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Fig. 1. The simulation results in Ref. [16] about the correlation between the plasmonic metamolecule subgroup
decomposition and the SPP resonance spectral forming: (a) Extinction spectral peaks (1, 2) and absorption
spectrum for Dgj four nanoparticle plasmonic metamolecule, and the extinction spectral peaks (3, 4) for
the subgroups; (b) electric field intensity distribution correlated to each of the spectral peaks in (a); (c)
extinction spectral peaks (1, 2) and absorption spectrum for Dy five nanoparticle plsamonic metamolecule,
and the extinction spectral peaks (3, 4) for the subgroups; (d) electric field intensity distribution correlated
to each of the spectral peaks in (c). Adapted from Ref. [16].
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Fig. 2. Schematic to build the representation bases for the general D,,;, configuration:

(a) Reducible representation bases under the Cartesian coordinates; (b) irreducible

representation basis for building the symmetric modes.
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Fig. 3. Schematic of SPP dipolar resonance sym-
metric modes for Dg; four nanoparticles plasmonic
metamolecule: (a) Built from the radial vector ba-
sis; (b) built from the angular vector basis; (c) the E’
mode belonging to the center particle. The lengths of
arrows in modes (a) and (b) represent the magnitude
of the dipole moments; a different kind of arrows is

used for modes (c).

057302-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 5 (2016) 057302

4 _ .
@ - & @
NS A+ e A

:@i
1 1
o O
(a) (b)
4 HE 3R AR AT B IR R A SPP
HARBIA (a) B3 HIBE (a) (FIJE LW LRR)
A (b) (I RELH LFR) BINKA; (b) M3+
HRE () FIBER (c) BN
Fig. 4. Two SPP resonance modes formed from linear
superpositions of symmetric modes in Fig.3: (a) the
linear superposition mode formed from the linear su-
perposition of modes (a) denoted by short dashed line
arrows and (b) denoted by long dashed line arrows in
Fig.3; (b) the linear superposition mode formed from

the linear superposition of modes (a) and (c) in Fig. 3.
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Fig. 5. Schematic of SPP dipolar resonance symmetric
modes for Dy, five nanoparticles oligomers: (a) Built
from the radial vector basis; (b) built from the angular
vector bases; (c) the F, mode belonging to the cen-
ter particle. The lengths of arrows in modes (a) and
(b) represent the magnitude of the dipole moments; a

different kind of arrows is used for modes (c).
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Fig. 6. Two SPP resonance modes formed from linear
superpositions of symmetric modes in Fig.5: (a) the
linear superposition mode formed from the linear su-
perposition of modes (a) and (b) in Fig.5; (b) the
linear superposition mode formed from the linear su-

perposition of modes (a) and (c) in Fig.5.

057302-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 F W)

Acta Phys. Sin.

Vol. 65, No. 5 (2016) 057302

5 Wik 5 EL

e 4 B 6 5 14 R VRS, s B
W77 RT DS BFEUE AR B ) S5 R, X
& RN IS B BV MO R PR s 15 31 7 A0 B IE RS
(1) 3 Feh g Sz FRABE K, 17 SEBROR K SPP A —
S HLIEFP LR RSN, (HEER TV HARYS HIX S
RE

AR i FE R 25 W ¥ 1 B s 1) SPP O i
HH I ) Fano SLAR M AR AL T — AN G 4 22 A
B Wi AR 6 Fros, Bl 1 (a) FIE 1 (c) 1 SPP 3£
PR I 2 BT R e A, TR 1) SPP 3
PR T Vg 1 0T BT A A AR R AN ) e R A
2 AR AN AR AALE T B AL — AN A R 1Y
XPRRABEE, RO 3 A& 5 st (a), AUk Fano 3%
PR TEAR AT 2 HHAH AR 1 A JE IE A8 AR 1)+
PEIY R, i H BT (a) 8N R B2
FB, PR TE B A& Fano FER G MIRGE. XA 2
M 2 SRR [17) H S5 e — 30, BARTEARE
P 3 (1) AN T 2 3R 7 5 ) 2 AN () D, ) 2 P R R A
AN AR 3 (6] BT FORE e P R A AR R ECmT

[F I FRATH A 2, 7E Dy, VIR )55, 2
I E SPP B 1B, 53K (a) HITTERIR /N (BRI E
REH LB AR /N, DR AT SPP AR 2 2 T 2K
AR S, BT LLIX A Fano JLHR H SER M 2]
CLZE. SR, Dy TR TE Hh 11 8 0 2 $ 2 5
{HECKR, Fano SR M5, FHh SPP B 1
FEr T e, DL R R 75 A Sk [16] 42
HEEe.

