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Fig. 3. (a) Full frequency dispersion relation of metal materials; (b) relationship between incident frequency and dielectric constant

of metal and dielectric, respectively (from the tenth lecture of {Nano Optics) , Dong Guoyan, Chinese Academy of Sciences).
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Fig. 4. Metal micro-nanospheres in an electrostatic field.

TEMERRS IR, 2R E = —vo al LA
i 1 SR A AR B B3 & 1Y Laplace 7 V26 = 0 1%
B, PIELXIFRME, BRAR PSP S50 38 g ] 5o
RS [Alrl + Blr—<l+1>} P, (cosf), (38)
Hrp 002 PSR v 2509, A0 B 21F
FEZHL, Pi(cost) 7& 19 Legendre rREL. PN 53
Ak H BN AT BRAEL, T LA 43 SR Bk N A H 34T 43
ME K

by, (r,0) = ZZO APy (cosh) , (39)

Dout (1,0) = ZZO [C'ﬂ"l + D;T’*(ZH)} P; (cos®),
(40)

ZHA, C, Dy — cofll = a B S e
E. M1 — oo}, $oy — —Foz = —FEgrcosf, C; =
~Eyp, 1 # 1, Ci=0; Y4 r= alit, IGTEREH
HYI gL, H

713@0ut

10P;,
a0 a 00 (41)

D7 (41) I WL 3AE 4 Ja K- o ST P A
S5 0150 r = a RO FETGIL AT I R AL LE, HY
0Pin OPout
or or

WAL (39)—(42) AT ARAFREE REL, Y
1# 1, A= D, =0, A, 1 D, 535K

(42)

—&p¢&

= —€0&d

3eq €—¢&d 3
=— , = Eya”. 43
! €+ 2¢4 0 ! €+ 2¢4 0d (43)
e P 15
3e
P =—— ;Ed Eqrcosé, (44)
B €—¢&q 3c0s 0
Dot = —FEqgrcos 0 + T 2, Epa o (45)

JrAR (45) TEW AT b m] LS A R I 5
— IR ASHET = A S, 5 I A ST ER
(S IRSEIE R NS O] o Ne S ol e YR e
THZ A IR p, WIERSH L 3
pr

Dout = —E 0+ ——:, 46
out 0T cos +47‘C{:‘06d7’3 (46)
Hrp
E — &4
= dnegeqa’ 47
p TEQEJQ c ¥ 224 0 ( )

AHEF S BEE p 5 A 3 R
Ey BAE . PR E L p = cocqaEy 1T 5| A
& JRBRERACE o, N
3 €—&d
£ 4 2e4
(48) 2T LA 1A 0 285 30 0L v fd A K sk Ak 1Y)
SEARALER. AR, HATPAMAME R L H AL e 22
B, BIRACRTE e (w) + 2eq I/ IR BIRAE,
AFEIRIGHRARTS. BRI o H OB S SR b
FAR/ NI, SERAG SRR W 1 25 AT TR ALy
Re[e (w)] = —2¢q, (49)
(49) X FR N Frohlich 2514, 22X [F] I SCI A A S
D654 SR AR KR S5 (K LSPR. X T JCHhi#E
i) Drude 4 J&, W & Frohlich 454 B9 A S 655 %
R wisp = wy/VI+ 2eq. BLAM, (49) 23R B 4R 1

o = 4na

(48)

247301-7


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 24 (2019)

247301

SiR RS N A8 A SRS DA 4 52 3] ] Bl B 358 1 v
ERSRENE N, BEE e, (OGN, SEARIUR AR, AH
IIVA:0H) AN MM T a7 b S EN A NG O A
FEA R B Ime(w)] # 0, Fr PAarBEA & 1)
(48) PR T HARKT SRR T HALAI .
BIRRENINTRZ T AN AR E= -V
gE
3e4q
e 4 2e4

Eo, (50&)

in =

3n(n-p)—p1l
dmegeq r3’

Hi (50a) F1 (50b) 2T AN, AR SRR A Bk
A BRAR N A8 H 37 AT D g S R g i XTT”?‘
a KAE. 2, IR RS/ N ASHGE K,
BRURTE e A LT S A S AR Al A B Y Ty
FORA R, WUt X — 7 =0T A 2 e AR
FESR GO B4 SR 3k 5 ASHGRAE EAE . 72 PR
Wek E (r,t) = Eoe ! B4 SR I K IR, HiFk
E‘rf%ﬂi%ﬁp = gpeqaEye vt Eﬁﬁj‘l RS PR A Fz
%/ﬁ@ﬁ%ﬁ&%ﬁiﬁ’]/\ﬁfﬁ B TR B R AR A b
SRR

