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Fig. 1. The schematic diagram of single metal waveguide-
cavity side-coupled structure. The MDM waveguide is con-
sisted by silver-air-silver. The width of air layer is w,. The
length and width of metal microcavity are L and D, re-
spectively. A slit is used to connect the waveguide and mi-
crocavity. The width and height of slit are denoted as C
and S, respectively. The center-to-center distance between
slit and cavity is denoted as dy,.
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Fig. 2. As the location offset of slit is fixed (dy, = 120 nm), (a) the transmittance spectra of structure with the different width C,
(b) the Q factor of structure versus the width C. The amplitude distribution of magnetic field at the resonant wavelength of struc-
ture with width C = 100 nm is also shown in the inset of Fig. 2(b). (¢) The transmittance spectra of structure with the different
location offset dy,; (d) the @ factor of structure versus the dy,. The length and width of microcavity are L = 650 nm and D =
200 nm, respectively. The thickness of waveguide wy = 200 nm.
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Fig. 3. The schematic diagram of metal waveguide-double
microcavities side-coupled structure. A other microcavity is
introduced into the structure shown in Fig.1. The two mi-
crocavities are numbered as (D and @), respectively. The
width of air layer is wj.
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Fig. 4. (a) The transmittance spectra of waveguide-mi-
crocavities structure. The red line and blue dotted line de-
note the results obtained from FDFD simulation and
TCMT, respectively. For comparison, the transmittance
spectra of the single waveguide-microcavity are shown with
black dashed line; (b) for waveguide-microcavities structure,
the phase of output wave versus the wavelength. In simula-
tion, the parameters of structure are L; = 650 nm, D; =
200 nm, S§; = 200 nm, ¢} = 100 nm, dy,; = 120 nm, L, =
625 nm, D, = 200 nm, S, = 250 nm, C; = 40 nm, dy, =

80 nm and wy = 200 nm.
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Fig. 5. The peak value of transmission and the FWHM of
EIT window versus the width C; of slit. In simulation, the
geometrical parameters of structure are L; = 650 nm, D; =
200 nm, S; = 200 nm, C; = 100 nm, dgy; = 120 nm, L, =
625 nm, Dy = 200 nm, S, = 250 nm, dypy = 80 nm and

wyg = 200 nm.
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SPECIAL TOPIC—Metamaterials

Surface plasmon induced transparency in coupled
microcavities assisted by slits

Chu Pei-Xin  Zhang Yu-Bin  Chen Jun-Xue

(School of Science, Southwest University Of Science and Technology, Mianyang 621010, China)
( Received 12 March 2020; revised manuscript received 16 June 2020 )

Abstract

The coupled waveguide-microcavity structure has a wide range of applications in optical filters and optical
modulators. The optical transmission properties of structure are mostly determined by the coupling strength of
the modes. In the conventional waveguide-microcavity structure, the mode coupling is finished by the form of
evanescent field, which is usually achieved by controlling the geometric spacing between waveguide and
microcavity. Surface plasmon polaritons are the excitations of the electromagnetic waves coupled to collective
oscillations of free electrons in metal. Since the electromagnetic waves are attenuated sharply in the metal, this
requires precise control of the spacing between the waveguide and the metal microcavity, and poses a great
challenge for controlling the coupling of modes in the metal waveguide-cavity structure. In this paper, we
proposed a scheme of using a metal-dielectric-metal waveguide side coupling metal microcavities to overcome
this limit. Based on the resonant characteristics of the Fabry—Pérot mode in the metal microcavity, a slit is
introduced to connect the waveguide and microcavities. By adjusting the width and the offset location of slits,
the leakage rate and coupling strength of the mode in metal microcavity can be controlled. The finite difference
frequency domain (FDFD) method was used to numerically simulate the electromagnetic properties of structure.
First, we have studied the transmission behaviors of surface plasmon polaritons in the system consisted by
metal waveguide and single microcavity. As other microcavity is introduced to the structure and connected the
original microcavity by slit, the electromagnetically induced transparency phenomena based on surface plasmon
polaritons are demonstrated in the coupled metal waveguide and double microcavities structure. As the width of
slit connected the microcavity is increased, the transmission peak of structure and the full width at half
maximum of the transparency window also increase accordingly. The change of the geometric parameters of slit
will modulate the resonance characteristics of structure, and the corresponding physical mechanism is explained
by the temporal coupled mode theory. In our works, the metal waveguide and microcavities are coupled by the
energy leakage of microcavities assisted by slits, which breaks the limit of separation distance between metal
waveguide and microcavity, and contributes to the manufacture of devices. The results of the paper will have

applications in designing the compact photonic devices based on surface plasmon polaritons.

