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Fig. 1. (a) The schematic diagram of agglomeration process when DNA molecules are added to noble metal micro-nanoparticle sus-

pensions*?; (b) the color map of metal nanoparticles with different degree of agglomeration*?; (c) the extinction spectra of metal

nanoparticles with different degree of agglomeration!*3l.
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Fig. 2. (a) The AFM image of Ag nanoparticles; (b) the dark scattering image of Ag nanoparticles; (c) the spectra of surface en-

hanced Raman scattering (left) and the corresponding dark scattering spectra (right). Note that the colloidal micro-nanoparticles

produce a strong surface-enhanced Raman scattering with a complex scattering spectrum with multiple redshift peaks 43,
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Fig. 3. (a) The hotspots image of gold nanoparticles en-
hanced Raman scattering signal; (b) the corresponding
AFM image of (a); (c) the near-field distribution when two
adjacent nanoparticles are close to each otherl52.
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Fig. 4. (a) The coupling theory model of simple harmonic oscillator™; (b) the LC equivalent circuit model of the surface plasmon

resonance™; (c) the hybrid model of surface plasmon resonancel!; (d) the schematic diagram of intrinsic plasmon coupling in

nanorod dimer(,

147304-4


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 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 147304

PISERUS— K S TG oK FE BE A I T IR LB A
FAZ A 4 R AR B BRI B 9K ERTE AN [A]
WP AR ARSI E 4(b) Bios, Mk T
[P AT TR MR I, A0oK 55 3K AT LASERSUSah oK
TN ZN A FL 72 I I H B s T S8 O o) T T4
fl T, A0OK S G R S O AR FLBR AN K LS
Y HR DG FEL . X — W R A — e R L T DA
YR K A5 FRL I S T 7R A G R G 25 A A
LA AT W P R G2= R & AT

T Packard 4% P $2 H 9 9EOG R 1R 431
e AH B AE AL Prodan %5 U £F 2003 4F#2& H —
T3 P 1Y) 2% T A5 g OT R B R B AT o Ak
R (I 4(c)), ATLAEREAE bt vh R XA B
YRR SR R A a2 e (1] 4(d))Bo- 1100, FE X —
A PR ] A TR S SRS
PRVE K57 PP FTRAS, 43 iAL TR RE A
FEARRE R A, PHTARAS Z [ A fig e 22 T LA AR
i1 Simpson-Peterson £ 4 7 42 & £ 59, {H1Z )5 &
) J e T 28 S BT P A AR AR 3 A5 X 2 TR A9 A
HAEH. MR 2 ocR g i e i E 2 il
MRS 5, EIFAHERR = B 2 A= sTmk, 4y
SR UL 5 G A i I, e AR X ) BTk AN T
Z W%, 2009 4 Tabor %5 1) 38 42 11 % 8 45 & Tl
KGR )5 AR R | ) R BRI A H 8L S5 4
HeAm S 303 B sRBCE L& X JRUA 1) Simpson-
Peterson Iy A TIEIE, e T AR5 S 5L
TN ARG Z [ CHE B0 2 B AN [ g e 22
BIER e R 25 p?x|p?| x| k| x T IE e, Hp
n SEEYTI R, 1 B E N, < RS T W)
7, T2 B ek B (— O ERE Y 3 WK T5 BRAL
B e FRER PR A ) PO0001-03] [ 3 e THI A5 B IHOTHE
B BERIM T K et e g S AR N T R g 452
A8 SUATUATT Az 14 200 R AR P A B = A DG 3
R P, G AWT A FRAEIE 5L,

4 FRWFEBHTHEEMER

WRTITR, 489Kk as i SR [ R &
ZUONE AT A7 HE AR 5 14 F T AR LA B s B AT R 1
Wi W 2R, X 2w M 5 i Jm A K S5 RO TE AR L R
S A B HEA #R AN T A3 TR AT X SE S5 1Y
FEI BN RE, B —-RuE A T E
(bottom-up) A FIH A1 %755, 5 R4 A
EMMT (top-down) G2 | 15 BERL o 2t 25 55

i DAL T7 vk ) 2 O A R & A b 200 s
L /- B G450, TLAIRE M T2k, R H
B3R T A5 B O AR A 3R B 229 i = A
FRL, A7 SR04 R O=5T) R mdfr i R A9 4G
Fag 108.69] S A ASOXT 4 SR S AN 45 ¥ B 4 SR A TR
P RRE A R AT LR 7026 5 A 4.

