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Fig. 1. (a) Full view of the graphene metamaterial model structure; (b) side view of graphene structure; (c) top view of graphene

structure, L, = L, = 4 pm, m; = 2.2 pm, my = 2.3 pm, mz = 0.6 pm, 5 = 0.4 pm, s, = 0.25 pm, w; = 0.8 pm, wy = 0.6 pm;

(d) flow chart for the preparation of graphene structures.
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Fig. 2. Schematic diagram of coupled mode theory.
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Fig. 3. (a), (b) Transmission spectra of the different arrays; (c) triple-PIT transmission spectra formed by the overall structure

(Bp =1eV,u=1.0m?/(Vs)); (d) plot of the electric field distribution at the corresponding resonance frequencies for dip 1, dip 2,

dip 3, and dip 4.
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Fig. 4. (a) Transmission spectra corresponding to the triple PIT versus graphene Fermi energy levels; (b) evolution of 3D transmis-

sion at different Fermi energy levels.
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Fig. 5. (a) Modulation of a five-frequency asynchronous optical switch with carrier mobility 4 = 1.0 m?/(V-s) at Fermi energy levels
of 0.8 €V, 1.2 eV, where “ON” means “open”, “OFF” means “close”; (b) six-frequency asynchronous optical switch modulation with
Fermi energy levels at 0.8 ¢V, 1.2 ¢V and mobility 4 = 3.0 m?/(Vs).
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Fig. 6. (a) Relationship between transmission spectrum and carrier mobility (Ep = 1.0 €V); (b) the evolution of the transmission

spectrum with carrier mobility; (c) the evolution of Re(nyy) with carrier mobility.

# 1 AFEBET Dy, Ty, Ly, Ry 2%

Table 1.

Dy, Ty, Ly, Ry parameters at different frequencies.

u=1.0m?/(V-s)

u=30m?/(V-s)

Frequency/THz Dy/% L;/dB Tp/ps Rp/dB Frequency/THz Dy/% L;/dB Tp/ps Ry/dB
3.12 85.46 0.14 3.57 8.02 2.56 94.53 0.70 7.12 9.89

3.77 86.01 0.31 4.75 8.12 3.12 95.96 0.29 5.34 13.77

4.58 96.02 0.11 4.08 13.15 3.77 99.31 0.17 4.56 17.26

5.32 84.60 0.18 3.19 7.75 4.58 98.21 0.21 3.16 21.53

6.41 95.12 0.26 3.70 12.03 5.32 98.65 0.18 5.97 18.24

6.41 96.45 0.12 3.73 16.11

5.34 ps, 4.56 ps, 3.16 ps, 5.97 ps, 3.73 ps; [A] B
R 73 %142 71 &= 9.89 dB, 13.77 dB, 17.26 dB,
21.53 dB, 18.24 dB, 16.11 dB. FifhZ 4 554 67
KPR Dy, Ty, Ly, Re MERESHCNZE 1 g,
WAL, R 3 78 R B 10 R Y
SR, fHTAS 375 ST AR IES ST A (Y 5 B A A B Y AR Ak,
WA 6(a) Fizs. FEREE S LG, PIT RYIE(ES
TR, (HAF 451 B R IR, 51 A3 S AH 7

578 . R FZALEE AT LLSE B0 S 18 800, T
REUEAA n, AR TSR, n, K,
F W R F A8 RN, By PY. T2y DN
ZREMAEE, RERMBPOCRY. B T2ZRF
R A R B°1, A R R AT DA e, (B R
L RE SR P ' R R B T, AR AR R S X
v, =w/k = c/n (n AN THTHE) WAL 7 BALE
TR TCHE M LS TR R, BEAk, BT SOt
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Fig. 7. (a)—(d) Variation of group refractive index and phase shift with frequency for the Fermi energy levels Ep = 0.9, 1.0, 1.1,

1.2 eV, respectively (u = 3.0 m?/(V-s)).

* 2 AFERAASEATERE L

Table 2.  Comparison of the properties of different patterned graphene.
Ref./year ~ Modulation mode Material structure Group index Dy/% Ly/dB  Tp/ps Rg/dB
[57]/2020 Dual-frequency Single-layer patterned graphene 358 93.0 0.32 — —
[58]/2020  Multiple-frequency Single-layer patterned graphene — 7.7 — — 12.5
[59]/2021  Multiple-frequency Single-layer patterned graphene 321 92.0 — 3.2 —
[31]/2022  Multiple-frequency Single-layer patterned graphene — 99.9 0.33 0.848 —
(60]/2022  Multiple-frequency Single-layer patterned graphene 1100 97.1 0.04 — —
(61]/2023  Multiple-frequency Single-layer patterned graphene — 97.7 5.4 3.86 16.41
(62]/2023  Multiple-frequency ~Monolayer patterned black phosphorus 219 — — 0.22 —
[63]/2024  Multiple-frequency Single-layer patterned graphene 1000 87.5 — — —
(30]/2024  Multiple-frequency Single-layer patterned graphene 781 98.0 0.51 — —
This work  Multiple-frequency Single-layer patterned graphene 1212 99.3 0.120 3.16 21.53

097801-8


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

) 32 3R Acta Phys. Sin. Vol. 74, No. 9 (2025)

097801

UL R Sy Ak, TR R AR X R, B3k
LR AR SRR RIS . BRI R TR, 4
/N BRI AR A A0 FE FITIE R IS 8] (6 7592 285 4 S 118 57 1)
TERH s Rt T Mg R .

