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< Concepts : Plasmonics
SOLID, LIQUID, GAS 0 PLASMA
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Collective oscillation of free elctrons—> quanta ha,
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Concepts : Metamaterial

METAMATERIAL
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SOLID, CYSTAL

atom
o=@

artificial atom

H

Notice:

» This artificial material (atom) is not exist naturally!
“meta” is “beyond”
» The property is with respect to the EM wave,
so a key point is the unit cell is sub-wavelength.

Light cannot “see” the structure
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Basic Principle

Objective: Electromagneitcs of Metals
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& Field distribution: E and H

® Media response: ¢ and u
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Basic Principle

Commonly, magnetic response is neglected for the optical material
H=1

Electric part can be described by

D(r,t) = gojdt'dr'g(r —rt—t)E(r't)

J(r,t) = jdt'dr'a(r—r',t—t')E(r',t')

Taking Fourier Transformation
D(K,w) = ¢,6(K,w)E(K, ®)
J(K,w)=0(K,w)E(K, ®)

Fourier domain of k- space
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Basic Principle

oP

According to Equations D = gOE +P, J=—F

ot

We get the dielectric function of metal

e(K,w) =1+

lo(K, w)

Eq®

For a spatially local response, g(K =0, a)) = g(a))

From wave equation V xV xE = —y

0°D
ot?

2

) K° =5(K,a))(g—2
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Generic dispersion relation
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Basic Principle

Dielectric function of free electron gas

We have dynamic equation of an electron of plasma sea in

an external E field

MX+MyX = —eE Plasma frequency

e 2
x(t) = m(ew® +iyw) =) s(w)=1- 4‘—

) o +1yw Mo

ne

P=- — E W
m(w® + lyw) e(w)=1-
)

D=¢,(- 20)5_ )E If neglecting the loss

o’ +iyw

Drude Model

o’ = af + K¢

Dispersion of volume plasmons
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Basic Principle

frequency

® = g

m

0

wave vector

frequency

3 2 —
m- = c"qz +m2c4h 8

wave vector

Dispersion of light in free space and perfect metal
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Basic Principle

Considering the bound electron
with resonance frequencym,

e.g. geometric boundary, interband transition, or other forces...

It is more popular case in real metallic system
mX+ myX + mMo,X = —eE

2
Wp

e(w) =1+————
@, — @ —lyw

Lorentz Model
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Basic Principle

Optical property of medium
refractive index n, extinction coefficient k

g, =nN"—x°, &, =2nK
and
L 4 £2)2)2
n:$(81+(51 +£,)?)
_ 1 4 g2)2)2
K—ﬁ(—gl-l-(gl-FEz) .

nand g, arenotindependentvariables
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Considering the plasmon

2
@
g(w)=1-—

0
=
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o' nis real

@
@,, n=(0
@

& & ©
I

<@,, nisimaginary

Optical reflectivity
A-1" (n-1)%+«?
n+1  (n+1)2+x?2

R —
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Reflectivity

Basic Principle
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Surface plasmon polariton (SPP)

From Maxwell’s Eqs, we can get the wave equation

V°E +k;eE = 0,

Considering the waveguide modes in x direction, then

3°E,
922

-

-+ (kﬁ‘-‘f —B°)E,

0.

1 OFE,

H =i——
Wiy 3.{'

H_: = iE_\_‘w

Wiky

For TE mode
Dielectric Superlattice Laboratory

BEH\_ 2 -
— + (ke =) Hy =0.
az-

1 0H,
WEWE 07

E_: — 18 H‘,_H
weEpE

E,=—i

For TM mode
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Surface plasmon polariton (SPP)

For TE case  Ei(2) = AyePe™

1 .
H.(z) = —iAy——kye'P¥e™2
Z x( ) ! Lw”() 26 © Z>O
) €>  Dielectric Ho(o) = A, P gibrtor
) Wfho
&1 E\(z) = AjePreh
L
WLo
H.(z) = A]ie"ﬁxek”
Wy

