Chinese Physical Society

ME*E Acta Physica Sinica

€D Institute of Physics, CAS

KN L HIR RS R

it LRGPk

Progress of terahertz metamaterials

Bao Di Shen Xiao-Peng Cui Tie-Jun

5| 115 & Citation: Acta Physica Sinica, 64, 228701 (2015) DOI: 10.7498/
aps.64.2287017E £k [ 132 View online: http://dx.doi.org/10.7498/

aps.64.228701 4114 %5 View table of contents: http://wulixb.iphy.ac.cn/CN/
Y2015/V64/122

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

YL T2 T LR IR A TSR AE
Decoherence characterization of three-dimensional transmon
PP A H%.2014, 63(22): 220305  http://dx.doi.org/10.7498/aps.63.220305

BT 55 AR v SE B AR B ML I & P9 56 T Bell 25 /2 =% T Greenberger-Horne-Zeilinger 75

Quantum nondemolition measurement of two-photon Bell-state and three-photon Greenberger-Horne-
Zeilinger-state based on weak nonlinearities

PP 22 H%.2013, 62(10): 100304  http://dx.doi.org/10.7498/aps.62.100304

KT 2 LR R R T30 15 RGO H B BRIV BR T ST
On the scheme of cavity photon elimination in multi-qubit circuit-quantum electrodynamics system
Y A4.2012, 61(24): 240305  http://dx.doi.org/10.7498/aps.61.240305

KT R E TR ERGE 6T B B ERHEERTT R
On the schemes of cavity photon elimination in circuit-quantum electrodynamics systems
YEi&24.2012, 61(18): 180302  http://dx.doi.org/10.7498/aps.61.180302

Stark iz 5% #IA55 F X Jaynes-Cummings #5784 F Ji 12U 28 1 52 1
Effect of the Stark shift on entanglement in a double Jaynes-Cummings model in thermal environment
YE=4.2012, 61(16): 160304  http://dx.doi.org/10.7498/aps.61.160304


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.160301
http://dx.doi.org/10.7498/aps.64.228701
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I22
http://wulixb.iphy.ac.cn/CN/abstract/abstract61981.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61981.shtml
http://dx.doi.org/10.7498/aps.63.220305
http://wulixb.iphy.ac.cn/CN/abstract/abstract53704.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53704.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53704.shtml
http://dx.doi.org/10.7498/aps.62.100304
http://wulixb.iphy.ac.cn/CN/abstract/abstract51459.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51459.shtml
http://dx.doi.org/10.7498/aps.61.240305
http://wulixb.iphy.ac.cn/CN/abstract/abstract49759.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49759.shtml
http://dx.doi.org/10.7498/aps.61.180302
http://wulixb.iphy.ac.cn/CN/abstract/abstract49477.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49477.shtml
http://dx.doi.org/10.7498/aps.61.160304
http://dx.doi.org/10.7498/aps.64.228701

) I8 ¥ 48  Acta Phys. Sin.

Vol. 64, No. 22 (2015) 228701

TRl Kiffzs e

Aifhzz N TSR R AR

41 12)

A5

A0

1) (RHIAEE RS TRER, SR E R B0 5, 50 210006)
9) (R K2 TGl (EHAR P FIQIF L, 15 210096)
3) (FEF LI R, M 221116)
4) (B TR AU RO 0, B 610054)

(20154 6 A 8 HiIgH; 2015 4 7 A 8 HILRE M)

IEEER, FEAE AR RERFA TR IR, B 2 Tk 2 5 1R R 2 18] 0K — A% G2 28 1 U8R R B k.
N T LRI TR A8 B R & 8 B b S R K T BE 2 AR 1T 52 2T Q0. TR, XA TR RC
H R 2577 T (R E T P 5 RO, A T MRS RO AN A e oA it R e, B 5 LS A T R T
RN () HEA B DA R, RSO 4 7N T AR A AR 25 B R A e JRLBEL  ei RISE I, 36 A 4 58 56
WA AN TR S5 B oS, AR 26 BU D BE SR AR HORT FE B2 1225, FEX T BE A e 7 1) T AR 2.