4 RAES5RERP

5 LR, Z R R A A SR A A BRI TR
KR 22 BTG, R B & 1) = PIT
RO BB AT R, R R R TP B PIT &40
Z RN PR EAE . i i — 2P oY, $8oR T [R] 2
KBEGAN BT B XD T AR RE RS2, 1)
ST OIS A . Horbr, X0
T FT A TEHIRE (94.53% < Dy < 99.31%).
i AAFE (0.70 dB < Ly < 0.12 dB). iE A} [a]
(712 ps < Tp < 3.16 ps) A G EL (9.89 dB <
Ry < 21.53 dB) EH 5. #E—LR K, %A
SRR AR HAT TS OO, S H S
HI7E 2.8 THz—3.1 THz SRBLIT, X R RET 5 %48
TS50 421 <nyy < 1212, WA SERR OB
FESRAL TR R R BRI TE N R AR

Sk

[1] Barnes W L, Dereux A, Ebbesen T W 2003 Nature 424 824
[2] Ebbesen T W, Genet C, Bozhevolnyi S I 2008 Phys. Today 61
44
[3] HeZH, LiZ X, Li CJ, Xue WW, Cui W 2020 Opt. Express
28 17595
[4] Xia S X, Zhai X, Wang L L, Wen S C 2018 Photonics Res. 6
692
[6] Gramotnev, Dmitri K, Bozhevolnyi, Sergey I 2010 Nat.
Photonics 4 83
[6] Xu H, Chen Z Q, He Z H, Nie G Z, Li D Q 2020 New J.
Phys. 22 123009
[7] Gao E D, Liu Z M, Li H J, Xu H, Zhang Z B, Luo X, Xiong
C X, Liu C, Zhang B H, Zhou F Q 2019 Opt. Express 27
13884
[8] Fan X B, Wang G P 2006 Opt. Lett. 31 1322
[9] Cui W,LiCJ,MaHQ,XuH, YiZ Ren X H, Cao X L, He
Z H, Liu Z H 2021 Physica E 134 114850
[10] Li Z L, Xie M X, Nie G Z, Wang J H, Huang L J 2023 J.
Phys. Chem. Lett. 14 10762
[11] Li Z L, Nie G Z, Wang J H, Fang Z, Zhan S P 2024 Phys.
Rev. Appl. 21 034039
[12] Xiang X C, Ma H B, Wang L, Tian D, Zhang W, Zhang C H,
Wu J B, Fan K B, Jin B B, Chen J, Wu P H 2023 Acta Phy.
Sin. 72 128701 (in Chinese) [[7 28, D0, T4, Wik, 5k
i, SRAHT, SR, TTEME, BRI, Wil RI5T 2023 YRl
1 72 128701
[13] Rodrigo D, Limaj O, Janner D, Etezadi D, Garcia de Abajo F
J, Pruneri V, Altug H 2015 Science 349 165

(14]

(15]

[26]
27]
28]
29]
30]
(31]

(32]

33]

(34]

35]
(36]
37]
38
[39]

[40]

[41]
[42]
43]
[44]
[45]
[46]

(47]

097801-9

Chen P Y, Argyropoulos C, Farhat M, Gomez-Diaz J S 2017
Nanophotonics 6 1239

D’Apuzzo F, Piacenti A R, Giorgianni F, Autore M, Guidi M
C, Marcelli A, Schade U, Lto Y, Chen M W, Lupi S 2017
Nat. commun. 8 14885

Sun Z P, Martinez A, Wang F 2016 Nat. Photonics 10 227
Vakil A, Engheta N 2011 Science 332 1291

Jablan M, Buljan H, Soljacic M 2009 Phys. Rev. 80 245435
Wang J Y, Zhao R Q, Yang M M, Liu Z F, Liu Z R 2013 J.
Chem. Phys. 138 084701

Gan C H, Chu H S, Li E P 2012 Phys. Rev. B Condens.
Matter 85 125431

Grigorenko A N, Polini M, Novoselov K S 2012 Nat.
photonics 6 749

Yan H G, Low T, Zhu W J, Wu Y Q, Freitag M, Li X S,
Guinea F, Avouris P, Xia F N 2013 Nat. Photonics 7 394

