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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. 4
Rev. Lett. 97, 053002 (2006); Edo Waks and Deepak Sridharan, Phys. Rev. A, 82, 043845 (2010)
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Weak coupling:

1) ExBFBEALEHNEG X BN AGERIRHE T K E
7 &5 P Purcell & #3135 ( )

2) BAMKXBFBRARLBYCAHEK, TRAREEARR
BELRBAOERTRZNMEER ( )

Strong coupling:
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Decay of excited atoms in absorbing dielectrics
Stephen M Barnett et al, J. Phys. B: At. Mol. Opt. Phys. 29 (1996) 3763—-3781.
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Decay of excited atoms in absorbing dielectrics
Stephen M Barnett et al, J. Phys. B: At. Mol. Opt. Phys. 29 (1996) 3763—-3781.
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where § = (¢/8x) Re (E X H*) is the Poynting vector, ¢ is the
conductivity of the substrate, W is the average energy of the dipole,
dQ is the differential element of the solid angle, and d7 is the
differential volume element. The integral in eq 2 is over a surface
at infinigy while that in eq 3 is over the volume of the dissipative
substrate, R ' S

P. T. Leung et al, The Journal of Physical Chemistry, Vol. 92, No. 22, 6207 (1988).
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Comments on the classical theory of energy transfer,
R.R.Chance et al, the journal of cheimical physics, 62,2245 (1975).
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Comments on the classical theory of enerqgy transfer,

R.R.Chance et al, the journal of cheimical physics, 62,2245 (1975).
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R. Ruppin, J. Chem.Phys. 76,1681 (1982)
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Finite-element modeling of spontaneous emission of a guantum emitter at nanoscale proximity
to nlasmonic waveouides. Yuntian Chen et al. PHYSICAL REVIEW B 81. 125431( 2010).
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Nonresonant enhancement of spontaneous emission in metal-dielectric-metal plasmon
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Demonstration at the Single Molecule Level J. Seelig et al, Nano letters, 7,685 (2007).
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Figure 2. Plasmon controlled emission.
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Plasmonics in Biology and Plasmon-Controlled Fluorescence

Joseph R. Lakowicz , Plasmonics (2006) 1: 5-33
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Optical antennas direct single-moleculeemission , T. H. TAMINIAU et al nature photonics, 2,234 ( 2008).
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Forster Energy Transfer Across a Metal Film
W. L. Barnesetal, 2004 (£#—=mi)

Application work

Molecular plasmonics
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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

42
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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5.4.1 Resonance fluorescence of single
molecules assisted by a plasmonic structure

47



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
no plasmon structure

' 25 (d)
1.04 (b) | — with plasmon structure
] .20— , L"' noint"j l
0.8 1 __\ 0, |,sj
1 590 nm .24
= . rd 1
S 0.6 A5 0w L7 T o
o T 1.4
g | DBATT molecules
2 0.4-
4
0.2
0.0 T T T T T T T T T T T T T ' - ) ! ) ! 0 I ’
520 540 560 580 600 620 640 660 -600 -300 0 300 600

Wavelength (nm) Frequency (MHz)

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

Mollow triplet and photon antibunching
48

Ying Gu, Lina Huang, Olivier J.F. Martin, and Qihuang Gong, Phys. Rev. B, 81, 193103 (2010).




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

49

Olivier J. F. Martin et al, Phys. Rev. Lett. 74, 526 (1995): Y.Gu et al, EPL, 83, 27004 (2008).




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.
50

B. R. Mollow, Phys. Rev. 188, 1969 (1969): S. M. Barnett et al, J. Phys. B: At. Mol. Opt. Phys. 29, 3763 (1996)




Optimal nanoarea ©

> P plane
(a) - M
Optimal coeffient R of T plane
200
0
180 4.375
g 4 160 8.750
- 13.13
’ F 3 5 4 3 T plane 140 17.50
A 21.88
) 120 26.25
30.63
__100 35.00
i E 80
N 60
40

20

(b) Optimal coeffient R _of P plane

Optimal coeffient R of T plane

0
2.750 200
g:ggg 180+ g 3600
11.00 1 )
11.00 160.] 0.7200
1313 ] 1.080
z 1935 140 1.440
E %3'33 120, 1.800
= : 1204 2.160
~N £100. B 400
c |
~ 80
-100 -50 0 50 100 150 200 250 200 3(']0
Y (nm) X (nm)

Specific regions 30 to 100 nm away from the metal

surface, where Rx reaches 10~30.
51

Ying Gu, Lina Huang, Olivier J.F. Martin, and Qihuang Gong, Phys. Rev. B, 81, 193103 (2010).




