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- S0nm Erefgy (eV)

Fig. 1{a) by example of the Lycurgus cup {Byzantine empire,
4th century A. D.). The glass cup, on display in the British
Museum, shows a striking red color when viewed in trans-
mitted light, while appearing green in reflection. This pecu-
liar behavior 1s due to small Au nanoparticles embedded in
the glass [Fig. 1(b}]. which show a strong optical absorption
of light in the green part of the visible spectrum [Fig. 1{c)].

12
Plasmonics: Localization and guiding of electromagnetic energy in metal/dielectric

Stefan A. Maier and Harry A. Atwater, JOURNAL OF APPLIED PHYSICS 98, 011101 2005




X 8 % & X0 plasmonics

HR: 2BAAR AT IARS K LS B
TELTY EX X2

f#ik: Surface plasmon polariton (SPP)
Surface: 2 &K 4K &
Plasmon: £ & & B & ©F & £K#k 5,
& R F 8B TR
Polariton: 4 X,

/& T : Mesoscopic optics, nano optics,
nano photonics, near field optics
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Difference between surface plasmon (SP)
and surface plasmon polaritons (SPP)

"a trapped surface mode which has electromagnetic fields

decaying into both media but which, tied to the oscillatory
surface charge density, propagates along the interface"

R.J. Sambles 1991

"we are dealing with a resonant excitation of a coupled
state between the plasma oscillations and the photons, 1.¢.,
the plasmon surface polariton”

W. Knoll 1991 15



1.1 & EER  (Drude model)

A. Dielectric constant ¢(®)

Frequency dependent, Drude free electrons model
Plasma: a medium with equal contribution of positive and

negative charges of which at least one charge type is mobile

kg3 E = Ee'“'f5, ﬂ&ma%%ftﬁ)%i%mt

d X
B2 (X< Ig ) m e —eE dielectric
E
H T ETFEEM field L o &%, L0000
ﬂé’\ % — @i metal

M —w*mx =—eE X = eE / mw°

2 2
H4 dipole moment of one electron P, =—€X=-€°E [ Mo

: . 16
Chapter 10, Charles Kittel, Seventh Edition.



HiRER & (w) Drude model of free electron

- D(w) _ E(w) +4xP(w) 1 4ne’

en (@) =E ) E () —c

ﬁ\@(ﬂﬁ'ﬂﬁ’ Em (@) Eflfﬁfﬁ
Em(@) =0 o
£ plasma frequency

, 4mxne’

@y

m
o, FER T En K

17
Introduction to solid state physics, Chapter 10, Charles Kittel, Seventh Edition.
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B. EBHPHIGEHI A
a)p

BHDrude model AT&1  &m (@) = &, (0)[1——-]
T «

b

ZRIB|EF A Rfree, MK —MEL

2

LR EER: &, (@) =&, (0)[1— —P ]

@ +lwy

D= E _0°
# < &AQX ﬁk%ﬁﬁ@i??:c%ﬂE
\E _ Eoelkzz+|a)t 8’(

THFER, 7932
g(@)[@’ —a’]=ck, XmutkBETR e

Chapter 10, Charles Kittel, Seventh Edition.
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Introduction to solid state physics, Chapter 10, Charles Kittel, Seventh Edition.
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Zamplitude of E ZEJK B BT, skindepth: §=——

AT U ERHEESTIER, 7 LA surface plasmonT ’

PA T BB FE R iEmetal e, <OH]|

B, o)y, FERGER, SEkiiE

1
[k, |

X 35,

Introduction to solid state physics, Chapter 10, Charles Kittel, Seventh Edition.
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Real dielectric constant

EMRANTEBEHE

-10 4

-20 4

—m— Gold
-304 | —e®— Sijlver

~40 -

-50

wavelength

Optical Constants of the Noble Metals
P, B, Johnson and R, W, Christy

Imaginay dielectric constant)

200 400 600 800 100Q200 400 6(I)O 800

wavelength

PRB, 6, 4370 (1972).