Lu H, Liu X M, Mao D 2012 Phys. Rev. A 85 53803

Zhao X L, Zhu L, Yuan C, Yao J Q 2016 Opt. Lett. 41 5470
Adato R, Artar A, Erramilli S, Altug H 2013 Nano. Lett. 13
2584

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

Kim T T, Kim H D, Zhao R K, Oh S S, Ha T, Chung D S,
Lee Y H, Min B, Zhang S 2018 Acs. Photonics 5 1800

Jiang W J, Chen T 2021 Diam. Relat. Mater. 118 108531

Zhu J, Xiong J Y 2023 Measurement 220 113302

Lei PL,Nie GZ, LiHL, Li Z L, Peng L, Tang X F, Gao E
D 2024 Phys. Scr. 99 075512

Zhou X W, Xu Y P, Li Y H, Cheng S B, Yi Z, Xiao G H,
Wang Z 'Y, Chen Z Y 2022 Commun. Theor. Phys. 74 115501
LiJY, Weng J, Li J Q, Chen S X, Guo Z C, Xu P B, Liu W
J, Wen K H, Qin Y W 2022 J. Phys. D 55 445101

LiY H, Xu Y P, Jiang J B, Cheng S B, Yi Z, Xiao G H,
Zhou X W, Wang Z Y, Chen Z Y 2023 Phys. Chem. Chem.
Phys. 25 3820

LiY H, XuY P, Jiang J B, Ren L' 'Y, Cheng S B, Yang W X,
Ma C J, Zhou X W, Wang Z Y, Chen Z Y 2022 J. Phys. D 55
155101

Zhang R L, Cui Z R, Wen K H, Lv H P, Liu W J, Li C Q,
YuY S, Liu R M 2025 Opt. Commaun. 574 131083

Zheng S Q, Zhao Q X, Peng L, Jing X 2021 Results Phys. 23
104040

Zhang B H, Li H J, Xu H, Zhao M Z, Xiong C X, Liu C, Wu
K 2019 Opt. Express 27 3598

Liu C, Li H J, Xu H, Zhao M Z, Xiong C X, Zhang B H, Wu
K 2019 J. Phys. D 52 405203

Li M, Xu H, Yang X J, Xu HY, Liu P C, He L H, Nie G Z,
Dong Y L, Chen Z Q 2023 Results Phys. 52 106798

Zheng L, Cheng X H, Cao D, Wang G, Wang Z J, Xu D W,
Xia C, Shen L'Y, Yu Y H, Shen D S 2014 ACS Appl. Mater.
6 7014

Zheng L, Cheng X H, Cao D, Wang Z J, Xu D W, Xia C,
Shen LY, Yu Y H 2014 Mater. Lett. 137 200

Li X S, Cai W W, An J, Kim S, Nah J, Yang D X, Piner R,
Velamakanni A, Jung I, Tutuc E, Banerjee S, Colombo L,
Ruoff R 2009 Science 324 1312

Yin Y, Alivisatos A P 2005 Nature 437 664

Norris D J, Efros A L, Erwin S C 2008 Science 319 1776
Chen Y F, Johnson E, Peng X G 2007 J. Am. Chem. Soc. 129
10937

Wu D, Wang M, Feng H, Xu Z X, Liu Y P, Xia F, Zhang K,
Kong W J, Dong L F, Yun M J 2019 Carbon 155 618
Falkovsky L A, Varlamov A A 2007 Eur. Phys. J. B 56 281