Keywords: electromagnetically induced transparency, surface plasmon polaritons, finite difference frequency

domain method, temporal coupled mode theory

PACS: 42.50.Gy, 42.79.Gn, 47.11.Bc DOI: 10.7498 /aps.69.20200369
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Fig. 1. The unit cell structure of isotropy (a) and (b)—(e) anisotropic pentamode materials.
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SPECIAL TOPIC—Metamaterials

Phononic band structure and figure of merit of
three-dimensional anisotropic asymmetric
double-cone pentamode metamaterials”

Cai Cheng-Xin Y23  Chen Shao-Geng?®  Wang Xue-Mei?
Liang Jun-Yan?®  Wang Zhao-Hong ¥
1) (Key Laboratory of Grain Information Processing and Control (Henan University of Technology),
Ministry of Education, Zhengzhou 450001, China)
2) (Henan Provincial Key Laboratory of Grain Photoelectric Detection and Control,
Henan University of Technology, Zhengzhou 450001, China)
3) (College of Information Science and Engineering, Henan University of Technology, Zhengzhou 450001, China)

4) (School of Electronic and Information Engineering, Key Laboratory for Physical Electronics and

Devices of the Ministry of Education, Xi’an Jiaotong University, Xi’an 710049, China)
( Received 12 March 2020; revised manuscript received 28 April 2020 )

Abstract

Pentamode metamaterial (PM) is a kind of artificial microstructure extremum material with solid
morphology and fluid properties proposed by Milton and Cherkaey. By decoupling the compression and the
shear waves, the periodic structure is difficult to be compressed, but the shear deformation occurs easily.
Theoretically, acoustic metamaterials consisting of such periodic arrangement of structural units can achieve
complete matching with water. Therefore, the characteristics of adjustable modulus anisotropy, small stuffing
rate and broadband endow the PMs with excellent acoustic control ability, which has attracted more attention
of researchers.

In this paper, the narrow-diameter intersection point P (0.25a, 0.25a, 0.25a) of an isotropic three-
dimensional PM selected as the reference point in four different directions (X-axis, Y-axis, Z-axis and body
diagonal). When the P-point moves, the farther the P-point is, the greater the degree of anisotropy is. The
introduction of anisotropy will cause the structural bifurcation of the three-dimensional PM to change structural
parameters, and the structural parameters are important factors affecting the band characteristics of the three-
dimensional PM of Bragg scattering. In order to study the influence of anisotropy on the band structure and
pentamode properties of three-dimensional asymmetric double-cone PMs, we use the finite element simulation
software COMSOL to calculate the primitive-cell of three-dimensional anisotropic PMs under Bloch boundary
conditions.

By adjusting the position of P point, four different types of three-dimensional anisotropic asymmetric
double-cone PMs are constructed. Since the anisotropy changes in different directions have different effects on

the parameters of the asymmetric double-cone structure, the band characteristics and the pentamode

* Project supported by the Key Scientific Research Project of Henan Education Department, China (Grant Nos. 20A140008,
15A120007), the Key Laboratory of Grain Information Processing and Control (Henan University of Technology), Ministry
of Education (Grant No. KFJJ-2020-106), and the High-level Talent Fund of Henan University of Technology, China (Grant
No. 31401120).
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characteristics will also receive different degrees of influence. In this paper, the relationship between the degree
of anisotropy and the band gap characteristics, single-mode region and figure of merit (FOM) are given, and the
result can provide guidance for the design of asymmetric double-cone PM acoustic device. Compared with the
isotropic double-cone PMs, the relative bandwidth of the first band gap of the anisotropic double-cone PMs can
be broadened to 123%, and the FOM can be increased to 6.9 times. Due to the introduction of anisotropy, Due
to the introduction of anisotropy, the structure of three-dimensional asymmetric double-cone PMs are more
complex, the demand for sample fabrication is further improved, and the stability of PMs also reduced.