According to the continuity of H, and ¢E, at the interface

A (ky + k) =0. Ab = A = 0

No mode for TE wave
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Surface plasmon polariton (SPP)

For TM case Hy(2) = Asc'Prehoz

1 , .
N o ifx —kaz
7 E.z)= rﬂzmgﬂﬁ kye'™e 7=>0
. . B P
y €2 Dielectric E,(2) = —Aj—— b
(EQEa
81 Hy(z) = Aje'freh
MEtal . fGx ki1z
Eiz)=—iA, m&oslhf e <0
Ei2) = —A,—L_eiprehi
e &

According to the continuity of H, and ¢E, at the interface

ko & k2 = ,B (}91 €1&2
ke » K= gt » ﬁ—ku,! .

‘ A surface wavel
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Surface plasmon polariton (SPP)

The God close a door

with a window open!

when k »>
2

En(@)=1-—-=-¢,

& Y
0 0l 0 =

O MW
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%’ Surface plasmon polariton (SPP)

SPP: k,,, >k

ks =k +k; +k;

ky =0, for TM mode

and k, >k,

So, k<0, kjis an Im

SPP is also an evanescent wave
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%’ Surface plasmon polariton (SPP)

Electric field distribution of SPP

Dialactric

VAAAE*.

R e A
Mt al
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Surface plasmon polariton (SPP)

10 ; 2
' silica

Frequency m [1015 Hz]

o 2 4 & =8
Wave vector Re{3 }[107 m™1]

Dispersions of true SPPs at a real system
(silver/air and silver/silica interfaces)
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IMI multilayer

Az
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Coupled SPP in multilayer system
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Coupled SPP in multilayer system

The requirement of continutity of H, and £, leads to

Ae—k_;a — Cekjﬂ + De—kjﬂ

A C
_kje—k_m — _k]ekla + _kle—km
&3 £y £
at z=a
Be™%2@ — Ce~ha 4 pefia
B C D
—Zkyeh = peTha 4 Tk ke
Ea &1 £1
at z=a
ki =B — kg
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1) -

2)

S—

c

3) -

Dispersion of coupled SPP

_akhe Kifer+kafer ki fer + ks /e
kijey —kafey ky /e —k:a/ff:a‘
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Coupled SPP in multilayer system

_ake Ki/er+Hkaferkijer + ks /es

e = .
kife, —kyfes kyfe) —ks/es

If a—> 00, this dispersion degenerate to

k__&2 » B =k 8'82. . Decoupled

If €2=¢3, this dispersion splits to two Egs.

kg:‘_?l
tanhkja = —
ki&2 Coupled SPP modes
k]é‘g
tanhk,a = — .
kg:ffl
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Coupled SPP in multilayer system

s —— V0 - 10 . I r I . I
E 6 | R :ocjimjd?es:u:‘ | f/}*-\gilsym metrIC
% f;f:r” _ even modes e ——g——— A ——
g4 : symmetric
> /
s |/
87| /
e /
/ ! . |
0 , , . 0.0 03
0 2 4 6 8 A’
Wave vector B [107 m™]
a=50nm, large a=4 nm, small
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MIM multilayer case

kQE[

Coupled SPP in multilayer system

tanhkja = — ) ] )
kie2 Still valid, with reverse of €1 and &2

tanhkja = —

Frequency w [1015 Hz]
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k]ffg

kjff[

|E

2l |

Wave vector Re{B}[107 m™]
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Optical excitation of SPP

. 08
Bare light cannot couple
to SPP, due to the
. 06 r
mismatch of wave vectors
a) s

If the light is not along surface
and incident with an angle 6,
Then
A’= A+(1-sIn0) kyy,,
0.0

The mismatch is bigger ““o 1 2 = 3 4
kel

02 F

To overcome this problem, there are several approaches
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(a) Prism coupling