https://doi.org/10.1038/nature01937
https://doi.org/10.1038/nature01937
https://doi.org/10.1038/nature01937
https://doi.org/10.1038/nature01937
https://doi.org/10.1038/nature01937
https://doi.org/10.1038/nature01937
https://doi.org/10.1038/nature01937
https://doi.org/10.1063/1.2930735
https://doi.org/10.1063/1.2930735
https://doi.org/10.1063/1.2930735
https://doi.org/10.1063/1.2930735
https://doi.org/10.1063/1.2930735
https://doi.org/10.1063/1.2930735
https://doi.org/10.1364/OE.395640
https://doi.org/10.1364/OE.395640
https://doi.org/10.1364/OE.395640
https://doi.org/10.1364/OE.395640
https://doi.org/10.1364/OE.395640
https://doi.org/10.1364/OE.395640
https://doi.org/10.1364/PRJ.6.000692
https://doi.org/10.1364/PRJ.6.000692
https://doi.org/10.1364/PRJ.6.000692
https://doi.org/10.1364/PRJ.6.000692
https://doi.org/10.1364/PRJ.6.000692
https://doi.org/10.1364/PRJ.6.000692
https://doi.org/10.1038/nphoton.2009.282
https://doi.org/10.1038/nphoton.2009.282
https://doi.org/10.1038/nphoton.2009.282
https://doi.org/10.1038/nphoton.2009.282
https://doi.org/10.1038/nphoton.2009.282
https://doi.org/10.1038/nphoton.2009.282
https://doi.org/10.1038/nphoton.2009.282
https://doi.org/10.1038/nphoton.2009.282
https://doi.org/10.1088/1367-2630/abcc1c
https://doi.org/10.1088/1367-2630/abcc1c
https://doi.org/10.1088/1367-2630/abcc1c
https://doi.org/10.1088/1367-2630/abcc1c
https://doi.org/10.1088/1367-2630/abcc1c
https://doi.org/10.1088/1367-2630/abcc1c
https://doi.org/10.1088/1367-2630/abcc1c
https://doi.org/10.1088/1367-2630/abcc1c
https://doi.org/10.1364/OE.27.013884
https://doi.org/10.1364/OE.27.013884
https://doi.org/10.1364/OE.27.013884
https://doi.org/10.1364/OE.27.013884
https://doi.org/10.1364/OE.27.013884
https://doi.org/10.1364/OE.27.013884
https://doi.org/10.1364/OL.31.001322
https://doi.org/10.1364/OL.31.001322
https://doi.org/10.1364/OL.31.001322
https://doi.org/10.1364/OL.31.001322
https://doi.org/10.1364/OL.31.001322
https://doi.org/10.1364/OL.31.001322
https://doi.org/10.1364/OL.31.001322
https://doi.org/10.1016/j.physe.2021.114850
https://doi.org/10.1016/j.physe.2021.114850
https://doi.org/10.1016/j.physe.2021.114850
https://doi.org/10.1016/j.physe.2021.114850
https://doi.org/10.1016/j.physe.2021.114850
https://doi.org/10.1016/j.physe.2021.114850
https://doi.org/10.1016/j.physe.2021.114850
https://doi.org/10.1021/acs.jpclett.3c02763
https://doi.org/10.1021/acs.jpclett.3c02763
https://doi.org/10.1021/acs.jpclett.3c02763
https://doi.org/10.1021/acs.jpclett.3c02763
https://doi.org/10.1021/acs.jpclett.3c02763
https://doi.org/10.1021/acs.jpclett.3c02763
https://doi.org/10.1021/acs.jpclett.3c02763
https://doi.org/10.1021/acs.jpclett.3c02763
https://doi.org/10.1103/PhysRevApplied.21.034039
https://doi.org/10.1103/PhysRevApplied.21.034039
https://doi.org/10.1103/PhysRevApplied.21.034039
https://doi.org/10.1103/PhysRevApplied.21.034039
https://doi.org/10.1103/PhysRevApplied.21.034039
https://doi.org/10.1103/PhysRevApplied.21.034039
https://doi.org/10.1103/PhysRevApplied.21.034039
https://doi.org/10.1103/PhysRevApplied.21.034039
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.7498/aps.72.20230080
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1515/nanoph-2016-0137
https://doi.org/10.1515/nanoph-2016-0137
https://doi.org/10.1515/nanoph-2016-0137
https://doi.org/10.1515/nanoph-2016-0137
https://doi.org/10.1515/nanoph-2016-0137
https://doi.org/10.1515/nanoph-2016-0137
https://doi.org/10.1038/ncomms14885
https://doi.org/10.1038/ncomms14885
https://doi.org/10.1038/ncomms14885
https://doi.org/10.1038/ncomms14885
https://doi.org/10.1038/ncomms14885
https://doi.org/10.1038/ncomms14885
https://doi.org/10.1038/nphoton.2016.15
https://doi.org/10.1038/nphoton.2016.15
https://doi.org/10.1038/nphoton.2016.15
https://doi.org/10.1038/nphoton.2016.15