ARSI o3 B 45 R 4h T STHR [16] 0K Dy, A
Dy, REFRAE Y 55 BSWOT R 43 1 11 SPP AR AR S 5
BT FEA RIS UE B LK Fano HL R 61 1]
PRI RS, IX PP T i A2 B A W 25 &) B A
PP A. XTIXFE B R 2R & T Doy,
S B WOTHE > T 1 Fano JLIR Y61 o0 M, I8 £k
— LI

£ 1 Dgy, FHiEbR
Table 1. Characters of Dgy,.
D3, E 2C3 3C2 op 2S3 30y

A1 1 1 1 1 1 x? +y?, 22
BRRORCAT), 55— RIBE (B FE
M Y%, X R R T 55 B IOT LR A IE S AR
W OWRE RS FRR, B o 0 P T e @)
bR LR DU E G, s sy 0 T
HR A EL R & AN AR AE A5 A5 3T T 2 7EAH L 4z 11 -1 -1 -1 ?
TEAZ R FRASE A HE S HEAT (¥ — Bl e (100, B’ 2 -1 0 -2 1 0 (Rs,Ry) (22,92)
#2 Dy FFERR
Table 2. Characters of Dgy,.

Dy, E 204 C2 2C, 20§ i 2Si oy 20, 204

Ay 1 1 1 1 1 1 1 1 1 1 x? 4 y?, 22

Agy 1 1 1 -1 -1 1 1 1 -1 -1 R,

Big 1 -1 1 1 -1 1 -1 1 1 -1 2 —y?

By 1 -1 1 -1 1 1 -1 1 -1 1 zy

E;, 2 0 -2 0 0 2 0 -2 0 0 (Rz, Ry) (xz,yz)

A, 1 1 1 1 1 -1 -1 -1 -1 -1

Agy 1 1 1 -1 -1 -1 -1 -1 1 1 2

Bi. 1 -1 1 1 -1 -1 1 -1 -1 1

Ba, 1 —1 1 -1 1 -1 1 -1 1 -1

E 2 0 -2 0 0 -2 0 2 0 0 (z,y)

057302-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 5 (2016) 057302

SE

(1]
2]

Halas N J 2010 Nano Lett. 10 3816

Zou W B, Zhou J, Jin L, Zhang H P 2012 Acta Phys.
Sin. 61 097805 (in Chinese) [ZBfH1H, 1R, £, kZM
2012 YRR 61 097805

Halas N J, Lal S, Chang W S, Link S, Nordlander P
2011 Chem. Rev. 111 3913

Wang H, Brandl D W, Nordlander P, Halas N J 2007
Acc. Chem. Res. 40 53

Hentschel M, Saliba M, Vogelgesang R, Giessen H,
Alivisatos A P, Liu N 2010 Nano Lett. 10 2721

Brandl D W, Mirin N A, Nordlander P 2006 J. Phys.
Chem. B 110 12302

Chuntonov L, Haran G 2013 MRS Bull. 38 642
Chuntonov L, Haran G 2013 Nano Lett. 13 1285

Tang D H, Ding W Q 2014 Chin. Phys. Lett. 31 057301
Dong Z G, Liu H, Xu M X, Li T, Wang S M, Cao J X,
Zhu S N, Zhang X 2010 Opt. Express 18 22412

(11]

(12]

(13]

(17)

(18]

(19]

057302-7

Li J B, He M D, Wang X J, Peng X F, Chen L Q 2014
Chin. Phys. B. 23 067302

Chen Z Q, Qi J W, Chen J, Li Y D, Hao Z Q, Lu W Q,
Xu J J, Sun Q 2013 Chin. Phys. Lett. 30 057301
Lukyanchuk B, Zheludev N I, Maier S A, Halas N
J, Nordlander P, Giessen H, Chong C T 2010 Nature
Mater. 9 707

Hentschel M, Dregely D, Vogelgesang R, Giessen H, Liu
N 2011 ACS Nano. 5 2042

Lassiter J B, Sobhani H, Knight M W, Mielczarek W S,
Nordlander P, Halas N J 2012 Nano Lett. 12 1058
Rahmani M, Lei D Y, Giannini V, Lukiyanchuk B, Ran-
jbar M, Liew T Y F, Hong M H, Maier S A 2012 Nano
Lett. 12 2101

Hopkins B, Poddubny A N, Miroshnichenko A E,
Kivshar Y S 2013 Phys. Rev. A 88 053819

Harris D C, Bertolucci M D 1987 Symmetry and Spec-
troscopy (Oxford: Oxford University Press) pp135-151
Frimmer M, Coenen T, Koenderink F 2012 Phys. Rewv.
Lett. 108 077404


