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Optical Constants of the Noble Metals

P, B, Johnson and R, W, Christy
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PRB, 6, 4370 (1972).
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Extinction Coefficient
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Figure 1.3: Particle plasmon
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Fig. 1{a) by example of the Lycurgus cup {Byvzantine 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 15 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)].

Plasmonics: Localization and quiding of electromagnetic enerqy in metal/dielectric
Stefan A. Maier and Harry A. Atwater, JOURNAL OF APPLIED PHYSICS 98, 011101 2005




Wood’s anomalies, 1902

Fig. 1.
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On a Remarkable Case of Uneven Distribution of Light in a Diffraction Grating Spectrum
R W Wood 1902 Proc. Phys. Soc. London 18 269

SURFACE-PLASMON RESONANCE EFFECT IN GRATING DIFFRACTION
RITCHIE RH, ARAKAWA ET, COWAN JJ, et al (1968) PRL, 21, 1530.
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Mie theory, 1908
Exact solution of sphere, spherical symmetry structure
Absorption, scattering, and extinction

Zenneck (1907) & Sommerfeld (1909)

Demonstrated (theoretically) that radio frequency surface EM

waves occur at the boundary of two media when one medium 1s

either a "lossv" dielectric, or a metal, and the other 1s a loss-free

medium.

They also suggested that it 1s the "lossy" (1maginary) part of the

dielectric function that 1s responsible for binding the EM wave to

the mterface.



Theory
Ritchie (1957)

Demonstrated theoretically the existence of Surtace plasma

excitations (surface plasmons) at a metal surface.

Stern (1958)

Showed (theoretically) that surface EM waves at a metallic surface

mvolved EM radiation coupled to surface plasmons.

Derrved, for the first time, the dispersion relations for surface EM

waves at metal surfaces.

12



Experiment
Powell & Swan (1960)

Observed the excitation of surface plasmons at metal interfaces

using electrons.

Otto (1968)
Devised the ATR (prism coupling) method tfor the coupling of bulk

EM waves (optical) to surface EM waves.

Kretschmann (1971)

Modified the Otto geometry 1s now the most widely used device

geometry.

Knoll (1989)

Introduced the technique of Surface Plasmon Microscopy

13



Extraordinary optical transmission
T.W.Ebbesen group , 1998 Start point of SPP

Bottleneck: low light transmittivity of
apertures smaller than the wavelength of
incident photon

Hole arrays in silver film: ‘
metal film thickness t —
Periodicity of holes a, a
Scale of holes d

Results:

Extraordinary transmission
Maximum at )./d~10
Influence of t (in APL)

Transmission intensity (a.u.)

Explanation:
Coupling of light and plasmons

Wavelength/period

14
T.W. Ebbesen et al, NATURE |VOL 391 | 12 FEBRUARY 1998



Beaming light from a bull’s eyes structure
T.W.Ebbesen group , 2002

Progress work

To solve: light diffracts in all
directions when an aperture is
small.

Bull’s eye of Ag film:
thickness 300nm

Groove periodicity 500nm
And depth 60nm

Hole diamter 250nm

Results:
Beaming light

Explanation:
Coupling of light and plasmons

15
Beaming light from a subwavelength hole, TW. Ebbesen et al, Science,297,820(2002)




Synthesis of Ag and Au nanocubes
Xia YN el al, 2002
Progress work

-
=
—
-
=
e
g
L=
—
-
=
2
—
= =
= 3
g 2

Intensity (a.u.)

Significience:
Controlling the size, shape, and structure of metal nanoparticles
is technologically important to tailor the plasmonic properties.

Shape-Controlled Synthesis of Gold and Silver Nanoparticles 16
Yugang Sun and Younan Xia, science, 76 (2002); 298 Science
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17
Nano-optics from sensing to waveguiding,N.J. Halas, nature photonics | VOL 1 |641]{2007




A hybridization model for plasmon response

N J Halas el al, 2003

To solve: surface plasmon
resonances in nanoshells

—_— e e = = e ==
= [ .
— -

400 8O0 1200

1600 2000 2400
Wavealength (nm)

A hybridization of sphere and cavity
A hybridization of inner and outer shells

Results:
Several response peaks

E Prodan; C Radloff; N J Halas; P Nordlander,Science, 302,419, 2003.
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Progress work

outer
shell
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Surface plasmon subwavelength optics
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William L. Barnes, Alain Dereux & Thomas W. Ebbesen, nature, 424, 824 (2003)



Plasmon-assisted transmission of entangled photons

E. Altewischer el al, 2002

Aim to: Investigate the effects
of nanostructured metal on
entangled photons.