https://doi.org/10.1038/nphoton.2016.15
https://doi.org/10.1038/nphoton.2016.15
https://doi.org/10.1038/nphoton.2016.15
https://doi.org/10.1126/science.1202691
https://doi.org/10.1126/science.1202691
https://doi.org/10.1126/science.1202691
https://doi.org/10.1126/science.1202691
https://doi.org/10.1126/science.1202691
https://doi.org/10.1126/science.1202691
https://doi.org/10.1126/science.1202691
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1063/1.4792142
https://doi.org/10.1063/1.4792142
https://doi.org/10.1063/1.4792142
https://doi.org/10.1063/1.4792142
https://doi.org/10.1063/1.4792142
https://doi.org/10.1063/1.4792142
https://doi.org/10.1063/1.4792142
https://doi.org/10.1063/1.4792142
https://doi.org/10.1103/PhysRevB.85.125431
https://doi.org/10.1103/PhysRevB.85.125431
https://doi.org/10.1103/PhysRevB.85.125431
https://doi.org/10.1103/PhysRevB.85.125431
https://doi.org/10.1103/PhysRevB.85.125431
https://doi.org/10.1103/PhysRevB.85.125431
https://doi.org/10.1103/PhysRevB.85.125431
https://doi.org/10.1103/PhysRevB.85.125431
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1103/PhysRevA.85.053803
https://doi.org/10.1103/PhysRevA.85.053803
https://doi.org/10.1103/PhysRevA.85.053803
https://doi.org/10.1103/PhysRevA.85.053803
https://doi.org/10.1103/PhysRevA.85.053803
https://doi.org/10.1103/PhysRevA.85.053803
https://doi.org/10.1103/PhysRevA.85.053803
https://doi.org/10.1364/OL.41.005470
https://doi.org/10.1364/OL.41.005470
https://doi.org/10.1364/OL.41.005470
https://doi.org/10.1364/OL.41.005470
https://doi.org/10.1364/OL.41.005470
https://doi.org/10.1364/OL.41.005470
https://doi.org/10.1364/OL.41.005470
https://doi.org/10.1021/nl400689q
https://doi.org/10.1021/nl400689q
https://doi.org/10.1021/nl400689q
https://doi.org/10.1021/nl400689q
https://doi.org/10.1021/nl400689q
https://doi.org/10.1021/nl400689q
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1021/acsphotonics.7b01551
https://doi.org/10.1021/acsphotonics.7b01551
https://doi.org/10.1021/acsphotonics.7b01551
https://doi.org/10.1021/acsphotonics.7b01551
https://doi.org/10.1021/acsphotonics.7b01551
https://doi.org/10.1021/acsphotonics.7b01551
https://doi.org/10.1021/acsphotonics.7b01551
https://doi.org/10.1016/j.diamond.2021.108531
https://doi.org/10.1016/j.diamond.2021.108531
https://doi.org/10.1016/j.diamond.2021.108531
https://doi.org/10.1016/j.diamond.2021.108531
https://doi.org/10.1016/j.diamond.2021.108531
https://doi.org/10.1016/j.diamond.2021.108531
https://doi.org/10.1016/j.diamond.2021.108531
https://doi.org/10.1016/j.measurement.2023.113302
https://doi.org/10.1016/j.measurement.2023.113302
https://doi.org/10.1016/j.measurement.2023.113302
https://doi.org/10.1016/j.measurement.2023.113302
https://doi.org/10.1016/j.measurement.2023.113302
https://doi.org/10.1016/j.measurement.2023.113302
https://doi.org/10.1016/j.measurement.2023.113302
https://doi.org/10.1088/1402-4896/ad5120
https://doi.org/10.1088/1402-4896/ad5120
https://doi.org/10.1088/1402-4896/ad5120
https://doi.org/10.1088/1402-4896/ad5120
https://doi.org/10.1088/1402-4896/ad5120
https://doi.org/10.1088/1402-4896/ad5120
https://doi.org/10.1088/1402-4896/ad5120
https://doi.org/10.1088/1572-9494/ac8a41
https://doi.org/10.1088/1572-9494/ac8a41
https://doi.org/10.1088/1572-9494/ac8a41
https://doi.org/10.1088/1572-9494/ac8a41
https://doi.org/10.1088/1572-9494/ac8a41
https://doi.org/10.1088/1572-9494/ac8a41
https://doi.org/10.1088/1572-9494/ac8a41
https://doi.org/10.1088/1361-6463/ac8be0
https://doi.org/10.1088/1361-6463/ac8be0
https://doi.org/10.1088/1361-6463/ac8be0
https://doi.org/10.1088/1361-6463/ac8be0
https://doi.org/10.1088/1361-6463/ac8be0
https://doi.org/10.1088/1361-6463/ac8be0
https://doi.org/10.1088/1361-6463/ac8be0
https://doi.org/10.1039/D2CP05368C
https://doi.org/10.1039/D2CP05368C
https://doi.org/10.1039/D2CP05368C