4.1 HERBNEREN

A GRG0 BE 1) 4 T A ol 2 4% 1 B> 4
JE AN AL, AT LRI A B R R S 280
SO GRS SR il 55 H B 7 ik R, L dn B
JE4 TR BEOIRZE M | BRI LE A | B S A
WmE 5 Fras. tban, Park A1 Nordlander!™ 58 T
L4 %) 2 T 45 B VOO U FE 4 J v JBE T PR AT
[B] B A %00 (] 5(a)); Hao 45 M A BHISAEAY |-
fETRE T B G B A OK R T A% 5 A IE 2 g AR AR
IARE TR, ARARR 1Y Jm 3l F G 7 i A A T
-5 (B 5(b)); Fang % 00 F 4@ BF 2484 B
By ILPRAS ] B 850 SE ISR IR 6, R
Y K O A 25 b A R AT B AL 4R R LR (IR 5(c));
Wang &5 72 38 11 BN 9K R FE a7 B 1 % Bk
P T ERGE H SRR ZE S (K 5(d)).

4.2 EEBE_ LRIIKRE

G SO T b PR B T ok S5 4, T LLE
i B A 3 A PR AR AN B AR e R AR 2 AT
R AU, S T R R A e, i 7 e B P A R i
K 6 pras. Hean, Wang 25 2 ffF58 T AN [R) B
FEEXH - g A U T sz e, DT S5 B2 ) i 3
A5 3 F 7 5 BE FR JR D (] 6(a)); Seok 4 (731 FI
T YR Y 4 S TH GOk RS T R R G
Ha5E - e e $E (K 6(b)); Chu &5 M47] 38 i
AL IR A RS, SCBL T &8 i L AK B8
XU R, I 0 T2 BURHE S 1SR (] 6(c),
6(d)); Wang 45 "0 35 11/ 42 J& S5 T L3R I 40 K
WAL SRR 5 R4 T AR R M 588 30 3 S 3 1 O
BHF R FRr2R0 (K 6(e)).

4.3 REFEZHTHAKREHREHE
KA TR A, 2R AR
HHE RIS R AA, 45 Al DL 254
LR 2 M 22 SR AL, X e 2ty oy T 1T A LR
BRI, TR R R Z Pl LR E AT AY
PR IR 1 P B RO TR SR, AN 7

147304-5


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 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 147304
.

(a) e -
3.0 . "0
250 —emmmescaa | k

> '
2 \
3 20F '
g 1 Anti-bonding
S 15} .
c
o |
% 1.0F B I
o 05- ,,v' PN "/—:\“\f./' | ! - "
. ED SRS —
= - : < Tip _—
O'O 1 1 1 1 1 1 1 1 1 '._ '." -
0 5 10 15 20 25 30 35 40 45 50 '
Wavevector/um- Bonding

(d)

Normalized extinction/arb. units

’
0.2 0.4 0.6 0.8
Wavelength/ym

0.8

0.6

0.4

0.2

Absorption cross section/arb. units

[V N Las gt
200 600 1000 1400
Wavelength/nm

Bl 5 (a) BURGORMAETY (b) AR 2L T (o) B S Jm 9K 8 S B AL 10 (d) B Jm Al oK Bk 5

Fig. 5. (a) The surface plasmon coupling modes and the corresponding dispersion curves in single-layer metal nanofilm™; (b) the

metal nanostar structure and the corresponding mode coupling process!™; (c) the SEM images of single metal disk and split disk

with their corresponding extinction spectral®l; (d) the SEM images of single metal symmetric and asymmetric nanoshells with their

corresponding absorption spectra during the asymmetric evolution process™.
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Fig. 6. (a) The coupling model of three metal nano-films between the nanoparticles on film, and their corresponding absorption
spectral™); (b) the schematic diagram of nano-antenna radiation engineering on metal surface, its corresponding electric field distri-
bution and sample’s SEM imagel™; (c) the schematic diagram of nanodisk array on metal film and its corresponding SEM imagel™};
(d) the schematic diagram of metal structures on metal surface, the corresponding SEM image and the coupled electric field intens-
ity at different wavelengthl™); (e) the schematic diagram of the dimer structure in the ring on the metal surface, the corresponding
SEM image and the local electric field distribution at resonance peak position!™.
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Fig. 7. (a) Asymmetric nanoparticles dimer("); (b) coupled heterogeneous nanoparticles(™; (c) symmetrical bowties™); (d) concentric
nanodisk-nanoring resonator®; (e) split nanoring pair®!l; (f) asymmetrical half-ring structure pair®; (g) coupled nanowires®;
[84]