Os-

Kretschmann geometry

P

Otto geometry
Dielectric Superlattice Laboratory

Frequency

Optical excitation of SPP

prism

" metal/air interface

" metal/prism interface

Wave vector

>1

8prism

)

ksp — :,\a’fpriﬁm sm 0
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0.6

(b) Grating coupling
‘_' g 04
i 3

P

0.8 ¢

Optical excitation of SPP

02 F

Coming from the grating

0 , ( 2n 21 2 3 4
kep = :ns sin fag :I:f.:r 5111 + ¢ 5112 ke,
Polarization =
LSTM Reciprocal vectors
0>TE

Dielectric Superlattice Laboratory

Nat. Lab. Microstructures

Dr. Tao Li taoli@nju.edu.cn




Nanjing University

Optical excitation of SPP
(b) Grating coupling

Ogpp(K)

Overlap of the dispersion
Dielectric Superlattice Laboratory
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Optical excitation of SPP

Grating image mm)

Detecting: SNOM :
SEM Image

signal to detector

-

SNOM tip:

L "MH”'“U TR
4 |

MNormahzed intensity

=10 ] 10
A (um)
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Optical excitation of SPP

signal to detector

SNOM

‘ AYZ scanning

(c) Near-field excitation
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Optical excitation of SPP

(c) Near—fleld excitation s Kignt
W ) _E@ns

NSOM in collection S S S~
mode

Al-coating

- optical fiber

Ag film M aperture 50-80 nm @ 5 nm
N < NNAAN ANAN S~

glass

incident beam

illuminatig
beam

,

a /ff}

Near-field Scanning Optical Microscope
(NSOM) in collection mode A, = 532 nm AR 20 um -
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Optical excitation of SPP

(d) Coupling with conventional Photonic elements
e.g. fiber taper

Transmitted power (a.u.)
© © © ©o ©o ©o ©
Lo = 8] o ==d 5] Lin]

=
P

=

1520 1540 1560 1580 1600 1620
Wavelength (nm)

Dielectric Superlattice Laboratory

Nat. Lab. Microstructures Dr. Tao Li taoli@nju.edu.cn




Nanjing University

Optical excitation of SPP

(d) Others:
e.g. charge impact, surface feature, surface roughness

]\h 4 L
—] Wi}l —
D

{al

)]
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Localized Surface Plasmon (LSP)

Modes of Sub-wavelength metal particle

Boundary condition ¢ __ __ »

Eqgrcosé
€ + 25&11

o0
b, (r,0) = Z A;r' Py (cos 8)

=0

> dy = —Egrcost + %
Doy (1, 0) = Z [Bgfr + Cg}’_c"r_l_]}] P (cos @) . ;Tffq}ﬂmr
=0 = dmegea° " E,.
P 0 e+ 2e,, 0

3 E — &y

polarizability (¢ = 4ma
Dielectric Superlattice Laboratory

Determine
the resonance!
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Localized Surface Plasmon (LSP)

Observation of Particle Plasmon

(a)

T | T | T | T {:rn 3

Py
P

ég

units

: ke .. s a) Ma T a,nz'ﬂl

.. 3 ‘. 3"‘11'5;&[]1%
AR T 5 4 A 3
e e jﬂju\ (b) ,g
bt s s )
SR e o ED 500 700 800 900 &
HEn e : : e wavelength / nm E
=
Klar et al E;

1% E s L 31 el BN e i
o A — S 14 1.6 1.8 2.0 2.2
(L + = ) + Aepx? + Belx* — .54’1?28"; L1 ? RRoion energy.{eV)
E—&y ’ m 3 ‘J"E]

A(L) = —0.4865L — 1.046L> +0.8481L°  Kywata et al

Dices S L, B = 0-01909L +0.1999L% + 0.6077L
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Coupling of LSP

:\\ :_-_____1:.; -:
\\ ..-'.'-d‘-d-’r _‘.-\I‘-\-lu""'.'\-,:\_\_L Jr L -

Transverse mode «"\ A
S

A - _
-@+-@+@-@+-@ -iitilﬁ:

—m'd -—-m'2{ 0 m'2d 'd

I TR TR T TR N P |

v »
Longitudinal mode

Intarferance

Selective Switch,, [ fy—

-2
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Application of SPP and Pioneering
Researches

Modulating light:
Extraordinary Optical Transmission (EOT)

Sllver a =0. Sum 25
1

L] e

1] 1 .

oo air 20
[}

1.5

1.0

: : : ' -0.00250  0.00000 0.00250 0.00500 0.00750
200 400 600 800 1000 1200 ky (1/nm)

Wavelength {nm)

Ebbesen et al, .
Nature, PRB, (1998) A Angle dispersion
/ v 1/2

-

e 22
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Modulating light: Directional Beaming

- ¥
‘r

An. b
_—
-

il s
. W —
e e
ol s

W

--——-J"!

. : “..HJ?*
t-f-h--.r-'iqm—:}

Grooves
1

- q - ]
- e R My

.--r_-r-r
L bt 3
la
.wﬂ'(-
("

Lezec et al, Nature (2002)
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&
1
a
=
=
= 0.5
g
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£
L
o
I:I -
370 470 570 870 770 -
) ) 400 SO0 &00 i B0 a0
Wavelength (um] Warvakerigth (nm)
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2 D Optics — Plasmonic circuit

30

Marmalized

intansity 20
0.3

N =10 grooves
R =6%

N = 10 ridges
R=76%

30 -20 -0 0 10 20 30 30 20 -10 0 10 20 30
X (um) X (um)

SPP Brag reflector

-:'_

=

3
3
.-.'
A

SPP Iens
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2 D Optics — Plasmonic circuit

Refracting SPP wave SPP Demultiplexer
Dielectric Superlattice Laboratory
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2 D Optics — Plasmonic circuit

Subwavelength waveguide by grooves

Plasmonic BG waveguides

Dielectric Superlattice Laboratory
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Strongly localized field
Incident
light

Surface plasmon antenna

Enhanced detector

‘\\ Load
. resistance
. Anode
5i mesa
_—
Cathode Electrons
n Incident light u

Enhanced Raman
Scattering

wiolwts
Mo‘j"momﬂ\'—-om

r T T T T T
Glass slide 400 00 1,200 1,600 2,000

Raman shift {cm-1)

Inensity (a.u.)
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Enhance the light emission

Strong field
and enhanced DOS
of SPP
to improve the
internal Quantum
effeciency

Reciprocal vectors

-G G
to extract the light G - D‘,,,ﬁnm "2
from LED SIS ﬂ F G,

to improve the GaN /ﬂ y 1 )
external (_Quantum g ! {ﬂ*iﬂ" Mgm 7

Effeciency S G

Dictectric Superlattice Lavoratory ﬁé j& EJJ L E D E jlﬁ/ 33 E
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LETTERS

nawmare
-
Phy SICS PUBLISHED ONLINE: 24 MAY 2009 | DOE 10.1038/NPHYS1284

Near-field electrical detection of optical plasmons
and single-plasmon sources

Abram L. Falk'*, Frank H. L. Koppens'*, Chun L. Yu?, Kibum Kang?, Nathalie de Leon Snapp?,
Alexey V. Akimov', Moon-Ho Jo?, Mikhail D. Lukin't and Hongkun Park"2t

2 ° | —
Electron . fnm 20 o =0
Current { pA)

Haole

¥,

| Zum
b ? VSE& ? |' )