Results:

Such arrays convert photons
into surface-plasmon —optically
excited compressive charge
density waves — which tunnel

through the holes before
reradiating as photons.

Explanation:
Conversion between photons and
plasmons, quantum feature of SPP

Application work

20

E. Altewischer, M. P. van Exter & J. P. Woerdman, NATURE |VOL 418 | 304| 2002 |



Forster Energy Transfer Across a Metal Film
W. L. Barnes et al, 2004

Application work

Molecular plasmonics
Aim to: realize the Forster

energy transfer between donor ]
and acceptor across silver film

EU}-D A f‘::éi:. H]E

w 0.8 :.' : '._ ----- REG Abs 40.8 E —

g os} loe g

B "

§ | "%

E pa2} 02 3

g g b =y
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Wavelength (nm) i i
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Significance:

toward the realization of an active
plasmonic device by combining thin
polymer films with thin silver films

T-OCH,CH,
» cr
@ ! CHy CH,
B ,  CHCHNH " NHCH,CH,

Donor (D)

21
P. Andrew and W. L. Barnes,science,306,1002(2004).



Generation of single optical plasmons in metallic
nanowires coupled to quantum dots
M. D. Lukin et al, 2007 Crossing work

Aim to: efficient coupling between quantum dots and SPP,
single photon switch and transistor, long range quantum bits.

o

+
o2}
(=]

= 50 nm wire

o
o

= = 100 nm wire

—

o
=]
=

=
[}
lt “Aousioyq

&)

INV2/(R + I

Enhancement factor, P

]
(]

Self-correlation coincidences
o
(]

20 0 80 80 0 -40 -20 - dcl) 20 40
Distance from wire (nm) ime delay, = (ns)

Results:
Realizing single quanta of surface plasmon.

22
A. V. Akimov et al, NATURE|Vol 450|402| 2007



Quantum light switch: A single-photon transistor
using nanoscale surface plasmons
M. D. Lukin et al, 2007 Crossing work
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M. D. Lukin et al, NATURE
PHYSICS|Vol 3|807| 2007 switch,M.Orrit, NATURE PHYSICS|Vol 3|755| 2007



Core-shell nanostructure spaser

M. A. Noginov et al, 2009

Progress work

Aim to: realize a ‘spaser’ generating stimulated emission of

surface plasmons in resonating metallic nanostructures
adjacent to a gain medium.

d

Gold n:u::-re\
SD-::Iium/

silicate shell

Parameters:

gold core : 14 nm
Shell: 44 nm
Wavelength: 525 nm

DG-488 dye

~silica shell

Emission, extinction (rel. units)

0.6 Fh

] Vo
0.4 ! 11 Vool

200 400 500 800
Wavelength (nm)

Significance:

] | | .'-._
] / [

ool 2 3 | 4 N 1
] / o\ ! N “

it

the smallest nanolaser
the first operating at visible

wavelengths.

24

M. A. Noginov et al, NATURE| Vol 460|1110| 2009



Nano-spaser based on hybrid waveguide
X. Zhang et al, 2009

Progress work

Challenge to: realize ultracompact lasers generating coherent
optical fields at a nanoscale, far beyond the diffraction limit

1at —a— Plasmonic h =5 nm
Plasmonic h = 10 nm

—#— Plasmonich=20nm |

—¥— Photonic

Emission rate (ns™)

488 nm

e ANA

200 200 400 500
CdS nanowire diameter (nm)

Significance:

Plasmonic modes have no cutoff, downscaling of the lateral

dimensions of both the device and the optical mode is
demonstrated.

Plasmon lasers at deep subwavelength scale, X.Zhang et al, NATURE|Vol 461|629| 2009
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modified plasmon—-matter interaction with
mesoscopic quantum emitters
Mads Lykke Andersen, et al. 2010 Progress work

Aim to: experimentally demonstrate various decay channels with
considering the size of quantum emitters.

0 100 200 300

0 100 200 300
z(nm)

Significance: the effect of the size of nanoscale quantum dot on
the coupling between SPP and quantum emitter.