(h) nanotrimers®J; (i) asymmetrical nanopentamer®; (j) dolmen structure®; (k) nanorod tetramer®”; (1) nanodisk heptamers®! .
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Fig. 8. (a) The SEM image and extinction spectrum of single silver nanorod chain®; (b) the schematic diagram of metal one-dimen-

sional grating structure and its corresponding transmission spectrum at TM polarization®’; (c) the SEM image of annular groove

rating array®l; (d) the asymmetric compensation structures array, and the illustration is a single magnified view®?; (e) the SEM
g g y Y y g g

image of nanodisk-ring asymmetric resonator array on a conductive substratel”); (f) the optical images of asymmetric U-shaped ring

structure pairs array in terahertz region!®; (g) the layered hole array structures with a negative refractive index®”); (h) the hetero-

geneous asymmetric “H” array structures!?.
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Fig. 9. The effect of dielectric substrate on the energy of plasmon oscillation mode of nearby metal nanostructures: (a) Nanoshell*7);

(b) nanocubel?®!.
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Fig. 10. (a) The extinction spectra and peak position changes of periodic nano-ring arrays at different refractive index [l; (b) the

dark field scatter plot of single metal nanostructures in different refractive index solutions; (c) the SEM image of metal XI-shape

structure, the new mode charge distribution formed by original mode strong coupling, and the extinction spectrum in different re-

fractive index materials, the sensitivity of refractive index sensing can reach 1000 nm/RIUI: (d) the terahertz ring-gap array for

sensitive detection of the increase in nanoscale thickness of filmsl
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Fig. 11. (a) The SEM images of the metal nano-heptamers with different sizes, the corresponding scattering spectra, the surface en-

103] the experimental results show that the strongest Raman signal

hanced Raman signal spectra and the electric field distribution!
can be obtained only when the coupling peak position of the heptamer is near to the peak position of the Raman shift; (b) the hemi-
spherical structure on the gold film surface can generate a huge electromagnetic hot spot between the structure gaps, which can
achieve sensitive detection of low concentration pesticide molecules!'™; (c) the concept of dynamic surface-enhanced Raman scatter-
ing detection can solve the problem that the sensitivity and repeatability beyond the dry detection and wet detection!'"; (d) the
important applications of surface enhanced Raman scattering probes('); (e) the bottlenecks and future directions surface-enhanced

Raman spectroscopy!1°7.
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Fig. 12. (a) Vertically coupled complementary antenna with wall particles, the corresponding electric field distribution under differ-

ent polarizations and the comparisons of ODT fingerprint intensity at different gap sizes!'; (b) the near-infrared absorption en-

hancement factor of t the fan-shaped antenna with or without the reflective metal layer, when there is a reflective metal substrate,

the enhancement factor can reach 10° orders of magnitude['®); (c) the schematic diagram of applied asymmetric aluminum cross an-

tennas to infrared absorption enhancemen!''”;; (d) the schematic diagram of metal resonant antenna applied to infrared absorption

enhancement!!!,
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() P B 77 [ A L TR AE (B BT, 4 B 0 v iy s By
ARSI S X 2 1) & AR A 3, i ik
WP AR RCR B, S A SRRy 17 585 244
[ PRSP, B A b U R R G A, ki
PP AR AR (1 13(c)). Blechman 45114
W 2SR Hk S = g A R 22 A, B
A P St i A BR 25 A0 I AE R R R | SRR
T 45 5 T IR 39 i Sl 2R M ] () ey Rk
BRI T ARG A B 25 vk AR 100 2% 1 34
s AR PR R . T IR, AT A — e R
1) R TR A KB 2 2 v ol PR AR S 1 T A0 32 4R
P U IR AT R (8] 13(d)). Kauranen 5 19
FEHAR LR e T AR M A5 B Ot AY R
HLOIRHEAR T AR BN, EIER Ok
&S YA § L ARFR00 (18] 13(e)).