Dielectric Superlattice Laboratory

Nat. Lab. Microstructures

Dr. Tao Li taoli@nju.edu.cn




Outline

e Concepts
 Basic principles
 Surface Plasmon

e Metamaterial
Artificial Magnetism
Negative Index Material (NIM)
Transformation Optics
[llumination Optics

e Summary

Dielectric Superlattice Laboratory

Nat. Lab. Microstructures

Dr. Tao Li taoli@nju.edu.cn




Nanjing University

Artificial Plasma

Reconsider the plasma of metal
_,_,.r""!
m% [eont]
elw) =1 — : =
w(w + 1y) e Pl
5 ne’ n is the electron density ﬂ ,f-ﬂ T\
Wp it is fixed for a certain metal @ | )
EnMeaff E__HX\ /
1996, Pendry propose a dilute metal - nanowire mesh
T’
Changesnto 7err = n - For example: Al
. 3 - = 1.0 X 107% m, a=5x10"m
) Nefr€” 27 ey B o s ‘
W, = ——— = — n=1806 X 10" m 7 (aluminum)
E0M off a-In(a/r)

Dielectric Superlattice Laboratory

®,: 3.82e¢12GHz~> 8.2 GHz
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Magnetism

— —

B = uu,H ] Always be neglected for optical material

Natural magnetism (/1) main comes from the spin,
In dynamic system, spin response to the external
alternative field, but frequency of the spin process
is limited up to GHz!

So at optical frequency, we regard u=1
all natural material

It is also the right reason we usually do not
consider 1 in Maxwell’s Equations

1UIL d1111USl

Dielectric Superlattice Laboratory
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Two circuits

w
5 _ 2
o 5 <
e H— i
dq d
1 2
£pA
Zo+7Z +ioL =0 1= ?f 1
= i =
€T Teg 1
2
o EE{]AZ _ _UJP ]EGAE __ mpEDAQ.
Circuit resoance at T dy > J d; o>d,
1 —od _
[ 0)0 = (LC)-l/Z 22 == = 2 :EUJI.Z
100y joLeqd

dr
H Ly=——-""
mpEﬂAz

Resonant Circuit
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Magnetism without magnets

Array of metallic cylinder 2
y y H — Hﬂ + JI T 2 j!
a 2r (l
: @ : > ( .ot ) ,
— iwporr™ | Ho+ j — —Jj | =27rpj,
a
D Beff = ,(LOH{]., Out
Tl
Heff — HD - P~ J"_ In
F a“
T 1+ 12p/ orp .
0 Befi wr/a’
Heff = =1 - .
1o Hofp | +12p/(powr)

“magnetic” Drude model
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Magnetism without magnets

Array of metallic cylinder | i R o
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Swiss roll
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Artificial Magnetism
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Artificial Magnetism

fw?

Split Resonant Ring

Strong dipole weak dipole  quadruple
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Experimental Progress

NIR, 2005

IS, 2007
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Negative Refraction

Diagram of Classification by € and p
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Negative Refraction
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Negative Refraction
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(b)

Fancy Phenomena
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Recent Progress
-- VIS Frequency

= T el
| ol R
i it il "

W

| N O N S o .

.-.
-

Ut A -

—r=

o'

T T T P LI Y T -
g
| e

o
5
e

—

iE

=

Dielectric Superlattice Laboratory

Nat. Lab. Microstructures Dr. Tao Li taoli@nju.edu.cn




Nanjing University

Recent Progress
-- VIS Frequency

Effective media
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Other NIMs

Photonic Crystal
Effective anisotropic media
Negative dispersion wavequide
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N Transformation Optics

Controlling Electromagnetic Fields
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Ground plane cloak
Proposed byJensen L1 and realized by Smith group
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Experiment at optical frequcency
(X. Zhang’s group, 2009)
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Mimick the black hole

X. Zhang Group, 2009
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Illusion Opftics:
The Optical
Transformation of
an Object into
Another Object

A further
development of
Transformation

Optics
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Real Space
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C.T. Chan Group, 2009
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Ilumination Optics
C.T. Chan Group, 2009
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APL 92, 064101
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Work of Our Group
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My recent approaches
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e — m (a) Coupled metamaterial
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(c) SPP propagation

: : modulation and integration
(b) Plasmonic electro-optics J
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Summary

It is a very fascinating research area,
Opportunities and Challenges are
fronted, welcome to join us!
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Thank you!