Therefore, PMs with high stability and easy to be fabricated still needs further research and exploration.

Keywords: pentamode metamaterial, anisotropy, phononic band gap, broadband

PACS: 43.20.4-g, 43.40.+s, 43.50.4+y DOI: 10.7498/aps.69.20200364
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Fig. 1. Structure and theoretical model of composite acoustic metamaterial: (a) The top micro-perforated panel (thickness ¢, dia-

meter d, perforation rate p); (b) multiple coiled FP channels; (c¢) schematic of the hybrid metamaterial absorber composed of a
microperforated panel (MPP) as a top face sheet and coiled-up Fabry—Perot (FP) channels with folding number n; (d) an approxim-

ate analytical two dimensional (2 D) model of one unit cell of a space-coiled metamaterial. All the widths of the channels in the YZ

plane are [,. The height of the channel along the Z axis is H .
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Fig. 2. Sound velocity and sound pressure in a sound absorber when a 230 Hz sound wave is introduced: (a) Sound velocity distribu-

tion (m/s); (b) sound pressure distribution (Pa). The absorbers are constructed using the coiled-up channel with geometric paramet-
erss H=59mm, 1 =Ly =L3=L4=Ls=4.8mm and W =13.6 mm and d =tg =¢t; = 1 mm.
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Design of subwavelength broadband hybrid sound absorption
structure based on micro-perforated plate and coiled
channels”

Wu Fei?)  Huang Wei?  Chen Wen-Yuan?  Xiao Yong!
Yu Dian-Long?  Wen Ji-Hong V*
1) (Laboratory of Science and Technology on Integrated Logistics Support, College of Intelligence Science and Technology,
National University of Defense Science and technology, Changsha 410073, China)
2) (College of Engineering and Technology, Southwest university, Chongging 400715, China)

( Received 12 March 2020; revised manuscript received 24 June 2020 )

Abstract

In this paper, we propose a hybrid subwavelength broadband sound absorber based on micro perforated
plate and multiple coiled channels. And the mechanism of low frequency broadband sound absorption of the
hybrid sound absorber is analyzed in detail. Based on this, the theoretical analysis model and the finite element
numerical analysis model are established, and the mutual verification of theoretical and numerical solutions is
completed. The structure can theoretically achieve the low-frequency and high-efficiency sound absorption with
an average absorption coefficient of 0.8 in a frequency band of 200-500 Hz when the overall thickness of the
sound absorbing structure is 60 mm. At the same time when the overall thickness is 90 mm, quasi-perfect sound
absorption with peaks up to 0.95 in a frequency range of 180-350 Hz is realized theoretically. The composite

sound absorption structure has a certain application prospect in engineering low frequency noise in future.

Keywords: micro-perforated plate, coiled channels, hybrid sound absorber, low frequency sound absorption
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Fig. 1. Schematic diagram of the FT medium.
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Bl 2 AT WIS R oyz fhSE v eSS 45°48 i o'y2’
ASHBAE zy PN, 0 9 ASEAT, ko s AR 09 9% %X

Fig. 2. Artificial birefringence medium: The zyz coordin-
ate is twisted along the y -axis by 45° to the x’yz’ coordin-
ate. The incident plane is 2~y plane, 6 is the incident angle,
ko is the wave vector of the incident wave.
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Fig. 3. Pancharatnam-Berry phase: When the EM wave in-
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Fig. 4. The model of unit cell.
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Fig. 5. (a) The amplitude of Jz; and Jyy; (b) the phase of
Jzz and Jyy .
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Fig. 6. The amplitude of Jzy and Jyz .
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30 mm

Fl7 () TESE BT TR U A S5 8 B0 4 2 4LIAT, oy 100 A B ER AL A B ER Y 420 4 mm; (b) A5 15 AU R 4]

Fig. 7. (a) Main view of dielectric rings, it’s consists of 100 rings with radius of 4 mm and thickness of dielectric rings is 30 mm;

(b) side view of dielectric rings.
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K8 (a) T ELA SR IB ST (b) S5 [ B ] [l 25 60 69 3 20 A 5 ()13 GHz I A 8 [ A A 30 PR IR 2 5 ()13 Gz A5 8 BA A f i5

AR AL

Fig. 8. (a) The transmission wave while incident angle is 0% (b) E-field distribution around dielectric rings; (c¢) amplitude of RCP

wave at 13 GHz ; (d) phase of RCP wave at 13 GHz.