L EMANK AR G2 Bt LSPR SIC, H:
T Tl 0 07 R U > o7 B B R T 4544 1) J LA 2
B, MRS K JE BB AR . Miel? 78 1908 4FF| 22
ST 7 R A G Y AR T S R Ik
BRAR PG R, WPERR A K RS, (HiZ S
HOlE TR EREE M e — R =, 4
& U4 KL 1) e R G iR S T A R R
o B RAB RIS W SRR e KA, B 27
JEE 38 H AT LA G2 R o RRAA, BUE I
R 0, 5RO o, ZH. WU
R A R A Sl X6 1 T A O B R e Ak B AR BB B
BRI ARG 7 1) 38 R o W SRR TR S S A T
{EE b TR B U . 7EoK [RERie , 3kE 45
AT g R EBC RN AR T 7] A3 3l 2R Ry

2ma’
Osca = 2 §
2ma?
Oext = 2 §

Eout - EO + (50b)

(2n + 1) {|an|2 n |bn|2} , (51a)

(2n+1)Refan, +b,], (51b)

:Et'fljx:%mnd/)\,,\qj ng M TITHT R, a N4
JRERAAL . WA ows = Oext — Osca -, F b, N
KECHREL, 73 BT n BIEARAR A o iR B AN
PR, T8 RS T 3K UL K HL ] R PR 58 ) 47 54 3

KN, TR

() (@) = iy () ()

= G m2) G (2) — M (m2) G, (@) 2
i, (ma) b, (2) — b (ma) ¥, (2)

o = et () G (2) — e () G (@) )

KA1 n(2) = (12/2) Ty (2), Gol2) = (m2/2)"
(Jng1/2 (2)—1Yp11/2 (2)) B4 Riccati-Bessel RRELHS;
m = ny/ng, HH n, HETEIRIHAR. (51) K
B AN () %) R I 300 4 ) 6 o T AR (n = 1), POk
(n=2) FIZH (n = 3) AR FLPRB Y TRk H.
MB BRI EHAR 20 0/ T AGGRA T, K G
VT 220 Il K v Wl R A %o HE S 2 i 3 1Y) BT
FR TN 4 3 3 B 3 AL 1T A, ok s oK TR P
LSPR 325, HAH R (1) B R AR T AT LA 3 4
JEERIAL R o SR IR 28]

kY o 8w, ¢l e—ca P
Osca — &|O&| = ? a e+ 2€d ; (53&)
e—¢
Oabs = kIm [a] = 4nkaIm [HQ;J ) (53b)

M (53a) I (53b) AAMER B, M HEHZ 20 <
N BRF IR SRR T RS PR @ R T B R v IR [
¥ df, T LIRS /N RO 2k vy 2 AR Y
Re e (w)] = —2e4 i, & JBIR T LSPR, 1t
FIs SR R0 A A T K 38 e A 19, A R S A
TAHEEE N (W) =& (W) +ig (w), BB VY
BRI, HAn e 2 oy
Oext = 9853/2 L.
- c ¢ (er + 224)° + e?
SR b B 4 R T K 4 R RS B K
LSPR WILIRPAC e 3l (2088, i by 352k
B BEAR R a2 R AN KA MBI AN 1 &) L3 2 B
FIE IR RGN 2 FE AR WA A7 21 % 1Y 32 22 S ] BOS1L 55 Ak
AL 73 A 5 B A 45 T 2 A B LR A
WAk 37 3R 2 30 LSPR WA A9 7% 5 52, B0
R, Bl R RSP AR, S5 M far A BAE
SRRy N DA U e A R A I W= VA N =
YR AT AR AR 28 T 135 4 A8 T 32 B2 4 S B JE 3

(54)

K-S EHAY B, 489 Kk &5 4 LSPR Y i £k v &
I A 54
r= 25 . (55)
V(9=2/00)? + (921 0w)?
A (6) (1) X, &mE AN BE e (w) =

247301-8


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

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 24 (2019) 247301

1—w?/w? +inw, Koy e AR, &8
PR e TR v, R, HAH S o7 2OKHE
vp OEH, SHFHHBRE U, a3y 149

43

M = 77 (56)

o — MR T ARk bR | SRR S s i)
BT A E0s e . LT Matthiessen BRI, B 5L
H R LRI ER AR R Wi e, HAE T 5E i
/1= (1/1;) FAE, For 4 g de— 37 5 78 % o
P A R XN (RPN &R b Rk
Y UE), Wb s 3 R A, R A — e R
AT DL Z W AR SRR AN, [RES 25 A 2 X
THEHVER], RG] i — 2B 1F Sy [

Avp
Lesr

¥ (lefr) = 1 + 5, (57)