26
Strongly modified plasmon—matter interaction with mesoscopic quantum emitters

Mads Lykke Andersen, et al. nature physics, DOI: 10.1038/NPHYS1870, 2010




APPLIED PHYSICS: The Case for Plasmonics

A
PHz—

e e
Metallic Dielectric
nanoplasmonics photonics

Semiconductor
electronics

Operating speed

I
I [ I I I I
10nm 100nm 1pm  10pm 100pm 1mm

Critical device dimension (nm)

By squeezing light into nanoscale volumes, plasmonic
elements allow for fundamental studies of light-matter
interactions at length scales that were otherwise inaccessible

The Case for Plasmonics 27

Mark L. Brongersma, et al,science, VOL 328,440 (2010).
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B FI AR &, BRTIN LR KEH T LY FA,
(& T AR k3t AR B, AT, B
AZRT SHHS, HERERS. HHELEYE, 4
O - € o L o

An incident light Eo(r)eiot impinges on the

following system, the scattering field E(r) is a

solution of the wave eauation:
~V X V X E(r) + k*e,(w)E(r) + k’e,(r,w)E(r) =0, (1)

v
X
z

Withe(r, @) = g,(w) + &,(r,w)

In the scattering: ¢(r,o)
out the scattering: cr
In E(r), eiot is cancelled.

, Olivier J. F. Martin et al, Phys. Rev. Lett. 74, 526 (1995)

32



Introducing the operators
2 2
L=-VxVx e =k¢(0) ¢ =k'(0)
Eq.(1) can be rewritten as

(L +e +e)E=0 (2)

and E(r) satisfies (L + e,)E° = 0 (3)

The Green’s tensor G° associated with the reference is
(L +e,)G" =1 (4)
0 -1
—> G =(L+e)

The Green’s tensor G? associated with the complete
system is (L +e +€)G =1 (5)
— G=(L+e +e)"

33
Olivier J. F. Martin et al, Phys. Rev. Lett. 74, 526 (1995)



(3),then (L+e +e)E=(L+e )E®°
— G 'E =(G°)E®°
— GGE = G(G°)'E®°
—E=G(L+e, +e, —e )E"
— E =(l —Ge_)E®°

f(2)

In the r-representation
E() = [ ar[s(c— )~ KG(r.r, ) - &0, 0)] - B (6)

Finally, we get Lippmann-Schwinger equation

E(r) = E’r) — sz dr' G (r,r', w)e,(r', ) - E(r). (7)

This is the main results of Green’s tensor method
34
Olivier J. F. Martin et al, Phys. Rev. Lett. 74, 526 (1995)



JU S HLEA X R

E(r) = E%r) — sz dr'G(r,r', w)e;(r', ) - E(r'). (7)

(1) MEXTRESE, HIEA RBHARIMEAT— 58
W3 T A A AR A AR - kB A B KRB &
mEkER, KX T 9 KRBT wR B

=] A

(2) BFEFHRERLBLABBENEANG B, KENK
AL X433 = T — 56 , BiEiLFeinly, X2
TARER IR o

(3) BN L3, 4eiE w3g/a T A EE L. Bkf#so
1B A LGRRREB[EMERF, BF REEBIHEAN

% REBAEEREEDFEHK TSR (SPR) .
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* FGHF=G 4 4LmA \ \
XEGOR3ID A 4h)Green” stensor : G = G° — G'e,G

1 — ik, R \
'D . o r
GY( ,r*’jm}-——- (1 k%Rz 1 (

-3 + 3ik,R + k’R* >xplik,R]
kR4

whe e R = IR| = |_r - r'l and_ k? =_E:r{mjk .
(1) TAFZ, GO&LS T E SRS, WABMLPIFH

(2) f£r=t’ ®, GOEEF LM, BFHLEFEHZE—
AR=0i1RZA RS, L ERHS;MERT. BT HAE
AT iR o
(3) T2 R, RE I 50 GEAZEWIT LT i PE—
&g L

Yaghjian \A. D., Proc. IEEE, 68 (1980) 248.
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7]‘@‘7]‘7](%5111?—7}' > (Green’s matrix method or GMM)

BRI R F kA LR R B FE, MERAN £
B EKEH T HOREFHRALRFAM. L4528
RN RBAH R T HEMIER 6 KA AER, AREX
AREENHES, BELHARRANERE EREHE &

HE: BETEEARENURBFBHHL
ALBBRIEGGX—KXFEHA, —F@T LR
ANBRSPREG YL, B —F@RKNEEN

MEM BRI 2R BEHNZBRBESAEH/ RS Li
PR 69 ST AR o

37
,Y.Gu et al, EPL, 83 (2008) 27004



Starting from Lippmann-Schwinger equation

E(r) = E%r) — sz dr' G (r,r', w)e,(r',®) - E(r').

If the clusters subspace V' 1s divided into N pieces with

the volume 8V (with 6V < V'), eq. (3) becomes R
3 les(r, w)GO(r,r',w) — 8| E(r) = —EO(r)  (4) /
reVv
with IErrﬂ'lir, r',w) =dVEAG"(r,r',w). Let us rewrite it in "
the form
,__, - _ 0
Y (@ w) - B =)
€s(r,w)
reV
where s= ! Eﬂ, a AN *3N matrix, is called

e(rw—epiw)’

Green’s matrix.