Oy R AR A B T 2 BN OAM, %
PRI RCRAR B . 2 1 5 T R R s A5 e
Ay B K. T UL OB B O HL R B, A
11—15 GHz ¥ AT &m0k 4: OAM 1.

RO v T I SR SR AR BE Y 20°RF A ST
13 GHz B 325 5187 (14 A7 T [ AR Ak 43 114 FiL S i 3 R
AL 9 frzs . Horb A o1 8 B 09 FL 3 AN 1] 9(b)
Jizs, v WAE 20°RFA S B A — 5543 i 35T AR TE [
I R, B S LRGSR AT W S (R AR 6
e mt AT (B A Ak D R 37 B B 3 A A SR Sk R FAOAR
A T A AR A W BE 431 A IR ERIE , v R AR 7

SAER B, UL TREEIEE /DN, BIEPRAL IR B AR,
J17.2 dBi, HE R R AR . ik 9(d) i
1 T SR R A A B R A fE

Table 1. Maximum values of RCP at different fre-

quencies when normal incidence.

Y% /GHz AT e B f oy AR AR/ d B
11 14.70
12 15.80
13 16.90
14 17.30
15 17.50
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dBi
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(d)

B9 (a) 20°REA S 9B ST (b) A 52 19 35 J] 1Bl 25 1] 9 B 3% 20 A1 () 20°R0A SF I 13 GHz 19 77 T 8 Ak 02 1) B 32 5 (c) 2084

ASTESTE 13 GHz (945 T [ 4% AL 8¢ 1) A6 7

Fig. 9. (a) The transmission wave while incident angle is 20°; (b) E-field distribution around dielectric rings; (c¢) amplitude of RCP

wave at 20° oblique incidence; (d) phase of RCP wave at 20° oblique incidence.
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OAM . & 2 5H T 20050 A S If AS [R) 4 o5 45 e
OB R R KA

F£2 20BN AR T AT e SR B A

Table 2. Maximum values of RCP at different fre-

quencies when incident angle is 20°.

I/ GHz A B fh sy Aok fE / dBi
11 15.30
12 16.10
13 17.20
14 17.70
15 17.40

IZIERIAE 20° R AGTBT, 77 A5 1325 S F R U8 1)
XA Ao B R T 2 8N OAM, I Ho7E
13 GHz B % A0 80 AR &5, HAT e IR AR A 43 itk
17.2 dBi, 7F 14 GHz B4 TERR AL 8-8 17.7 dBi,
14 GHz By 47 e B4R Ak 7 5 KT 13 GHz B 1 4TE
[ AL 2, B AT DL A AR AR R 14 GHz, A7
LR vE. AH LA LA, MEREIEAR A k.

S AN 40°8, 13 GHz B 38 5% 19 47
HE [ B A 1 b 3 0 B3 RO 4N 181 10 . G
Hh A Jo 5] B4 i L2 ) 9 FL 3 20 A ] 10(b) B,
R BH S LS 28] S gt SR 1 EhL 3 3 S Fh 0 1 A e
[ 1% Ak - B W BE T 4] 10(c) Fas, A A S AR 7
A5, O B R BRI, R B KA A A B A
LU e B AT A B fk, BB R 17.4 dBi, FHsk
ARG MO A& 10(d) s, AEREHIR E M
024k 3 T 4, SEIEHER, IEIA A7 HE R AL 4310
2 1 OAM I, SR AH b F 3 B A ST,
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& 3 45T ASHA R A0 RIS 5 A e A i
H I RAE. ASHAN 40°0}, BEREAE 13 CHz B4
R ML A OAM , H OAM #=Uh 2. 78
13 GHz WA ERIM AL 5310 17.4 dBI, 7E 14 GHz
i A5 e B M Ak 2 iR 18.6 dBi, 14 GHz I A7 iR
WAk Ik B BE R T 13 GHz I A5 e 8142 Ak 0k Ay i
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(d)

Bl 10 (a) 40°RF AT BB 5T i85 (b) S R 26 &) 81 2 1] 9 W 3 207 5 () 40°RMAGTI 13 GHz HYA HE I AL 5 A IR 5 (d) 40°%%

ASFFI 13 GHz 9 47 T8 BB 1 952 F AR 32

Fig. 10. (a) The transmission wave while incident angle is 40°; (b) E-field distribution around dielectric rings; (c) amplitude of RCP

wave at 40° oblique incidence; (d) phase of RCP wave at 40° oblique incidence.