1000
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1.2 EBRAHNREFEHAITT
Surface plasmon polariton (SPP): P-polarized EM field A

O Nt §Umetal$ﬂdlelectrlcﬁ~[ﬂiﬁj‘ HImetalZRH H H H
FHI5E R oscillation, 18 %, IXFoscillationBY HH oscillation 5| F& H
EM field mode, 'Y SPP;7Ex 7 [A] AR TR L ik %, Hz)7 MTE

B
DL e vEsPr H B 2% 4

E
o Sj'ﬁJIxEPflﬁ ? dielectric
o O Tk A FIRSEFLE, EANTEH @ 1z

XBERER 2 B

o g, Mg B3¢ R U] ?

o SPPHIEEEI R R EFER ?

o SPPHIMEREKE »

o SPPTES B M IR H W& HEAT N ? >

LU_L 1)/ 5E T maxwell 77 FEHTRESE T 245 B <2 /% 1/ ITTAE e

Chapter 2, Heins Raether, 1988.



A. Dispersion relations of SPP

i |
FR

Model setup :,
P-polarized EM wave A 51 3| &8 ielectic
HNBRRE L, NMFRe, S8R, 3\@@@@ 3

i (K, X+K,, z—aot) €
z>0,H,=(0, HyZ,O)e et
E2 — (EX2 ; O, Ezz)ei(kxzx+k222_wt)
z <0, H1 — (O, Hy1 ; O)ei(kxlx_kzlz_a’t)
E, = (E,.0,E, e
24

Chapter 2, Heins Raether, 1988.
T. W. Ebbesen et al, NATURE | VOL 424 | 824| 2003



SRR TR
HMaxwell FFEE

~

V x H,

88E

c@t

<V>< Ei :_lﬂ

c ot
V-(gE)=0
\V-Hi =0

H 2% —

Dielectric

VAAVA

+++w .h__*_'.+++ -
Metal

a
kleyl :F‘C"lExl (1)
a
kzZHyZ =——&,E,,
C
Exl — X2 (2)
Hyl — y?2

25

Chapter 2, Heins Raether, 1988.



B (1) M (2) 7]

HA&3% 7

£

o°D
ot?

HE (A,

dispersion relation

(kxl — kx2 — kx (A)
3 kzl ! I‘(22 :O (B)
L& =P

—C?VZE — 5(0)° =k +k,’

(B) 1 (C) , tfEiars

K

X

C()( &E1E5 )1/2

C & +&,

(C)
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Chapter 2, Heins Raether, 1988.



JIIE T dispersion realtion ||

X

C

a)( 8152 )1/2

&+ &5

e sPPH I %44

A & =g +ig S
< & gl &y k =k +ik’ Dictectric
momAss \ARAE-
. a) gg Metal 81
' | 1/2
ﬁiﬂ]ﬁ kx — ksp — ( 172 ) (%)
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< 1
z w , &EE &
ke =—(=2)" —=  HFEID
C g+¢&,  2(¢&)
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Chapter 2, Heins Raether, 1988.
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Chapter 2, Heins Raether, 1988.
T. W. Ebbesen et al, NATURE | VOL 424 | 824| 2003



B. Properties of SPP
Spatial extension of SPP fields

Here k,, and k,, are imaginary, skin effect in dielectric and metal

can be calculated.

1
When E decays into Ee, Zi = K. |
VA |
ﬂ . 1/2
In metal Z, = = 182
27| &
' 1/2
Indielectric , _ 4 |&1+ &
> 2r £,°

z

| |Eal

For example, A=600nm, for silver, z,=23 nm, z,= 371 nm

for gold, z,=

29 nm, z,= 281 nm

For example, A=1000nm, for silver, z,= 22 nm, z,= 1122 nm

for gold, z,=

24 nm, z,= 1020 nm 29

Surface plasmons on smooth and rough surfaces and on gratings, Chapter 2, Heins Raether, 1988.