38

Resonance capacity of surface plasmon on subwavelength metallic structures ,
Y.Gu et al, EPL, 83 (2008) 27004




1

ﬁ’fﬁﬁ#ﬁ‘ﬁ“ﬂﬂ’g‘ﬁﬂ}ﬁ § = e(r,w)—epglw)

EEAAMEERTOHEY, QLG FEY,

Electric fields in the nanostructures:

3N sl E":'ll )

E'[r:l = Z A,

=1 I S — Sn JI

Electric fields outside the nanostructures

aN
Lo B
E(r)=E'(r) + E ) z'r_rljlll w) - Ry

I'ﬁ“—q I

Y.Gu et a|, EPL, 83 (2008) 27004
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Resonance Capacity (RC)

Definition in view of the inside electric field energy
of the nanostructures

where

—
I:I.-"i'il-

[y dr'ey| [res

E(v)|];

e d|eo(w)]. [ EP(x) |2

’?‘E.

Ei'!-

s|E(r )], = |L“—ED'~£:'-H

enl )

= L+ qw)

Y.Gu et al, EPL, 83 (2008) 27004

al

I:Ed-EdJ_ — EmEr'.-:!-J_ !
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Physics meaning:

(1 ) RC quantitatively expresses the ability to gather
the electromagnetic energy from the environment for
free electrons in metals.

( 2) the larger RC means the larger value of enmEm, soO
the more enhanced near field Ed

( 3 ) by RC distribution, we can select those SPRs with
the strong near fields in the subwavelength metallic
structures

( 4 ) the extinction peaks of far field should
correspond to those SPRs with the high values of RC

e 41
Y.Gu et al, EPL, 83 (2008) 27004



Comparison with the nanoantena experiment

00
‘E Tt T
n E i8] s e
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g E f el
: 2 ! ol
D
L) = i .
E' b E f nisH
1|:|'_: "“--L_*__;__,:. < L
T T T T T 1
200 300 400 b
Length (nm)

Science, 308, 1607 (2005)

Nanoantena effects : at the

wavelength 830nm, a nanostrip
260x40x45nm3 has no SPR, while
with a gap, SPR happens. GMM results

Y.Gu et al, EPL, 83 (2008) 27004
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Resonance capacity distribution of rectangular

nanostrips

A=632nm
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Y.Gu et al, EPL, 83 (2008) 27004
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Y.Gu et al, EPL, 83 (2008) 27004
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JUAT -3k (Geometric resonances)
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Extinction efficiency
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Extinction efficiency
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FIEE ~ 30 nm

sABE+LC, A HEE<10

P ATAGIET, ARGEHRLE
: | P KA BEBFHEAHAT (LSPR)
i mpene TLC, B AR RE & Z FAT40nm,
B e FRES BRAVAESIUTRE, TR
ol 10 muyiar 25 nm 2% X %100 nm,

P. A. Kossyrev et al, Nano Lett. 5, 1978 (2005). 57
K. C. Chuetal , Appl. Phys. Lett. 89, 103107 (2006).
V. K. S. Hsiao et al, Adv. Mater. 20, 3528 (2008).




FAEG M

T T T T T m A AR R R
s e e R B 4

M7,

NG = s — ———
\/ Tip COET @+ ng s @

MM E: REGIERBFTHLEARIR—%KET,
BAFRE: UTEBREKKXEF FHRADRZG GG
AAEE, BNBIATRH A TR &
&, A IUT k.

58

Jia Li, Yi Ma, Ying Gu, lam-Choon Khoo and Qihuang Gong, Appl. Phys. Lett. 98, 213101 (2011).



—e— d=460 nm

1007 . 4=480 nm (a) I
’é‘ l d=500 nm
£1000{ —e— d=520 nm 4
£ d=540 nm o—*
g’ 900_ —o— d=560 w/ 3
2 ® —
d>: — -—

(1] o/ ./"" ®
= 800{ o——eo— — o——©
T o/';/ -

700 ———" i
0 15 30 45 60 75 90
Rotation (degree)
E 120 (b)
> -
= 100
Q , ®
g 80 v T v T I '
= 450 500 550 600

Interparticle distance (nm)

5 B 5 B 3wk B

BYEE 57 B AR IEL:
AAN=An-d,
% %) & J& #7 5 460-560 nm i F

nm.

% 5h: BAVET A% A R4
PR R LR S N P

59

Jia Li, Yi Ma, Ying Gu, lam-Choon Khoo and Qihuang Gong, Appl. Phys.|Lett. 98, 213101 (2011).