5.5 REEEBEN

P R OCEUR A ) — P R L T R
T A BT OIS N, 7RG MUK A H,
ARGUEA B RN N ). RIS R
GO OB R IR R 2 —. )R
ARSI R I UGS o, AT LU R 2 A
PR S D8R Bl L R A, SEEOE AT
SERE L OGRRE PERDGCRE MM B R . IO
FEHERRN 5 [ T A R e, #ESh T4k
22 FEW AT R I L AR R , INTR T X TR
AR EOVIRAR, [ A R i ARG SR SO EE
TIENLS. 5, REETE A B et S5a
PLRRL B R s RO B AT X, ANz
TR SOGINPRRUN 2R, (H 4 @A B i A O6%
AR, 4RI AR S R AT LA 2 11 55 B T AR A%
I R REIA T SEE R R KR i, JEH A 2
A ZEM T IL A 3. b, Huang &5 116 i/ 5% T
HAS Au PR ER 5o A R FOETHOREURE
T RE SR () 14(a)). iE i XT H R 37 6
RAGIE RN, Rk A & LI AE A
BRIV A B H -5 7 O 77 A i R T 4 B UG AR B
W, SRR E AR B s OG5S, B4
R G B 28U ks, Li 46 17
MG R, 4 e M 1 ) — SR ARG A T LA i 35 i ek
HEEMAOKREE RGBSR (K 14(b)).
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Fig. 13. (a) The nonlinear response diagram of silver nanorods and its far-field temporal dynamics caves driven by femtosecond

pulses?; (b) second harmonic generation in metal micro-nano oligomers excited by cylindrical vector beam("3; (c) the SEM image

of the metal split nanodisk, the corresponding dark-field scattering spectrum under different incident polarizations, the correspond-

ing dependence between the second harmonic generation field distribution with intrinsic wavelength??; (d) the schematic diagram of

optimization process of four-wave mixing with gold rectangular nanocavity array!"'y; (e) examples of metal nanostructures for en-

hancing nonlinear effects!'?.

S ERAE AR A R L, mE AT LA R
IR TEFEREAIR LY 4.6 1%, 2 LA K IIURL Y
KGR TeFEK 2 30%. Flauraud 25 118 % 3 H
A 10 nm [A]BR A48 1 ) R IR BE SR IL K R
JE AL, AT RUSEEN 9 R A 100—10° 5 B
AR, 7] Ao ) 3 A FRURE il £ 202 78 Rl Y
(18 14(c)). Lee & MLl mbRAL 2 A K B HLUE MoS,

5 5 A1 00 4R W0 B 5 A oK R RS 25 A (B
14(d)), BT - m A B HOTHR A X
TR 2500 A DI R i BRI & S B rh ke
FEEER, BB ICBDEIEAT Ml Ao 80k
AU KI5, Wang 55 12006 WSe, v F B IR 7E 4
R F 20 nm S8R EIPR Y, 2845 T Ik 20000
BB CIER N T (B 14(e)). FEZEIER
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Fig. 14. (a) Photoluminescence quantum yield of a single particle and the dimer, respectively!''%; (b) photoluminescence spectra of
nanoparticle dimer on media and metal substrate, respectively!''; (c) in-plane nanoantennas for fluorescence enhancement!!!®);
(d) the enhanced fluorescence of MoS, by using silver bow nanostructures!!!”; (e) the fluorescence enhancement of WSe,-gold plas-
monic hybrid structurel'?); (f) the schematic of a fluorophore coupled with the confined field of SPP and LSP modes, respectively!!?!);
(g) cartoon of simplified plasmon enhanced fluorescence('??; (h) schematic illustration of controlling and enhancing PL with plas—

monic nanostructures!!23.
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SPECIAL TOPIC—Plasmon-enhanced light-matter interactions
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Abstract

Surface plasmon polariton is a surface oscillation wave that is bound at the interface between metal and
dielectric material. Its oscillating electric field is strongly bound below the subwavelength scale near the
interface, generating a huge enhancement of localized electromagnetic field, which can be used to greatly
enhance the interaction between light and matter, particularly in metal surface plasmon coupling system. In this
paper, we review the coupling effects, coupling theory, and typical coupling structures of the surface plasmon
coupling systems. We also introduce a typical surface plasmon coupling system and its corresponding crucial
applications in surface enhanced refractive index sensor, Raman scattering, near-infrared absorption, and

nonlinear effect generation.

Keywords: surface plasmon reasonace, mode-coupling theory, coupling structures system, spectra

enhancement
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