Numerical calculations By L. J. Wang




Propagation length of SPP

Along a smooth surface, SP’s intensity decreases as e_z Ky X
o 1
The propagation is defined as L, >E?e" Li = ——
2k’
For examples, A=600nm, for silver, L;=50.7 um
forgold, L,=4.9 um
For examples, A=1000nm, for silver, L;=698.1 um
for gold, L;=91.7 um

30

Surface plasmons on smooth and rough surfaces and on gratings, Chapter 2, Heins Raether, 1988.
Numerical calculations By L. J. Wang




S-polarized wave (TE) A #E/=4: SPP

For x;>0

) (1) .
E:}(I; )= (0, A, G)E1kx1—k3 x3i—1et E.l E,

I B K
X3 —tat X, H £

C : (1)
H (x; 1) = A — (K", 0, ik)e*1 75
10

For x;<0

- im) -
E<(x; 1) = (0, B, 0)el¥1Hs w3mier

C ; {m) :
H-ﬂ: (K, r‘) — B _(_kgm}-; ﬂ’ ik)elk.11+k3 X3—1d .
 Kila]

When x;=0, EQ%E@? —) A — B

HZES —p A_i k3(1) — _B _C k:,fm)
1co 1co
—> BERKP >0,k >0—> A=B =0 TofR

31

Nano-optics of surface plasmon polaritons, A.V. Zayats et al, Physics Reports 408 (2005) 131-314




1.3 ETEARAFEHTES

IMI (insulator-metal-insulator) waveguide
This geometry offers good propagation results for a SP waveguide.

Dispersion relation:

Metal slab thickness: d fEllz —: BE=E2//ERKFHISPP

1 s 1 :
e(w) ké} 1 e() k_lq:_} 11 = () E _ e(m) E 1 E—l{-%"'}d
€1 kém} €5 ké:m] €1 k;m} €y kém}'

Symmetric structure A x,
E
(s) _ 1 (1) o |
g1=es=1 k3 =ks e )
ks 1
i 1o im)
even mode «(w) = —coth —k3 'd
k3 2
(1) i
odd mode e(w) s’ ;= — tanh ;kg’"]d
ki’" -

32
Nano-optics of surface plasmon polaritons, A.V. Zayats et al, Physics Reports 408 (2005) 131-314




air/Ag/air, A=600nm

ReE

ReE

1.0+

0.5

"~ 0.0

-0.51

-1.04

1.0

" 0.0

-0.5

-1.0

——SRSP|
LRSP|

-1.0

X, (hm)

0.5

_\

" ——SRSP

——LRSP|

100 -80 -60 -40 -20 0 20 40 60 80 100

X, (nm)

Case 1: d=30nm, L,=50um
Ls=11.1 um, L =476.3 um

Case 2: d=50nm
Ls=22.6 um, L =143.3 um

100 -80 -60 -40 -20 0 20 40 60 80 100

2.0 . .
B } L o004
& 1.6-
o 14 £0.003
X _
> L 0.002
® i ofo—===
1 -0.001
0.8 o
m 0.6 L | | |
0 50 100 150 200
d (nm)
Explanation:
Coupling of SPs
split into the short range SP
(even mode) and the long range
SP (odd mode).
33

By L. J. Wang



Asymmetric IMI waveguide

Range extension:

The propagation length of LRSP
can be highly increased.

Results:
Cutoff

Bound mode: the field envelope is
exponentially damped .

Leaky mode: the field is exponentially
increasing (7 ) away from the interface.

Leaky
(into €, )

J.J. Burke, G. |. Stegeman,

(into €,)

Phys. Rev. B 33 (1986) 5186
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MIM (metal-insulator-metal) waveguide
Nano-scale light confinement

£ \T™: ) [ Mg ]
& 1P ightline
& 1.0 ™
EM Bo - 1: . o
0.5 f (e} | T |
1
05 1.0 _ A=F == .
Gap width [ um ) h,_*..**b-cTiﬁ F?‘:ﬁn
. 20 3.0 .
Explanation: - @ Ty
Two coupled
o o
SPPs mediated 22"
: . By |/
by dielectric layer. " 102" S S —
(el Thip
104 1 1 1 1 I |
05 1.0 1.5 20 25
Gap wadth [ m |
The transverse modal dimension is determined by
the gap thickness. H field profile
A=1550nm
35

E. Feigenbaum, M. Orenstein, J. Lightwave Tech. 25 (2007) 2547



Planar heterostructures

To support the long-range SPs in asymmetric environment.