BT S RPIRTNIES 2 EH
HRER T B SM

At /\ g *@ Point defect
)L’ /& 7) }ﬂ Waveguide \ / {microcavity)

SR

™
eeel oseenecee
X 32 OBJECTIVE T :... ..j&.... Channel
_0_ . e0es sooboccse | -
e e e == cece coqecccne
28Um | esee oce-s00 + .
QPTICAL FIBER WAVEGUIDE eeee oevecccese
REFLECTION FILTER s0ee ovccveee
sses scsscsssne
l eeee _e0cevssee
» . Point Source
JKS ﬁ*ﬂﬂ-, &%1"" “«——— 42um — *]

ATATREKNGELSZA
BH, BREAR

MR 5 5 M KA A AM: cmEEmKE R
ETATFRRGESERALEH: JLHARK
— RIS F R MR IR, REKX, FHEHAE
KRB
1. C. Dragone, Lightwave Technol. 1989,7:479-489 60
2. S. Shi A. Sharkawy, D. W. Prather, Appl Opt. 2001, 40:2247-2252



BRATRE e g B 41

® © ¢ ¢
¥ sEHy ;gﬁéﬁgﬂ*dﬁml‘k
“ y @ © A% %], R=80 ~200 nm,
! L .
- ¢
R 1.8M @2 5 TFH 4

2. R BN, BBFELE
© 0 0 ¢ Luax.

e 5 & & 3. LA R & TR

Jia Li, Xiaoyong Hu, Ying Gu and Qihuang Gong, Opt. Lett. 35, 4051 (2010).

61



%569 % & JUAT 33k

> 4 T v | T T v 3
§ 15 - (a) R=100 nm array _
§ ] d1=800 nm -——- single_
%104 d_=1000 nm
c ]
9
ik
s
X 0-F— . .
Yot b) Re(S)
10 {t Re(1/ )
5 (0,211 -
(1,0) (0, 1)
0 8 =
400 600 800 1000 1200
Wavelength (nm)

HATAL, Jo REASPR
MAETE XA, FREE
h R 3% 6 JUAT 3k

2 FIUAT IR 4F 5
2% E 3 k: XFSPR
LFTRE: —BATANAHE

62

Jia Li, Xiaoyong Hu, Ying Gu and Qihuang Gong, Opt. Lett. 35, 4051 (2010).



Extinction efficiency
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Various surface plasmon polariton (SPP) waveguides
Planar waveguide, Groove waveguide, Cylindrical SPP
waveguide, nanoparticle chain, Bend metallic waveguide,
hybrid(or dielectric-loaded) waveguide

e A Mol o) ¢
it r - Ep o [0 &>,
- R
- S Metal ()

Advantage: .
Light confinementina
subwavelength scale =
Disadvantage: S

Short propagation length
due to the loss

Fuminori Kusunokia et al, APPLIED PHYSICS LETTERS 86, 211101 (2005); Oulton, et al, Nature Photon. 2 65
(2008) 496; T.W. Ebbesen et al, NATURE|Vol 440]508| 2006; E. Feigenbaum, M. Orenstein, J. Lightwave Tech.
25 (2007) 2547; A.V. Zayats et al, Physics Reports 408 (2005) 131-314.




Hybrid SPP waveguide

Sub-wavelength confinement and long-range
propagation

dielectric cylindrical nanowire
£.=12.25, d, A=1550nm

dielectric gap n.=2.25, h o R O o ————
. 3, | —— g_ﬂmo )

metallic half-space Ag \ﬂh\\_A’ E | o
1] ‘_'\ S | Yy
w — g —— h=30m P
Y 0 N S
i 10725 1“\&_ L ______..---""(;1---- ‘% 1074 \\\. — -

Results: 17 L

tightly confined field in the T A A e

vicinity of the gap,low-loss i o)

o ﬂ- E]- | Iﬂ.
Explanation:

Hybridization of the fundamental mode of a dielectric cylinder with the
SPP of a dielectric-metal interface.
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Maxwell equations in cylindrical coordinates:
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Surface plasmon polariton (SPP)

2t SPP: collective oscillations of free electrons
evanescent EM mode bound to surface

Dielectric E . [ E.
N /*\ /‘\
} | |f
+++ \1-*’ = \‘_f, +++ \1./___ >{F
Metal
* N E

@ Localized SP or SPR:
" localized oscillation

strong local field

100 nm

Figure 1.3: Particle plasmon

mmm) ultrasmall optical mode volume Vm

William L. Barnes, Alain Dereux & Thomas W. Ebbesen, nature, 424, 824 (2003);
V. Zayatsa, et al, Phys Rep. 2005, 408:131-314;
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What’s new for guantum emitters
with ultrasmall optical mode Vm?