H L MHETFHAB B, 15 2 g RIS
H, 1R 52 B3R T VR IR Y V3452 shiE s, A 2
FENE 2546 & 1T 5 L 7 AH AR 0 3 00 0L, g 4K
T4 B A K S5+ 1) JLAn] 285, % AT LR
lege = 4V /ST, Hirp SHI V43l 3R & B 4540 1Y
FMBRABUA. X T RSP /N8| LSPR MR A 247
(i) SR A 1) 24 [T B 2 LA 2220 W66 S BELJE 1) 4 i g 45
Hy, H T E 432 30 4 )8 OBH A BHLE M 36 T H
SIS, R, LSPR 4Rk 58 ()
Avp
lefr

Y AYIR B B 5 T [B) BRAE T 5 RE S, Y H] BR
TEXT 4 @ PRARE B E B DTERAN ] 200, Y 4 Jm 4G
P RT3 38 K 2 R i B e AN Be 2B B, LSPR 1%
AR Ta P BN —> 5 AR BT OC 1% e 5 B
Jes sl |

I'=v+ (58)

Avp
lesr

Horp g SRS FEH AL, VR ARFL M (59) =X
AR W, M85 RSTHARKET, SR 4R 5
FELJE TG T2 46 56 (1) DT AE K, LSPR 34k A8 i
£l 8 P N ANBL g Y (AN e i D i e N )
s, TCHRE R AR KR 4 & A oK 4544 1) 't
= 24 ) AN s R T e =) e R W T B Y
NEESBLJE. 7348, LSPR A %4 32 B 25 # T2 IR 11
SRAUSZIN. GansP? 7E 1912 F4THE TR ERFRIE A R
PRk, 5 540 R o R A8 i R 1 3KOE 4 8 URE 1Y
Gans-Mie Blig. X F RSTE/NORGERTE 48 ik,

I'=~y+

+ 2hKY, (59)

WA A a, b, c(a > b= o) FKn. TEAFHERIER
T, &JEMRER A AR AR A TR

4 b E—¢&4
o; = —ntabc——————
3 it (e —eq) P;

A P AREREE— 5 B LA (i i P9 1

1-e?[1 l1—e b2
P=—C 11 —1f,e=y/1- 2,
e2 |:26n<1—|—€> } ¢ a?

(61a)

; (60)

1-P,

5
Hrp =4 Uik A 28N 1 (P, + Py + P = 1),
SRR LE R /b FTLL (61a) AT (61b) 3
B, 4@ AR R 0 b T DA R AR e
SR AR SRR, T M S LSPR AR, 435X}
N A AR s =X, HA R AsE =X T DA A
FHAI LR 2246k = oA . 258 SPP, LSP 3t
P R A2 B 25 K4 B3I PR BT A H B0 5 B
IFi) Ao M 41 245 235 4 ) L) dek 2 A B8 ) B 40 A
Rt LSPR 75 1% 8% S 8 3 6 i s HAT BRI
TEME.

P,=P, =

(61b)

3.3 EREFEHHIT (spoof SPP)

WIHGAGA, 48659 5 i A B =2 i
I E T RS, YA R T 55 8 T
R, SR HRFEEON T, 48 bl DA R A
T H B FEEIRG S, U i H  )5
B, X AHA5 4 R E IR 2 R T D
P T SR 7 2 U R P8 b 42 JE Y SPP A%,
AL RIKE 20 1A DU e B 1 22 10 £MRUBE 121 At
N FHIA AL FE SPP 7 BREs A8 v i g 5 091, 4 @i v
[ SPPISO L) Kz ELAT SPP &N i — 4k 2 (61 4
FARLEZE M TAE T 2 DLAH Lk M s e 16203, {H2:
N SR FEL R D A R ARAR B (THz 455, Lo
%), & JmFiH R Sem s, HOtA M T o8 3
B SR, 4@ R Tk S0 SPP L. i, mf
D3 1 7 4 J 2R T I T AL s 3 TR AR 3 R SE B H
ML TR R, TR R S, HOGS# kRS
SPP FF: 1t 2E R, PRk ik 25 R T =X
FRAE Sy 245 3R 181 45 B4 3o 104, [m] A AR 40 A% 4 1
[T, AT 53R A5 A 2 3 T 45 25 T 199 sy 3k iy
T A5 B I0T 100, AR AN BRI T 22 A L IE
iﬁk [64.,67].