https://doi.org/10.1039/D2CP05368C
https://doi.org/10.1039/D2CP05368C
https://doi.org/10.1039/D2CP05368C
https://doi.org/10.1039/D2CP05368C
https://doi.org/10.1039/D2CP05368C
https://doi.org/10.1088/1361-6463/ac48b0
https://doi.org/10.1088/1361-6463/ac48b0
https://doi.org/10.1088/1361-6463/ac48b0
https://doi.org/10.1088/1361-6463/ac48b0
https://doi.org/10.1088/1361-6463/ac48b0
https://doi.org/10.1088/1361-6463/ac48b0
https://doi.org/10.1016/j.optcom.2024.131083
https://doi.org/10.1016/j.optcom.2024.131083
https://doi.org/10.1016/j.optcom.2024.131083
https://doi.org/10.1016/j.optcom.2024.131083
https://doi.org/10.1016/j.optcom.2024.131083
https://doi.org/10.1016/j.optcom.2024.131083
https://doi.org/10.1016/j.optcom.2024.131083
https://doi.org/10.1016/j.rinp.2021.104040
https://doi.org/10.1016/j.rinp.2021.104040
https://doi.org/10.1016/j.rinp.2021.104040
https://doi.org/10.1016/j.rinp.2021.104040
https://doi.org/10.1016/j.rinp.2021.104040
https://doi.org/10.1016/j.rinp.2021.104040
https://doi.org/10.1364/OE.27.003598
https://doi.org/10.1364/OE.27.003598
https://doi.org/10.1364/OE.27.003598
https://doi.org/10.1364/OE.27.003598
https://doi.org/10.1364/OE.27.003598
https://doi.org/10.1364/OE.27.003598
https://doi.org/10.1364/OE.27.003598
https://doi.org/10.1088/1361-6463/ab2d1e
https://doi.org/10.1088/1361-6463/ab2d1e
https://doi.org/10.1088/1361-6463/ab2d1e
https://doi.org/10.1088/1361-6463/ab2d1e
https://doi.org/10.1088/1361-6463/ab2d1e
https://doi.org/10.1088/1361-6463/ab2d1e
https://doi.org/10.1088/1361-6463/ab2d1e
https://doi.org/10.1016/j.rinp.2023.106798
https://doi.org/10.1016/j.rinp.2023.106798
https://doi.org/10.1016/j.rinp.2023.106798
https://doi.org/10.1016/j.rinp.2023.106798
https://doi.org/10.1016/j.rinp.2023.106798
https://doi.org/10.1016/j.rinp.2023.106798
https://doi.org/10.1016/j.rinp.2023.106798
https://doi.org/10.1021/am501690g
https://doi.org/10.1021/am501690g
https://doi.org/10.1021/am501690g
https://doi.org/10.1021/am501690g
https://doi.org/10.1021/am501690g
https://doi.org/10.1021/am501690g
https://doi.org/10.1016/j.matlet.2014.08.146
https://doi.org/10.1016/j.matlet.2014.08.146
https://doi.org/10.1016/j.matlet.2014.08.146
https://doi.org/10.1016/j.matlet.2014.08.146
https://doi.org/10.1016/j.matlet.2014.08.146
https://doi.org/10.1016/j.matlet.2014.08.146
https://doi.org/10.1016/j.matlet.2014.08.146
https://doi.org/10.1126/science.1171245
https://doi.org/10.1126/science.1171245
https://doi.org/10.1126/science.1171245
https://doi.org/10.1126/science.1171245
https://doi.org/10.1126/science.1171245
https://doi.org/10.1126/science.1171245
https://doi.org/10.1126/science.1171245
https://doi.org/10.1038/nature04165
https://doi.org/10.1038/nature04165
https://doi.org/10.1038/nature04165
https://doi.org/10.1038/nature04165
https://doi.org/10.1038/nature04165
https://doi.org/10.1038/nature04165
https://doi.org/10.1038/nature04165
https://doi.org/10.1126/science.1143802
https://doi.org/10.1126/science.1143802
https://doi.org/10.1126/science.1143802
https://doi.org/10.1126/science.1143802
https://doi.org/10.1126/science.1143802
https://doi.org/10.1126/science.1143802
https://doi.org/10.1126/science.1143802
https://doi.org/10.1021/ja073023n
https://doi.org/10.1021/ja073023n
https://doi.org/10.1021/ja073023n
https://doi.org/10.1021/ja073023n
https://doi.org/10.1021/ja073023n
https://doi.org/10.1021/ja073023n
https://doi.org/10.1016/j.carbon.2019.09.024
https://doi.org/10.1016/j.carbon.2019.09.024
https://doi.org/10.1016/j.carbon.2019.09.024
https://doi.org/10.1016/j.carbon.2019.09.024
https://doi.org/10.1016/j.carbon.2019.09.024
https://doi.org/10.1016/j.carbon.2019.09.024
https://doi.org/10.1016/j.carbon.2019.09.024
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1140/epjb/e2007-00142-3
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol.