Weak coupling: Purcell factor F=y/ yo

anisotropic electric mode density of oscillations
=) anisotropic optical mode density )

anisotropic decay rates =) enhanced (F>1)or
supressed (F<1) spontaneous emission at subwavelength
scale

Strong coupling: Cavity QED
Vm is extremely smali g (oc
Q is not high due to loss

mm) | ow-light level nonlinear optics

1

m

) is very large

R. R. Chance, A. Prock, and R. Silbey, J. Chem. Phys.62, 2245 (1975); D. E. Chang et al., Phys. 75
Rev. Lett. 97, 053002 (2006); Edo Waks and Deepak Sridharan, Phys. Rev. A, 82, 043845 (2010)



Main research work in this field:

1. Decay rate modification at subwavelength scale
2. Near field excitation of quantum emitters
3. Strong coupling between plasmonic

nanostructures and quantum emitters

I



Decay rate modification of quantum emitter
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Features of plasmon structures:

1. large Purcell factor 2. anisotropic decay rates
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R.R.Chance et al, the journal of cheimical physics, 62,2245 (1975);R. Ruppin, J. Chem.Phys.
76,1681 (1982); Mads Lykke Andersen, et al. nature physics, DOI: 10.1038/NPHYS1870, 2010



Molecular fluorescence near plasmonic strucrures
------Near field excitation of quantum emitters
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Characteristic:

Reduced life time

Fluorescence: from quenching,
via enhancement, to suppressing
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Strong coupling between quantum surface
plasmons and quantum emitters
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hybrid photonic architectures

The assembly of hybrid nanophotonic devices from different
fundamental photonic entities—such as single molecules,
nanocrystals, semiconductor qguantum dots, nanowires and metal

nanoparticles—can yield functionalities that exceed those of the
individual subunits.

BOX 2
Plasmonic enhancement

' Box,
Cavity QED

e o f’a\f K

. W S\.@\\.ﬁ\@ﬁ S T
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Oliver Benson, nature, 480, 193 (2011)




Functionality on the nanoscale
Light guiding and sorting
Enhanced emission and absorption

Nonlinear elements and switches

Nanophotonic-plasmonic hybrid devices
Plasmonically enhanced single-photon sources

Nanowire photonic elements

Future prospects

plasmons. Also, nonlinear interactions facilitating logical operations

are feasible using CQED or plasmonic effects. There is great potential

82
Oliver Benson, nature, 480, 193 (2011)




Plasmonics Goes Quantum

Make it quantum. Building blocks of an integrated nanoscale quantum
information system. (A) The nanowire supports a single plasmonic oscil-
lation conceptually similar to a single-mode optical fiber. However, the
nanoscale mode volumes of the plasmon lead to strong coupling with the
guantum emitter. (B) An unorthodox approach of enhancing light-matter
interaction is by tailoring the dielectric constant of a medium so that it is
dielectricin one direction and metallic in another. The resulting hyperbo-
loidal dispersion relation supports infinitely many electromagnetic states
for channeling light into a single-photon resonance cone.

A combined plasmonics and metamaterials
approach may allow light-matter interaction
to be controlled at the single-photon level.

single plasmon —
antibunching statistics
nanoscale-mode volume —
strong coupling
entangling+squeezing —
quantum information
quantum plasmonics —
Spaser
Cavity QED
Ql system
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Zubin Jacob and Vladimir M. Shalaev, science, 334, 463 (2011)
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Our work: to pursue intercrossing between
quantum optics and plasmonics in weak coupling

1. Resoanance fluorescence in two-level system:
with one transition channel
anisotropic decay rates and near field excitation

2. Quantum interferences in four-level system:
with two or more transition channel
anisotropic decay rates and near field excitation
Crossing damping under anisotropic vacuum

With above considerations, what would happen ?
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4.1 Resonance fluorescence of single molecules
assisted by a plasmonic structure
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Basic idea

Aim to: realize resonance fluorescence of single
molecules near the plasmonic structure

4 silver nanostrips, 110*50*40 nm3

4 I 4 I
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Resonance wavelength matching (L5pr=Ar=590 Nnm)
a balance between near field enhancement
and decay rate modification

Mollow triplet and photon antibunching
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Plasmonic structure design and optimal area

The Lippmann-Schwinger equation
E(r) = E°r) + sz

with Green’s tensor

1 —ikoR. —3+ 3ikoR + ki R?
Gr, v, w) = (I — I- °_RR
r,xw) = (1= == k2RA )
in the arbitrarily shaped nanostructures
Green's tensor method: *
solving the optical near field C ¥
Green's matrix method: \

designing surface plasmon resonance
by solving the eigensystems

dr'GP(r, 1, w)e,(r,w) - E(r)
\V4

!