Results:
LRSP in an asymmetric structure

Nonsymmetrical structure

ey, G | JigH,
cover water (n=1.33) £, b2 +hy
E.
film Si;N, (n=2) 53.9nm _| * \ h2) | \
copper 10nm e o [
substrate glass (n=1.5) (12 P2 / ok /
._{:I 0.2 .ﬂrﬂlill:l-.ll-1 Iﬂrf;tzll:l:-’f‘liltﬁr

Explanation:
Use the multilayer structures to yield the lowest loss.

36
F. Pigeon, J. Appl. Phys 90 (2001) 852



Planar heterostructures

Sub-wavelength SP mode
g

Conductor-gap-dielectric system: §
metal Au - ~
nanoscale gap SiO,, n,=1.44 2 2- - i
high-index dielectric Ge, n=4.26 | |FPeonaucton’ssP | sppcopductorjesp
(WaVGQUide 250nm) 0.1 1.0 10.0 100.0 1000.0

1x LG-CGD mode
Results: p——
The ultrasmall £> & P e
loss guided gg\g £
mode exists NV N| a0
below the cutoff ﬁl l N E E o CGD mode
thiCkneSS‘ 0.1 1.0 10.0 100.0 1000.0
Explanation: Gap layer thickness, nm

SPPs at the conductor-dielectric interface modified by the
presence of an ultrathin, low-index gap layer are an intrinsic
property of the gap.
37
I. Avrutsky, et al, Opt. Express 18 (2010) 348



Planar heterostructures

Ultra-long range SP mode

[; I;II

s-ULRSP a-ULRSP

waveguide:

metal thickness Au 20nm
low-index inner dielectric d, n,
high-index cladding n,

Results:
cutoff
attenuation

al'lk,

Explanation:
Achieved by placing low-index
dielectric layers next to the met

R. Adato, J.P. Guo, Opt. Express 15 (2007) 5008

1.58% T T T T '
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148 [ me e e STy = | 48 .
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[ 46 | | | | i
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£ ~ = 146 ]
W -
- \n>— 148
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1. HS=EERESIH SPP (EHBH#)

2K : STTEMreport, E3XXHE
B BE. #HE. TR, NEELEE
WHSRIEE. BRECR. WHe. &g, ik
Wig: B, B m.
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Surface plasmon resonance (SPR) W&

Or Localized SPP

In the isolated metallic nanostructures, due to the
collective oscillations of free electrons, SPRs are
excited accompanied with the enhancement of

optical near field.

lc) . T F
80
60
40
20

0
=20

17.50
35.00
52.50 I
70.00
87.50
105.0
122.5
140.0

nm

Determined by the geometry, incident light o, metallic
dielectric permittivity, dielectric environment

Resonance capacity of surface plasmon on subwavelength metallic structures 41

Ying Gu and Qihuang Gong el al, EPL, 83 (2008) 27004




SPR IR E B 41K & BRI RE

0~10nm: 2& AN v FHKRILBERHY, ¢ (0, )
(M) SFRuER, ASFFEL4E

10nm~ JL> um: 25 A L FRKRAFH, ¢ (0) @r
(A~M.) collective resonances of free elctrons

maxwell ZFZHIEL TLHE

XTF A um 104 % K
(EAL) BH AT R Fo il 3 k3

5~10nm = FE AL, LRI E) AW A fT i 2
201245 24 XEH Ko

Nature,483,417(2012,Microscopy Plasmons go quantum); nature, 483, 421 (2012,Quantum
plasmon resonances of individual metallic nanoparticles). 42



Mie # 4t f=Rayleigh# 4t #5 X 7

B A EUH B8 18714E, L. Rayleigh $8 Y40 /N U RTHIUN D
mEMERIL. BETRZEREG, HHHERBLE.