REEIA: AHF2K, N T AREIER, Wkds, N TR S5 B0t

PACS: 87.50.U-, 78.67.Pt, 41.20.Jb, 42.25.Bs

15 =

H 20 tH 22Ok BLR, Kk 22 (THz) KA AR
D25 52 AR BRI K R B S T KRR ZE I A ], K
HZETARLE AR LR 2 W, MR i FRSEAR
NG % NTERR: e ol TR S [ ) el o) S R )
. KL TEIBE (0.1—10 THz) 2 75 846, (HAEM
KDy RE AT E AR H B =, BRI B AR H AR
IR 2549 96 BA BB R L

plis = T D R C o 24 ) NG I o R g S ER N
TEZ UM N T B 5T (metamaterials) BN HT %
(AP 7 A s DOl N T R R R D 0 e A A
2R B D RE A AR AL TAR Z iR T -, il K
Tl 2% I3 S 26 0 R VAR 1) R0 A s S v 18] L g
P2 O 2R MR A B e B8 A0 S AT O (20 A
CIES c N E 2 E I VB S /N g =
Se T RGN RGBT R FE AR BAE, AW

DOI: 10.7498 /aps.64.228701

FEAR YRR 2B TN T REB T W A0 N T
RIMGEEFOCHF, Tefade B am R

2 AMFE A T B e A AR R

B AN TR R R 5 2 e R A EIE A R
SERIZE R, FoE e BRI T B on g i SCIL T A
P 0 7 W A AR (0], N T ol B 5 5 i ok 2 X
AT 7RI E HEE, Wittt 3R A B
BRI ER AT, a0 47 5 226 B A7 3T 56964 LRI A,
FE B B AT N & Al gk 1 B0 s i i A
REATAE Tt ik B A B R W 3R 11 45 25 ¥0G (plasmon
polartons) 7E s AN A A7 B AR DL = B, 119250,

N T H R I o () 3 e R M B 5] T AR 2 i 5T
KR 2L IR K. AR R 25 0% B S LA BB, RAR
PIREPER R B =, OB B RE B 22 M A A
WA R A MO TR. 7E 2004 48, S [H F13E[H
FIREF IR LI T LE0.6—1.8 THz 81 EL, FIFH S

w [E K HREHEES (ILHES: 61171024, 61171026, 61302018, 61401089, 61571117, 61501112, 61501117, 61138001) 4= [E .75 4
LWL TS (U5 201444) A SFE2RFRR0H 518 TR (S 111-2-05) 5581

T EEVEHE. BE-mail: tjcui@seu.edu.cn
© 2015 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

228701-1



¥ 12 Z R Acta Phys. Sin.

Vol. 64, No. 22 (2015) 228701

PRIT VU AR P 45 1 7T DA S B0 AT 10 388 O T 8 A 2 2
TR PO 25, ZEBEE S R
T ) B e B KRR AR 728 FE LR b, R
TR G S SR S A B, IRl T SR
BUE P91, A Y KR 25 N T e R o SE SR AL T R
A2 ) AR 20 T T 55 L S g i 78,8092,

FEN TR BT foe e PR IO B, 24 704
Y RST 32 /NI A, 222 00 HR v 75 3 3 A s
FRAL, T B 45 28 R At HL A R s %, I AT
SHERI. AR 2RP B, R — i ik IR G .
FESHERI, S b S sl 7 F015 B A% ey R Kt
AN 28 50, FEAR R 1% A2 B0 St R 80 505
BB BEAT 2 FIHTI F 557590,

n= éicos_1 [%(1—7”24—152)}, (1)
B (1+7)2—1¢2
“H o= ?)

AR e = n/2 M p = nz tHEHER HH
BOFIRE 326

B 7 SRR 2 AR B, N T A o ) A
R RS — e BENE S T R S B A
JulsE. Flan, N TH#ERH (metasurface) i 7 68
FHE EGIN T AALRAR, Bl WiE gt 1) X
ST RTAT 5 s R P01 AT SR el A 24 AN Sl Bt
AT BTHR A TS ORH

3 AWM

MR 394 ST 1 PR R Ip o SO o S o, TE
P BB R BH A R b D71 BROE TOHL B8] | 155 2 5 2540
A2 R RG5O AR G i A R B — TR
R IR B AR KA 1/4, TN L e RE I 5 0) m]
DA S 7R 76 57 25 MR % 8. 7E 2008 4E, Landy 2% [40)
FEH T PRI O 0 IE I ORI A4
i 25 BT AR A 1 1 5 SR AR R B i, R R T
88% MM R . 2 Ja, WFFE N i T 4 AR
Se4 &R 2 78 o5 (PR B 4 vl DA B SR
BT R TR A B 2 i R ik (.