(a) Electric fields

(b) Decay rates

r

(c) Optimal coefficients

fEEEEEEEEES

In xy plane 50nm away from metal surface above gaps
We find: Rx =10~30 whereas Ry <56 and Rz<5

A good directivity of emission >



0.54  paint1

Resonance fluorescence : JJLL

(n) F plane
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1. Mollow triplet and photon J\k
antibunching in fluorescence. .= |

2. Narrower spectra than natural - |
linewidth due to cavity effects JJ\/L '_

3. sideband and linewidth of |
spectra sensitive to the location _____ |

Ying Gu, Lina Huang, Olivier J.F. Martin, and Qihuang Gong, Phys. Rev. B,
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5.4.2 Intrinsic Quantum Beats of Atomic
Populations in Isotropic and Plasmon-induced
anisotropic vacuum

54



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 . : ;

56
Lee H, Polynkin P, Scully MO, et al., PHYSICAL REVIEW A, 55, 4454-4465 (1997) .




In anisotropic vacuum and W-W approxmations

d y K . . |
—A(l) _ 171 Ao K2 A2 it 0 IAltB _._31,‘1'
A O=15 4701 AT O + Qe BN, T

| . laz)
%A(Z)(t):-l;z ]\“)(t) ‘1’(t)emazt+gzem2t8(t), BN

""1 é'i’z b

iB(t):_Qze—iAltA(l)(t)_Q’;e—iAztA(Z)(t)’ :
dt Ly le)
d

GO =—g AV (e - g A (e

decay rates and crossing damping in terms of Green’s tensor.
V1,2 = [y C052 91’2 + 1., Siﬂ2 (9152 FEE;“M-:‘D = 3NacdmG .,

K = F:I':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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Ying Gu et al, Plasmonics (2012 ) 7,33-38




Quantum beats of population oscillations

Skip the complex formulas ——

lay) a=0.5 o =1.80y,
T — w,=3.0v,) Q =11.24y,
Beat frequency: zp Mz

[ g, — Wg, =W12 -

. L 0
we=1Lwn  ET=a 08 X -
Rabi frequency: @

206 .
T iy ) N
2 = [egmonf + P +12PF —.,
o004 _P“ N

New quantum interference effect]|

in isotropic and anisotropic 0.2 _Paa: Pas
vacuum. Beat frequency is _

determined by spacing and

dipole moment ratio. 'o 3 6 9 12 15

Ying Gu et al, Plasmonics (2012 ) 7,33-38
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Nanoscale Realization In Plasmon Induced

anisotropic vacuum

Right: absorption, near field
distribution, and decay rates of

a
>

(b)

&
o

el
o

o o
N -y

Absorption of nanoantenn

740 760 780 800
wavelength (nm)

silver nanoantenna at resonant
wavelength of 780 nm.

Bottom: quantum beats of atomic -
populations in near field region

1.0,

100 200 300 400
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Ying Gu et al, Plasmonics (2012 ) 7,33-38
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5.4.3 Surface-Plasmon-Induced Modification on the
Spontaneous Emission Spectrum via
Subwavelength-Confined Anisotropic Purcell factor
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Quantum interferences In a 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

0.3

0.2

0.6

e
=]

0.1

-"’:f @) (b)
0.0 50.4 0.4
-4 -2 o] 2 4 5
§0.2 0.2
H:- —%O 0 20 —%O 0 20
For nearly parallel dipoles, go4 @ ‘ @
ultranarrow spectral linesas £~ -
crossing damping increases ,, 05
T —%oﬁ 0 Azo ~bo 0 20
vy viy
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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

()

2 2
V1o = Fxm COS 91’2 + Fzz SN 9152 ‘i _|"‘*‘; : |+
. . f o K21 _ E lo )
k = ', cosbicosbo + 1'..sinfq sin H- B ) - ql_l_ -
'}'1 Tz I '§|“:_
Master equation, dressed state analysis : B
_1’_1'_|c} 5—*—*—@»

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/Qnr 62

Ying Gu and Luojia Wangq, et al., nano letters, in press.

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/Ta = 0.0528

To/Ty = 0.2112

To/T+ = 0.8446

S(w) (arb. units)
=] =] (=
2 3 3
N
* =
J 's:i
o Cﬁb

Ying Gu and Luojia Wanq, et al., nano letters, in press.




In the Surface-Plasmon-induced
Subwavelength-Confined Anisotropic Purcell factor

(a) -
NG B B A B
ekl
: -

2.100

2.350
2.600

10.0
7.5

5.0 -

decay rates

2.5

0.0

0.008
0.006
0.004

0.002

S(w) (arb. units)

S(o) (arb. units)

0.000

(o), -10

-5 0
(0—Vv)fy,

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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Ying Gu and Luojia Wangq, et al., nano letters, in press.




¥ (nm)

¥ (nm)

200 400 600
X (nm)

Top: dramatic modification on the spontaneous
emission spectrum near a custom-designed resonant

plasmon nanostructure, even subnatural linewidth
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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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Plasmonics

b R 3%

Semiconductor
electronics

Operating speed

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

Critical device dimension (nm)

FEOFERAAFRARRE LA TFFEoRTFF
s, AXAFER, KEAE, LiEFE, 29
XFF, Kk, FERAF, EFAFERE=T
FETEAAER, RS EAMRRE LR A
BRI B

The Case for Plasmonics , Mark L. Brongersma, et al,science, VOL 328,440 (2010).