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1021/nl1032342
http://wulixb.iphy.ac.cn//CN/abstract/abstract48284.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract48284.shtml
http://dx.doi.org/10.1021/cr200061k
http://dx.doi.org/10.1021/ar0401045
http://dx.doi.org/10.1021/ar0401045
http://dx.doi.org/10.1021/nl101938p
http://dx.doi.org/10.1021/jp0613485
http://dx.doi.org/10.1021/jp0613485
http://dx.doi.org/10.1557/mrs.2013.159
http://dx.doi.org/10.1021/nl400046z
http://dx.doi.org/10.1088/0256-307X/31/5/057301
http://dx.doi.org/10.1364/OE.18.022412
http://dx.doi.org/10.1088/1674-1056/23/6/067302
http://dx.doi.org/10.1088/1674-1056/23/6/067302
http://dx.doi.org/10.1088/0256-307X/30/5/057301
http://dx.doi.org/10.1038/nmat2810
http://dx.doi.org/10.1038/nmat2810
http://dx.doi.org/10.1021/nn103172t
http://dx.doi.org/10.1021/nl204303d
http://dx.doi.org/10.1021/nl3003683
http://dx.doi.org/10.1021/nl3003683
http://dx.doi.org/10.1103/PhysRevA.88.053819
http://dx.doi.org/10.1103/PhysRevLett.108.077404
http://dx.doi.org/10.1103/PhysRevLett.108.077404

32 % R  Acta Phys. Sin. Vol. 65, No. 5 (2016) 057302

Subgroup decomposition analyses of D3, and Dy,
plasmonic metamolecule Fano resonance spectrum’

Li Meng-Jun? Fang Hui?' Li Xiao-Ming? Yuan Xiao-Cong?

1) (Institute of Modern Optics, College of Electronic Imformation and Optical Engineering, Nankai University,
Tianjin 300071, China)
2) (Nanophotonics Research Centre, Shenzhen University, Key Laboratory of Optoelectronic Devices and Systems of Ministry of
Education and Guangdong Province, College of Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China)

( Received 4 October 2015; revised manuscript received 7 December 2015 )

Abstract

In recent decades, research about surface plasmon polariton (SPP) has earned its popularity in nanotechnology with
many theoretical achievements, much progress in metal nanostructure manufacturing, spectral analyzing, biomedicine
ultrasensing, etc. Group theory is an effective tool for analyzing the spectra of symmetrical organized multiparticles
(dubbed as plasmonic metamolecule). Recently, SPP Fano resonance in nanostructure either from plasmonic meta-
molecules or from symmetry-breaking has attracted much attention. Regarding to the subgroup decomposition analysis
of the D3;, and Dyj, plasmonic metamolecule surface plasmon resonance spectra and the mechanism of forming the Fano
resonance spectral dip, this paper proposes an explanation method based on group theory.

By using a similar group theory approach to constructing the molecular vibration normal modes, the method to
build the dipolar SPP symmetric modes of plasmonic metamolecules is established. It is confirmed that under the
linear polarization excitation there exists only two dipolar SPP symmetric modes for a ring shaped D, plasmonic
metamolecule, while adding the center particle will merely add an extra independent symmetric mode. For the Ds; and
Dy, plasmonic metamolecule, it is found that there are two dominant eigenmodes i.e., one is composed by adding two
symmetric modes and the other by subtracting two symmetric modes. The decomposition analysis further reveals that
the negative coefficient of the symmetric mode for forming the short wavelength eigenmode for Dsj tetramer plasmonic
metamolecules is much smaller than that for D4, pentamer plasmonic metamolecules, thereby explaining that the Fano
resonance dip of the pentamer is sharper than that of the tetramer. It is worth noting that the group theory can provide
some guidance for building the symmetric modes and the SPP eigenmodes, but is unable to determine the coefficient of
each symmetric mode.

As for the origin of Fano resonance dip, so far there have existed two different perspectives: one is the traditional
viewpoint, i.e., the Fano resonance dip is formed due to the coupling of the wideband superradiant bright mode with the
narrowband subradiant dark mode, and the other is that the Fano resonance dip is formed by the destructive interference
between two neighboring eigenmodes. The decomposition analysis described in this paper actually can unify these two

perspectives.

Keywords: surface plasmon resonance spectrum, subgroup decomposition analysis, group theory, Fano

resonance spectral dip

PACS: 73.63.-b, 73.20.Mf, 36.40.Mr, 02.20.-a DOI: 10.7498/aps.65.057302

* Project supported by The National Basic Research Program of China (Grant No. 2015CB352004), the Specialized Research
Fund for the Doctoral Program of Higher Education of China (Grant No. 20130031110036), and the Tianjin Municipal
Science and Technology Commission, China (Grant No. 14JCYBJC16600).

1 Corresponding author. E-mail: fhui79@szu.edu.cn

057302-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.057302

	1引 言
	Fig 1

	2 Dnh等离激元超分子SPP电偶极共振 模式的不可约表示构建方法
	Fig 2

	3D3 h 对称构型4颗粒等离激元超分子SPP共振光谱的颗粒子集合 分解
	Fig 3
	Fig 4


	4D4h对称构型5颗粒等离激元超分子SPP共振光谱的颗粒子集合 分解
	Fig 5
	Fig 6


	5讨论与总结
	附录
	Table 1
	Table 2


	References
	Abstract