247301-9


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. 24 (2019) 247301

4 REFEBHTH ) ¥

BT A5 B PO ) i i IR MR 1 55 016 5 ) o
FHE AR T b B B R S5 B e 2 T 3

S 2 U] (surface enhanced Raman scattering,

SERS) W, 43 45 2 oT BAT PR R AR

FEAEAC I, & R IR SRR & 55
FR 8 5 E 0 A (08701, 2 i 4 S IO s AL IR
KJe, Rk st Ra s go T 51 15
BREE TS T T S 2 AR AR TR
SR, WA 5(a) Bz, i 5 32 A5 B O TR

S S T L gk P 7 s 108 5 — b O A A
W, B R TR R P R S S R A B O TR
PR IE T T3 — PO ARG S ek, 2 45
POTHER B BE A AT L 1 P9 SR A0 [ BRI Y
Jr AR SR R T ANZBIE AR T ik
KfetE, X —ARRR e R IR N — e B Y
-2 O, Tl U E R . 2
R, ARER ST e e ) BAARBRAT 7 AU T
ASDEHDETRERE, XL T AB IR, A
AR T mAT R R BRIE A AR, ol LA R0
s ) RO A A A, FRIMTSE B O CHR  22 B
KA F7 i S s T A Al i R 1

() El'=

-t

st
hw A

~10 fs | ¥

L
hw itk

7\

TS IOTIRG

EIZET0)
I

fERT

TR

K5 (a) BROEERER; (b) Filsh w2l i

Fig. 5. (a) Attenuation channels; (b) attenuation dynamics.
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Fig. 6. (a) Inter-coupling of harmonic oscillators™; (b) harmonic oscillator coupled with its mirror imagel™; (c) two coupled har-

monic oscillators™); (d) a nonlinear harmonic oscillators model of the plasmon third harmonic generation!™.

247301-11


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. 24 (2019) 247301

B (1 6(c)) M 2 1k R IO BAL R 2 25 T 3
T B WG 5 A R S 2 ) R A T, 220
4R TR A 5 IOUURE 3ot 72 v B AT B 3%
SEPE. Hentschel 275 St MS RN (12 6(d))
T T 4 1725 0 T A 5 W0 2 o 1 — W
T, FCTRINGHE 55 B4 B B
b AR AR G T, T RS B TRAT]
BRI R 5 B MOT AR R

(a)

(b) 1.0

Transmittance

Energy

0 L L )
100 200 300
Frequency/THz

Transmittance/arb. units
Energy

0 . . h
500 1000 1500 2000 2500
Wavelength/nm

5.2 REFBHMTHAUBARE

g Huckel 73 FHTEZAMES ™), Prodan 4527
Pt T — A 5 M Y 2 T A R T 2 A R B
(plasmonic hybridization, PH), 1 DL 5 %A 20t
il 8 452 R T K 5 ) v R T A B BOT IR
] AR S AT 0. TR R S m i R 5k v
TCTiE HAT] He 4 1) H - AR A AR A TE L 57

B 7 (a) RIS EWOT AR Ze AL FRIE]; (b) 3 204 i 38 ) it M 3R 11 55 8 WOT 2 Ak m B IR 775 () B — B 2R 31
R 325 5 D1 1 B HC o 7 g AR AR S e A R 001 () XUZ T TR S5l S 2 AL 179 (e) R A ig )

Fig. 7. (a) Hybridization process between two surface plasmon resonance modes; (b) the transmission spectrum of stacked cut-wire

metamaterials and its corresponding plasmon hybridization process; (c) the transmission spectra and plasmon hybridization process

of single split-disk; (d) the plasmon hybridization of stacked double crescents arrays; (e) the super-resolution imaging of hybrid plas-

mon mode.
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Fig. 8. (a) Relationship of physical quantity in Simpson-Peterson model; (b) the coupling at different angles and their correspond-

ing extinction spectral™; (c) the coupling and potential applications of different arrangements in gold nanorods system®; (d) coup-

ling energy versus angle for different dipole center offsets*?),
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Fig. 9. (a) Process of surface plasmon resonance inducing Fano resonance; (b) Mie scattering against a solid metallic spherel®;

(c) the transmission coefficient spectra of different structural configurations and the electric field distribution corresponding to the

calibration position”; (d) Fano parameter versus phase shift and the Fano response function!'%.
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Abstract

Metal surface plasmon is a collective oscillation effect of free electrons at the micro-nanostructure surface
under the stimulation of incident light. Since the corresponding oscillating electric field is strongly bound below
the sub-wavelength scale, it can be used as an information carrier for future micro-nano photonic circuit and
device, and can also be used to enhance the interaction between light and matter on a micro-nano scale, such as
surface enhanced photoluminescence, Raman scattering, nonlinear signal generation, surface enhanced catalysis,
photothermal conversion, photovoltaic conversion, etc. How to theoretically understand the unique optical
behavior dominated by the plasmon oscillation mode is one of the hot research spots in the field of surface
plasmon photonics. In recent years, the theory of surface plasmon has been continuously improved with the
support of a large number of experimental researches. In this paper, we first systematically summarize the
optical behaviors and properties of metal under the excitation of incident electromagnetic waves, and then
briefly describe the plasmonic modes existing in the metal and their corresponding physical natures, the
oscillation dynamics process and the currently prevailing surface plasmon coupling theories. We hope that this
paper can provide a theoretical basis for those researchers who have just dabbled in the field of surface

plasmons and help them to master the relevant basic knowledge quickly.
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