3 A0RIAS BRI R AT A B K E
Table 3.  Maximum values of RCP at different fre-
quencies when incident angle is 40°.

Hi /GHz AT B Aoyt AR R/ dBi
11 16.0
12 16.7
13 17.4
14 18.6
15 18.5

M A AST R 50°mF, 13 GHz BB 5 A
T8 153 A5 T 5 11 P, A e 3 AR 57 el 11 s 24
WA A AGT o8 50°RT, AR R ] L 45 ] 9 L 3
YA 11(b) BN, 37 S w5 0 A e B A Ak 43
IR E 11(c) BT, T LLE Sl 2 fX
OAM I A T [ A - 0 Wt 8 e KA A 26
ANMAR L, HAEA Y 2 838 OAM A4l A7 A4~
FADEET 2. 7 13 GHz X — BRI (1) 5 (b ROR
AP RE. AR 11(d) B, S81%5 51
T — SR AR AT A AR 4k, (FURRAS 25 i R 5 B B
ooy BT PIAS, BB AR I S), B A
2 #ix OAM ARaliig:.

AT 50 RIS AN RIS A A A7 ke
B ORAE. T 50 REAS I, iR AT LAFE AL A
S5F BR8P T e A 52 SARAR K OAM i), {H 48
ROR R AT DU LR BRI S, S e B
FeAemy iR i AL B, (RIS RE A2 2 45
XAy OAM L.

F 4 BOREASH B AN RIS A A 20 JE RN A e 431t 1
BRAA
Table 4. Maximum values of RCP at different fre-

quencies when incident angle is 50°.

Ji& /GHz ATTE R AL S B/ dBi
11 16.8
12 17.2
13 17.6
14 18.6
15 19.6

s T R LA 60°6f A ST, 13 GHz B 3% ST
A THE 15 4 Ak 43 St 1 L 3 T RAH 62 G P 12 BT s
HoPE 12(b) 45T 60° A S A 5 R B LG
YA, 1002 S PRI 1 A e 153 B A -6 £ it o
Kl 12(c) Frzr, ATLAE 25T 2 8120 OAM A
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0

(c) (d)

K11 (a) 50°REASTI BB ST (b) S B l5 B Bl 25 18] 5’37 00 415 (c) 50 REA ST 13 GHz BYA5 € 19 4 Ak i ) B8 525 (d) 504}
SIS TE 13 GHz (975 e [5 45% Ak 5 Fr) AR 62

Fig. 11. (a) The transmission wave while incident angle is 50°; (b) E-field distribution around dielectric rings; (c¢) amplitude of RCP

wave at 50° oblique incidence; (d) phase of RCP wave at 50° oblique incidence.

(a) (b)
dBi }
178 Phase/(°)
360
12.3 304
8.94
270
5.59 236
2.24 203
—1.38 169
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—138 67.5
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—22.1
0
() (d)

B 12 (a) 60°RIAS I B G (b) 60° A ST A BT B 56 & F 6 L 3% 2375 () 60°REA ST 13 GHaz (9 47 5 B A AL A IR B (d)
60°RF A G BT 13 GHz 1) 47 e B A% £k i3 1) #H 2

Fig. 12. (a) The transmission wave while incident angle is 60°; (b) E-field distribution around dielectric rings at 60° oblique incid-
ence; (c¢) amplitude of RCP wave at 60° oblique incidence; (d) phase of RCP wave at 60° oblique incidence.
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Abstract

The Field transformation (FT) is a novel theory for controlling the polarization and impedance of
electromagnetic waves, which is independent on the angle of incidence. Thus, the FT method is superior for
wide-angle devices design. In this paper, we propose a wide-angle method for generating vortex beam based on
the FT theory. According to this method, an artificial media for vortex beam generation is designed and
simulated, which demonstrates the proposed method. The designed artificial media is a multi-layered structure,

which can generate vortex beam of order 2 with an incident angle stability up to 60°.
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