expliko R

AT R

A unique design of silver four-nanostrip system

with surface plasmon resonance at A.=590nm
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Optimal coefficient

_ -En:-"l-EIJ }
R& - rn:-:t.."lr[il

Foo/To = 3AIm(G,,) where Gy, 18 the Green's tensor

formulas for resonance fluorescence of two-level system:

oy — fn ar'/4 r ar /4
Slrr u.rjll - ’Lw—ﬂH_UJUJE+|:ET'_.’I4;IE _I_ J._.d-'_'-ﬁ:'ﬁ.]5+l:-rr2}5 _|_ I::-'.L-‘+ﬂﬁ—'.-.-1]- -|-I.Er]._|"-1- E]

gO(1) = 1 = (cospm + T sin ur)e /4 with po = (0 — (T/4)2)"/2 |

Using the optimal coefficient, to find specific regions
where a large near field enhancement and a smali
modification of decay rate simultaneously exist.

Mollow triplet and photons antibunching.
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Optimal nanoarea ©
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(b) Optimal coeffient R _of P plane
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Specific regions 30 to 100 nm away from the metal

surface, where Rx reaches 10~30.
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(a) Electric fields

(b) Decay rates

r

(c) Optimal coefficients
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In xy plane 50nm away from metal surface above gaps
We find: Rx =10~30 whereas Ry <56 and Rz<5
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4.2 Intrinsic Quantum Beats of Atomic
Populations in Isotropic and Plasmon-induced
anisotropic vacuum
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Model setup

Schrodinger equation

in isotropic vacuum and
W-W approximations

with crossing damping terms

A =A“’ ® —‘ p Y2 AP (D' + Qe B(1),
d 4/ i i
LA (D) = @A(Z) o {p%’m (e + O, B(t).

% B(t) = —Qe "™ AD (1) — Qe AP (D),

%Ck (t) =—g; AV (t)e " — g AP (t)e N,

)
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Population trapping condition "=

The populations are trapped in upper
levels due to quantum interferences. \ . p=1
\.
Aq|Qp|%+A,]04]*=0, "1
'\_
0, Y1 \
P =\~ (p==1). | b =
0, Y2 \-.\J_,f*-.\ P 0
ey 0 1 2 3 .t 4 5 6
E— Dressed state analysis
1) o The spontaneous emission from
T = ]
y Fr 10,n> to |c> is zero EEEp
S .. :
5 F T e Spontaneous emission cancellation
.§ o_oosi ) w0 (d) 4=0.5, 0 =3.07,,
_Ly_ |c.n) go.ouu . : ;
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In anisotropic vacuum and W-W approxmations
(a)

S A% = a“’ O1"2 4% O + Qe BO), | e
dt Kiz €, : i K
d \o Y2 h@ Ki N (+\p-iont it - |‘?3‘
m A (t) = (t)1—A7(t)e "> +Q.e 2 B(t), 5

1

S B(t) = -0 AN (1) - Qe A (1), -
at Xy |c)
%Ck (t) =-g; AV (e — g AP (e

Y2 I

decay rates and crossing damping in terms of Green’s tensor.
V1.2 = FJZ’I' C052 91’2 -+ Fzz Siﬂ2 (9152 FEE;“M-:‘D — :g)"acf’]”(—;zz

K = FT’I‘ COS 91 COS 92 -+ Fzz Sin 91 Sin 92 ]-—I'.L‘;r;’fﬁ.‘ﬂ = 3AgdmbG .,

new trapping conditions 7i12l* + »lQil* — k(2125 + 2:9)) =0,

“Two parallel dipoles” can’t be broken A;|2:]* + Ay = 0.
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Quantum beats of population oscillations

Skip the complex formulas

Beat frequency:

/1T 2| =«

— Wy, =2

| —a
1+a?

Rabi frequency:

We = CU["}

Q> = [ﬁrwlz]z + 12117 + |2:]°

New quantum interference effect]|

in isotropic and anisotropic
vacuum. Beat frequency is
determined by spacing and
dipole moment ratio.

1 4 )
a=0.5 mn=1.8lil';rzU

m12=3.0ym Qa=11.24](m

zp Mo
_t_r_k 0
0.8 4 >

[74]

|

206 -

i

L]

-

o P,.

o | 11

a 0.4 —,

18
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Nanoscale Realization In Plasmon Induced
anisotropic vacuum

a
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Right: absorption, near field

Absorption of nanoantenn
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distribution, and decay rates of
silver nanoantenna at resonant
wavelength of 780 nm.