74, No. 9 (2025) 097801

48]
[49)
/50]
51]
/52]
/53]
[54]

[55]

Rouhi N, Capdevila S, Jain D, Zand K, Wang Y Y, Brown E,
Jofre L, Burke P 2012 Nano Res. 5 667

Cheng H, Chen S Q, Yu P, Duan X Y, Xie B Y, Tian J G
2013 Appl. Phys. Lett. 103 203112

Yu S L, Wu X Q, Wang Y P, Guo X, Tong L. M 2017 Adv.
Mater. 29 1606128.

Koester S J, Li H, Li M 2012 Opt. Express 20 20330

Lee S H, Choi M, Kim T T, Lee S, Liu M, Yin X B, Choi H
K, Lee S S, Choi C G, Choi S Y, Zhang X, Min B 2012 Nat.
Mater. 11 936

Chen S, Yi X, Ma H, Wang H 2003 Opt. Quantum Electron.
35 1351

Lu Q, Wang Z Z, Huang Q Z, Jiang W, Wang Y, Xia J S
2017 J. Lightwave. Technol. 35 1710

Boyd R W, Shi Z M 2015 Slow and Fast Light In Photonics:
Scientific Foundations, Technology and Applications (Vol. 1)
( John Wiley & Sons, Inc.) pp363-385

[56]
57)
/58]
[50]

(60]

[61]
(62]

(63]

097801-10

Zentgraf T, Zhang S, Oulton R F, Zhang X 2009 Phys. Rev.
B 80 195415

Li M, Li H J, Xu H, Xiong C X, Zhao M Z, Liu C, Ruan B X,
Zhang B H, Wu K 2020 New J. Phys. 22 103030

Zhang X, Liu Z, Zhang Z B, Gao E D, Luo X, Zhou F Q, Li
H J, Zao Y 2020 Opt. Express 28 36771

Zhang X, Zhou F Q, Liu Z M, Zhang Z B, Qin Y P, Zhuo S
S, Luo X, Gao E D, Li H J 2021 Opt. Exzpress 29 29387

Xie Q, Guo L H, Zhang Z X, Gao P P, Wang M, Xia F,
Zhang K, Sun P, Dong L F, Yun M J 2022 Appl. Surf. Sci.
604 154575

Ji C, Liu Z M, Zhou F Q, Luo X, Yang G X, Xie Y D, Yang
R H 2023 J. Phys. D: Appl. Phys. 56 405102

Chang X, Li H J, Liu C, Li M, Ruan B X, Gao E D 2023 J
Opt. Soc. Am. A 40 1545

XuHY, XuH, Yang X J, Li M, Yu H F, Cheng Y X, Zhan S
P, Chen Z Q 2024 Phys. Lett. A 504 129401


https://doi.org/10.1007/s12274-012-0251-0
https://doi.org/10.1007/s12274-012-0251-0
https://doi.org/10.1007/s12274-012-0251-0
https://doi.org/10.1007/s12274-012-0251-0
https://doi.org/10.1007/s12274-012-0251-0
https://doi.org/10.1007/s12274-012-0251-0
https://doi.org/10.1007/s12274-012-0251-0
https://doi.org/10.1063/1.4831776
https://doi.org/10.1063/1.4831776
https://doi.org/10.1063/1.4831776
https://doi.org/10.1063/1.4831776
https://doi.org/10.1063/1.4831776
https://doi.org/10.1063/1.4831776
https://doi.org/10.1063/1.4831776
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1364/OE.20.020330
https://doi.org/10.1364/OE.20.020330
https://doi.org/10.1364/OE.20.020330
https://doi.org/10.1364/OE.20.020330
https://doi.org/10.1364/OE.20.020330
https://doi.org/10.1364/OE.20.020330
https://doi.org/10.1364/OE.20.020330
https://doi.org/10.1038/nmat3433
https://doi.org/10.1038/nmat3433
https://doi.org/10.1038/nmat3433
https://doi.org/10.1038/nmat3433
https://doi.org/10.1038/nmat3433
https://doi.org/10.1038/nmat3433
https://doi.org/10.1038/nmat3433
https://doi.org/10.1038/nmat3433
https://doi.org/10.1023/B:OQEL.0000009429.14136.3d
https://doi.org/10.1023/B:OQEL.0000009429.14136.3d
https://doi.org/10.1023/B:OQEL.0000009429.14136.3d
https://doi.org/10.1023/B:OQEL.0000009429.14136.3d
https://doi.org/10.1023/B:OQEL.0000009429.14136.3d
https://doi.org/10.1023/B:OQEL.0000009429.14136.3d
https://doi.org/10.1109/JLT.2017.2648819
https://doi.org/10.1109/JLT.2017.2648819
https://doi.org/10.1109/JLT.2017.2648819
https://doi.org/10.1109/JLT.2017.2648819
https://doi.org/10.1109/JLT.2017.2648819
https://doi.org/10.1109/JLT.2017.2648819
https://doi.org/10.1109/JLT.2017.2648819
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
 https://doi.org/10.1002/9781119009719.ch12
https://doi.org/10.1103/PhysRevB.80.195415
https://doi.org/10.1103/PhysRevB.80.195415
https://doi.org/10.1103/PhysRevB.80.195415
https://doi.org/10.1103/PhysRevB.80.195415
https://doi.org/10.1103/PhysRevB.80.195415
https://doi.org/10.1103/PhysRevB.80.195415
https://doi.org/10.1103/PhysRevB.80.195415
https://doi.org/10.1103/PhysRevB.80.195415
https://doi.org/10.1088/1367-2630/abbaea
https://doi.org/10.1088/1367-2630/abbaea
https://doi.org/10.1088/1367-2630/abbaea
https://doi.org/10.1088/1367-2630/abbaea
https://doi.org/10.1088/1367-2630/abbaea
https://doi.org/10.1088/1367-2630/abbaea
https://doi.org/10.1088/1367-2630/abbaea
https://doi.org/10.1364/OE.410417
https://doi.org/10.1364/OE.410417
https://doi.org/10.1364/OE.410417
https://doi.org/10.1364/OE.410417
https://doi.org/10.1364/OE.410417
https://doi.org/10.1364/OE.410417
https://doi.org/10.1364/OE.410417
https://doi.org/10.1364/OE.433258
https://doi.org/10.1364/OE.433258
https://doi.org/10.1364/OE.433258
https://doi.org/10.1364/OE.433258
https://doi.org/10.1364/OE.433258
https://doi.org/10.1364/OE.433258
https://doi.org/10.1364/OE.433258
https://doi.org/10.1016/j.apsusc.2022.154575
https://doi.org/10.1016/j.apsusc.2022.154575
https://doi.org/10.1016/j.apsusc.2022.154575
https://doi.org/10.1016/j.apsusc.2022.154575
https://doi.org/10.1016/j.apsusc.2022.154575
https://doi.org/10.1016/j.apsusc.2022.154575
https://doi.org/10.1088/1361-6463/ace1fd
https://doi.org/10.1088/1361-6463/ace1fd
https://doi.org/10.1088/1361-6463/ace1fd
https://doi.org/10.1088/1361-6463/ace1fd
https://doi.org/10.1088/1361-6463/ace1fd
https://doi.org/10.1088/1361-6463/ace1fd
https://doi.org/10.1088/1361-6463/ace1fd
https://doi.org/10.1364/JOSAA.488335
https://doi.org/10.1364/JOSAA.488335
https://doi.org/10.1364/JOSAA.488335
https://doi.org/10.1364/JOSAA.488335
https://doi.org/10.1364/JOSAA.488335
https://doi.org/10.1364/JOSAA.488335
https://doi.org/10.1364/JOSAA.488335
https://doi.org/10.1364/JOSAA.488335
https://doi.org/10.1016/j.physleta.2024.129401
https://doi.org/10.1016/j.physleta.2024.129401
https://doi.org/10.1016/j.physleta.2024.129401
https://doi.org/10.1016/j.physleta.2024.129401
https://doi.org/10.1016/j.physleta.2024.129401
https://doi.org/10.1016/j.physleta.2024.129401
https://doi.org/10.1016/j.physleta.2024.129401
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 74, No. 9 (2025) 097801