O 25 W38 s 2 A U i R U 4 RN 22 U8 s I
WP RS, Horb ) SEAS IR L A% F A LA IR IE
AEIE P BR G 45 A FEHEERCRT J5 SO, AN T A LN R
g F S R SR 142450 2 g R O 2 U R
B B B B X 2 B LA BT S A A 1Y) sl
H— AN 2 AN IR UG (1 B TR R 0. R 26 R
BARA R EIL TARIR 2, (HEAARSLI D, X

B BRATRA H A 28 PR LR AT ST IS AR
ZEVRBE A HO A BT A S A

3.1 KHh%E 2B ERRR RS

K2 B AT R TR 25 BB 45 56 N SR ) AR Ak
A R #S OB RO, R T A AR AR A B A
ez IR . X A2 — MR A A U ) 2
A BE 2 BOK AR 22 2 ). &l 1 (a) BOR, X
TR i 4% s EH B A A < J T AR = RS AN ]
R 7] 4o <5 JER 7 A 4 1 F) ) S PR B T S, RO
88 pm, FEMUSTIA N 15 mm x 15 mm. G451
HIVEAE n BRERE b 5 T T 23 50 D9 77 RIS IR 5
(0.2 pm RIS A FZ (7.5 pm T TRBE T 1) A1
EEHER (0.2 pm FEHER). @t X=4
GBI N R FLAH LA R, TR
B =AML R W B . L D 5 iR 1 <6 R R
R )R TR R B e B A A P, 3 A R T
0, 6 A S S SRR S R AT LLSE SO
R = |Es(@)I/| Ev(w)], Ferh | Ey(w)| A0 E’r(W)‘ gl

Absorption

1
0 0.5 1.0 1.5 2.0 2.5

Frequency/THz

1 (a) ZBBORMEWM AR BHER T, A NAN
I EDNTEOR 9 B TT 4 )5 (b)) =W BOR A 2 T 5% Y S
(LL2%) U BT (i 2%) ITHEE (SRR MM e il 2k (44)

Fig. 1. (a) The optical microscopy image of the triple-
band THz metamaterials absorber; (b) measured, sim-

ulated and calculated absorption [44],
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Fig. 2. (a) The schematic of the multiple reflections,
transmission and interference at the air-spacer inter-

faces; (b) the magnitudes and (c) phase of the reflec-

tion and transmission coefficients at the interface [44].
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Fig. 3. The simulated absorption spectra of differ-

ent incident angle for (a) TE and (b) TM polariza-

tions [44],
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Fig. 4. The structure of the broadband metamaterials

absorber: (a) Schematic of the structure with 3 x 3
unit cells, and each layer is separated; (b) the layers

of a single unit cell (48],
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Fig. 5. Simulated absorptivity for single metallic bar.
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Fig. 6. Simulated (a) and measured (b) absorption
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(b) shows the image of the corresponding fabricated

sample.
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Fig. 8. (a) The simulated E. distribution of the spoof SPP waves at 1 THz; (b), (c) the electric field

distribution on the cross-section (y-z plane) [68],
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Abstract

In the past decades, terahertz metamaterials have attracted considerable attention due to the capability of realizing

essential terahertz functional devices and potential applications in sensing, imaging, spectroscopy and monitoring. In this

review, we first present a brief introduction to the theory and development of terahertz metamaterials, and then focus

on some terahertz devices including both triple-band and broadband metamaterial absorbers, the spoof surface plasmon

polaritons (SPP) waveguides, the SPP bend, the SPP beam splitter, and the SPP ring resonator. The metamaterial

absorbers are fabricated and measured in THz band, while the SPP devices are verified through numerical simulations.

All the designs are easy to fabricate and favorable for practical applications.
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