Bottom: quantum beats of atomic -
populations in near field region
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Ying Gu et al, Plasmonics (2011 ) DOI 10.1007/s11468-011-9272-x
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4.3 Surface-Plasmon-Induced Modification on
the Spontaneous Emission Spectrum via
Subwavelength-Confined Anisotropic Vacuum

99



Quantum interferences In isotropic vacuum

crossing damping between two closely lying upper states

S(M) o6

r
b °
) ! a: parallal dipole moments

(},5J :
;) A . . .
N\ ; | spontaneous emission cancellation
» \ b: orthogonal dipole moments
three emission peaks
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e
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0.1
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Theory

Green’s tensor coefficients
Fzz /A/O — SAacITnGzza F:m:/ﬁ/(] — SAGCIW?JGZII:II

decay rates and crossing damping in anisotropic vacuum

(a)
) 2
Y12 = | cOS> 91’2 + I'.. sin 9152

[ag)

Kiz £ Koy N L:F)}
k = ', cosficosbs + I'.. sin 6y sin O- laz) b I —
P T,
'3'1; T2 I Toi
Master equation, dressed state analysis : B
v o) IR

quantum regression thereom
linewidths of the central peak and sidebands

Lo = (71 +72 — 26)47°,

1+ ¢ € 1 — €2 [o =
4+ (v — Vo )— :
4 (1 /2)2 T A, = (M

€ = wia/Qr, n = Q/Qr 1o

Ying Gu, et al., submitted, 2011.

Iy = (71 +72)




Mechanism of linewidth control

If the polarization angle bisector of two dipole moments lies
along the major/minor axis of the effective decay rate ellipse,
destructive/constructive interference narrows/widens the
center spectral lines associated with fluorescence.

Enlarging the anisotropy
increases the variation.

To/T+ = 0.0528 o] ra @

‘E 0.09__ . /
To/Ty = 0.2112 0 [ ; : .

§ o.oe-_ 1 ‘é% @
I'o/T+ = 0.8446 & 003 j\(

o.oo;—ad—/.l;;k. —_—
-6 -4 -2 0 2 4 6
(o—Vv)/y 102
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In Surface-Plasmon-Induced
Subwavelength-Confined Anisotropic Vacuum

a r /
10.0 - ( ) xx Y0
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decay rates
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Left: Rapid spectral line narrowing of atom approaching a

metallic nanowire
Right: the linewidth “pulsing” following periodically-varying

decay rates near a periodic metallic nanostructure
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Top: dramatic modification on the spontaneous
emission spectrum near a custom-designed resonant

plasmon nanostructure, even subnatural linewidth
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4.4 Summary

1. Mollow triplet and photon antibunching of molecular
fluorescence assisted by plasmonic structure

2. Quantum beats of atomic populations in isotropic
vacuum, its nanoscale realization in plasmon-induced
anisotropic vacuum

3. Mechanism of spontaneous emission spectrum
control, its proof and demonstration in
subwavelength-confined anisotropic vacuum

Next, strong coupling ......
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Significance:

1.bridges the fields of guantum optics and plasmonics
2. low-level light nonlinear optical properties

3. efficient coupling of single photons into the single
plasmons.

4. Superior to the cavity QED, anisotropic vacuum and
plasmon excitation cover a broad frequency region and
require no sophisticated experimental setups to
achieve the resonances.

5. for applications in ultracompact active quantum
devices.

Experiments!
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The Case for Plasmonics , Mark L. Brongersma, et al,science, VOL 328,440 (2010).
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RRERT5 o)
come. Important new directions for this field include the
following: (1) merging plasmonics with quantum
systems,’*”" providing challenges for both theory and
experiment; (2) coherent phenomena in plasmonics,
where Fano resonances, superradiance, and plasmon-
induced transparency result in novel new lineshapes and
plasmonic properties;'®"#' (3) active plasmonic devices
and media; new types of devices and media combining
plasmonics with other functional materials for active and
nonlinear responses;'“” (4) improved sensors and detec-
tors; from ultrasmall detectors to LSPR sensors with single
molecule sensitivity and specificity,”' there are many pos-
sibilities for advancing the ability to increase detection
sensitivities and responsivities; (5) the role of plasmons in
modifying chemical reactions; and (6) biomedical applica-
tions, where new types of nanoscale devices can be devel-
oped for diagnosis'' and treatment of diseases, to im-
prove treatment efficacy, and to develop prevention
strategies for global health challenges. We predict the fu- 108

Plasmonics: An Emerging Field Fostered by Nano Letters , Naomi J. Halas, Nano Letters, 10,3816 (2010).
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