:f{ MHE - kKR
= %%’ —Fﬂﬂ’
B, phepEE,
LR AL

B 4-2 S TR ER kst

AKHE EEE: 1908 FEF19094E, G. Mie Fll P. Debye it 5 T B

TR B BRI, K Ilka<0.30), HFIBSGHER. At
FAER RERFEYD 4R B R 17 A

X BEBATR OB KRB KE S U NS BERRIBUR AR IR

1111
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1.4 Mie i

Mie IBiE B Gustav Mie et al. {E1908EIEHY,, nJLAfZEREK
FOEKXIFRIDRAAATENES, IRUSCFDGE G

i kAR HEBKILR R IMaxwell 52, TIISHEILS
IRIRIKIG R ENHITS BT

B £ BPARGIENRESFS AR LIEE AR
THJ:B?EWE'JgWEE. *MS ux:ﬁ*i_t

XFCRERRISPREN, EHEMR/LTEIBRAKAIE
fRAER. BEEKFNENSSS. B, BlilislsE. FiE.
SPRIERFIRI FHERCT iz 5.
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Mie theory

FERY 5 B2 [ AR B, TR T

VE+E=0V*H+I*H=0

HEAk2=w%kn, FHEHHELREN

Vx E=iwvpH,V x H= —iweE.

% [V-E=0, V-H=0

€m

o
»

o

»

»

1

»

»

o

LT HIRBSER 2 WE i EREY, FHRE: U
RS AR EMMNN, LHEBAIES, R

IN_ES 63 A 52 A JE 3R B

A I ALK

Absorption and scattering of light by small particles, C. Bohren and D. R. Huffman,1976.

Optical properties of metal clusters, M.Vollmer, 1995
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R BB B A2 -
M=V x(cty) = —c x V. V-M=0

B3R V2 + K2V =0 > MHME, HFERE A BEX M E.
RIBEAHEI R R, WEHA —HEAFHREREN

Nt RS HTE V2N + 2N =0 fl |V-N=0
HFHEMAINERR v xN=iM

46

Absorption and scattering of light by small particles, C. Bohren and D. R. Huffman,1976.
Optical properties of metal clusters, M.Vollmer, 1995




A WMAING 2 B ESHEFHE o< R, F5H B &R REL
T8 2R R U F R E RS Y .

BT RBERTFRYE, T4 M=V x(r)
MERLIFR TR EFEASAN

Lo o0 1 9, 9 1 0%
r

- —(sinfl— 4 k2 =0
r2 3?‘( or i r2sinf 06 (sin (':)9) + r2sin @ 02 TR
FHERVE BB AT 45 AR ) SE & 2R 2R
Vemn = cosmo P (cos )z, (kr)
Yomn = sinmoP"(cos )z, (kr)
B /T ==z T g ) : _ h“) h[gj
Z, &’ BE‘J_‘ X '}Skljl\: -/j\g[ﬁ Jrs Yny ln o ln
47

Absorption and scattering of light by small particles. C. Bohren and D. R. Huffman,1976.
Optical properties of metal clusters, M.Vollmer, 1995




R, TERRXFRIER T,

T A R R 2

Memn =V X (r't.*;}ernn):Mornn =V X (rﬂfromﬂ):
V % h{[ernn

Nem;n —

k

’ Nomn —

V x Mgn
k ’

NFPERB TS B, = e e,

\

# U EEARTER

9 1
E, — EUZE nt

1)
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He EAR()ERRA

Absorption and scattering of light by small particles. C. Bohren and D. R. Huffman,1976.
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Optical properties of metal clusters, M.Vollmer, 1995

it

ARER I3 o

48



RIS 3 4

— 2n+ 1 (1)
(M N
g ?1 n —I—J. eln T ::rln,)

B R BBRE7 (Es, Hs) RIZNERY R EEREYS (B, H)WE AT
1% [F) R ) R T

R R (B, +E. —E)) xé, = (H, + H, —H;) x &, =0
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M [T FTm AL KB T e, BAIEE:
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SPR of metallic nanospheres
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Dipole and quadrupole plasmon resonances
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SPR of spheroids
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