[22]

23]
[24]
[25]
[26]
[27]
28]

29]

104040

Zhang J J, Xiao S S, Jeppesen C, Kristensen A, Mortensen N
A 2010 Opt. Ezpress 18 17187

Hu S, Yang H L, Han S, Huang X J, Xiao B X 2015 J. Appl.
Phys. 117 043107

Tang B, Jia Z P, Huang L, Su J B, Jiang C 2021 IEEE J.
Sel. Top. Quantum Electron. 27 4700406

Gu J Q, Singh R, Liu X J, Zhang X Q, Ma Y F, Zhang S,
Maier S A, Tian Z, Azad A K, Chen H T, Taylor A J, Han J
G, Zhang W L 2012 Nat. Commun. 3 1151

Sarkar R, Devi K M, Ghindani D, Prabhu S S, Chowdhury D
R, Kumar G 2020 J. Opt. 22 035105

LiH M, Liu S B, Liu S Y, Wang S Y, Zhang H F, Bian B R,
Kong X K 2015 Appl. Phys. Lett. 106 114101

LiHM, Liu S B, Liu S Y, Wang S Y, Ding G W, Yang H,
Yu Z Y, Zhang H F 2015 Appl. Phys. Lett. 106 083511

Zhang K, Wang C, Qin L, Peng R W, Xu D H, Xiong X,
Wang M 2014 Opt. Lett. 39 3539

Liu T T, Wang H X, Liu Y, Xiao L S, Zhou C B, Liu Y B,
Xu C, Xiao S'Y 2018 J. Phys. D:Appl. Phys. 51 415105

Devi K M, Chowdhury D R, Kumar G, Sarma A K 2018 J.
Appl. Phys. 124 063106

Zhu L, Meng F Y, Fu J H, Wu Q, Hua J 2012 Opt. Express
20 4494

30]
(31]
(32]

33]

(34]
35]
(36]
(37]
38]
(39]
(40]

[41]

138101-8

Hu J, Lang T T, Hong Z, Shen C Y, Shi G H 2018 J.
Lightwave Technol. 36 2083

Kang M, Li Y N, Chen J, Chen J, Bai Q, Wang H T, Wu P
H 2010 Appl. Phys. B 100 699

Wu X J, Quan B G, Pan X C, Xu X L, Lu X C, Gu C Z,
Wang L 2013 Biosens. Bioelectron. 42 626

Zhang C, Liang L, Ding L, Jin B, Hou Y, Li C, Jiang L, Liu
W, Hu W, Lu Y, Kang L, Xu W, Chen J, Wu P 2016 Appl.
Phys. Lett. 108 241105

Xie Q, Dong G X, Wang B X, Huang W Q 2018 Nanoscale
Res. Lett. 13 2947

Saadeldin A S, Hameed M F O, Elkaramany E M A, Obayya
S S A 2019 IEEE Sens. J. 19 7993

Chen T, Zhang D P, Huang F Y, Li Z, Hu F R 2020 Mater.
Res. Express T 095802

Zhang X, Wang Y, Cui Z, Zhang X, Chen S, Zhang K, Wang
X 2021 Opt. Mater. Express 11 1470

Liu T T, Zhou C B, Cheng L, Jiang X Y, Wang G Z, Xu C,
Xiao S'Y 2019 J. Opt. 21 035101

Zhang Z, Yang J, Han Y, He X, Zhang J, Huang J, Chen D,
Xu S, Xie W 2020 Appl. Phys. A 126 199

Jiang J, Cui J, Fang R, Wu F, Yang Y 2020 Integr.
Ferroelectr. 212 1

Zeng F, Zhong M 2021 Opt. Mater. 111 110596


http://doi.org/10.1016/j.rinp.2021.104040
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.rinp.2021.104040
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.rinp.2021.104040
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1364/OE.18.017187
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1063/1.4906853
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1109/JSTQE.2020.3021589
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1088/2040-8986/ab70f2
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4915313
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1063/1.4913888
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1364/OL.39.003539
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1088/1361-6463/aadb7f
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1063/1.5040734
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1364/OE.20.004494
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1109/JLT.2018.2804336
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1007/s00340-010-4184-6
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1016/j.bios.2012.10.095
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1063/1.4954015
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1186/s11671-018-2677-0
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1109/JSEN.2019.2918214
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1088/2053-1591/abb496
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1364/OME.424693
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1088/2040-8986/aaffe2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1007/s00339-020-3374-2
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1080/10584587.2020.1728728
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
http://doi.org/10.1016/j.optmat.2020.110596
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 % 3R Acta Phys. Sin. Vol. 71, No. 13 (2022) 138101

Sensing and slow light properties of dual-band terahertz
metamaterials based on electromagnetically induced
transparency-like”

Sun Zhan-Shuo  Wang Xin? Wang Jun-Lin*
Fan Bo Zhang Yi  Feng Yao

(College of Electronic Information Engineering, Inner Mongolia University, Hohhot 010021, China)

( Received 24 November 2021; revised manuscript received 6 March 2022 )

Abstract

Electromagnetically induced transparency (EIT) is a quantum interference phenomenon in a three-level
atomic system. The generation of quantum interference effect significantly reduces the light absorptivity of the
specific frequency that is strongly absorbed, and produces a sharp “transmission window” in the resonance
absorption region. The EIT is usually accompanied by strong dispersion, which significantly reduces the group
velocity of light and enhances the nonlinear interaction. The EIT phenomenon of atomic system usually needs
to be observed at very low temperature or high intensity laser, which is a very serious challenge for the
application of EIT technology. The simulation of electromagnetically induced transparency using metamaterials
can effectively break through these limitations.

In this work, an electromagnetically induced transparency-like terahertz metamaterial structure with three
bright modes is proposed and investigated. Two weakly hybrid states are composed of two bright modes with
similar resonant frequencies. The energy oscillates back and forth between the two modes, and a transparent
window is generated between the two resonance points. The designed metamaterial is composed of three groups
of bright modes with adjacent resonant frequencies, and the three groups of bright modes are coupled to
produce two transparent windows. The electromagnetically induced transparency-like formation mechanism is
analyzed based on the simulation curve and electric field distribution. In addition, the sensing properties of
metamaterial are determined by simulation and calculation, and the refractive index sensitivities of the two
windows can be as high as 451.92 GHz/RIU and 545.31 GHz/RIU under the optimal thickness of the measured
substances. Through the sensing simulation of six petroleum products, it is verified that the dual-band has more
excellent advantages in dielectric constant matching than the single frequency band. The characteristics of the
designed metamaterial in the slow light effect are also studied. The maximum group delay times of the two
windows can reach 9.98 ps and 6.23 ps. Therefore, the structure is considered to have an important application

value in the field of high sensitivity sensors and slow light devices.

Keywords: electromagnetically induced transparency-like, terahertz metamaterials, sensing characteristics,

slow light characteristics
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