Synergy-based plasmon-induced transparency and optical
switch and slow light applications”

HU ShunanY# LI Deqiong?# ZHAN JieV! GAO Enduo?
WANG Qi% LIU Nanliu¥  NIE Guozheng V?

1) (Hunan Provincial Key Laboratory of Intelligent Sensors and New Sensor Materials, School of Physics and
Electronic Science, Hunan University of Science and Technology, Xiangtan 411201, China)
2) (School of Mathematics and Statistics, Hunan University of Technology and Business, Changsha 410205, China)
3) (School of Physical and Electronic Science, Changsha University of Science and Technology, Changsha 410083, China)

4) (Dongguan Institute of Opto-Electronics, Peking University, Dongguan 523808, China)
( Received 17 January 2025; revised manuscript received 22 February 2025 )

Abstract

Surface plasmons (SPs) are generated by the interaction of conduction electrons on the surface of a metallic
medium with photons in light wave, and they have an important phenomenon called plasmon-induced
transparency (PIT). The PIT effect is crucial for improving the performance of nano-optical devices by
strengthening the interaction between light and matter, thereby enhancing coupling efficiency. As is well known,
traditional PIT is mainly achieved through two main ways: either through destructive interference between
bright and dark modes, or through weak coupling between two bright modes. Therefore, it is crucial to find a
new excitation method to break away from these traditional approaches. In this work, we propose a single-layer
graphene metasurface composed of longitudinal graphene bands and three transverse graphene strips, which can
excite a tripe-PIT through the synergistic effect between two single-PITs. We then leverage the synergistic
effect between these two single-PITs to realize a triple-PIT. This approach breaks away from the traditional
method of generating PIT through the coupling of bright and dark modes. The numerical simulation results are
also obtained using the finite-difference time-domain, which are highly consistent with the results of the
coupled-mode theory, thereby validating the accuracy of the results. In addition, by adjusting the Fermi level
and carrier mobility of graphene, the dynamic transition from a five-frequency asynchronous optical switch to a
six-frequency asynchronous optical switch is successfully achieved. The six-frequency asynchronous optical
switch demonstrates exceptional performance: at frequency points of 3.77 THz and 6.41 THz, the modulation
depth and insertion loss reach 99.31% and 0.12 dB, respectively, while at the frequency point of 4.58 THz, the
dephasing time and extinction ratio are 3.16 ps and 21.53 dB, respectively. Additionally, when the tuning range
is from 2.8 THz to 3.1 THz band, the triple-PIT system exhibits a remarkably high group index of up to 1212.
These performance metrics exceed those of most traditional slow-light devices. Based on these results, the
structure is expected to provide new theoretical ideas for designing high-performance devices, such as optical
switches and slow-light devices.
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