- b
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- 20

Plasmonics: An Emerging Field Fostered by Nano Letters , Naomi J. Halas, Nano Letters, 10,3816 (2010).
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T3%: 4--F % H(molecular fluorescence,MF) #) %215

Luminescence (& %) :an emission of ultraviolet,
visible or infrared photons from an electronically
excited species, including fluorescence( t)

and phosphorescence(#% 5t)

IE;
VAR

ME 894 F : R —FPIRIF 69 57 & FF £ 69 Ay
2 ¥ &FF é‘ﬁii%é*#] g ) FdAR; &

o o 73
Molecular Fluorescence: principles and applications

Bern*ard Valeur, 2001 Wiley-VCH Verlag GmbH




MF &5 % & %

1565
1602
1640
1833
1845
1842
1852
1853
1858

1867

1871
1888

N. Monardes
V. Cascariolo
Licetus

D. Brewster
]. Herschel
E. Becquerel
G. G. Stokes
G. G. Stokes
E. Becquerel

F. Goppelsroder

A. Von Baeyer
E. Wiedemann

Emission of light by an infusion of wood Lignum Nephriticum
(first reported observation of fluorescence)

Emission of light by Bolognese stone ( first reported observation of
phosphorescence)

Study of Bolognese stone. First definition as a non-thermal light
emission

Emission of light by chlorophyll solutions and fluorspar crystals

Emission of light by quinine sulfate solutions (epipolic dispersion)

Emission of light by calcium sulfide upon excitation in the UV,
First statement that the emitted light is of longer wavelength
than the incident light

Emission of light by quinine sulfate solutions upon excitation in
the UV (refrangibility of light)

Introduction of the term fluorescence

First phosphoroscope

First fluorometric analysis (determination of AI(I1T) by the
fluorescence of its morin chelate)

Synthesis of fluorescein

Introduction of the term luminescence
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1905,
1910
1907

1918
1919
1920
1922

1923

1924
1924

1924
1925

1925
1925

E. L. Nichols and
E. Merrit

E. L. Nichols and
E. Merrit

J. Perrin

Stern and Volmer

F. Weigert

S. J. Vavilov

S. ]. Vavilov and
W. L. Levshin

S. J. Vavilov

F. Perrin

F. Perrin
F. Perrin

W. L. Levshin
]. Perrin

First fluorescence excitation spectrum of a dye

Mirror symmetry between absorption and fluorescence
spectra

Photochemical theory of dye fluorescence

Relation for fluorescence quenching

Discovery of the polarization of the fluorescence emitted by
dye solutions

Excitation-wavelength independence of the fluorescence
quantum yield

First study of the fluorescence polarization of dye solutions

First determination of fluorescence yield of dye solutions
Quantitative description of static quenching (active sphere
model
First observation of alpha phosphorescence (E-type delayed
fluorescence)
Theory of fluorescence polarization (influence of viscosity)
Theory of polarized fluorescence and phosphorescence
Introduction of the term delayed fluorescence
Prediction of long-range energy transfer
75

Bernard Valeur, 2001 Wiley-VCH Verlag GmbH



1926

1926

1927

1928

1929

1929

1932

1934
1935
1944
1948

E. Gaviola

F. Perrin

E. Gaviola and
P. Pringsheim

E. Jette and W.
West

F. Perrin

]. Perrin and
Choucroun
F. Perrin

F. Perrin

A. Jablonski
Lewis and Kasha
Th. Forster

First direct measurement of nanosecond lifetimes by phase
fluorometry (instrument built in Pringsheim’s laboratory)

Theory of fluorescence polarization (sphere).

Perrin's equation

Indirect determination of lifetimes in solution.

Comparison with radiative lifetimes

Demonstration of resonance energy transfer in solutions

First photoelectric fluorometer

Discussion on Jean Perrin's diagram for the explanation of
the delayed fluorescence by the intermediate passage
through a metastable state

First qualitative theory of fluorescence depolarization by
resonance energy transfer

Sensitized dye fluorescence due to energy transfer

Quantum mechanical theory of long-range energy transfer
between atoms

Theory of fluorescence polarization (ellipsoid)

Jablonskis diagram

Triplet state

Quantum mechanical theory of dipole-dipole energy transfer

[

Bernard Valeur, 2001 Wiley-VCH Verlag GmbH
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Fig. 2.4. Top: Potential energy diagrams with vertical
transitions (Franck—Condon principle). Bottomn: shape of the

absorption bands; the vertical broken lines represent the FC}'% g éﬁ ‘ﬂ)]ij’t.‘i%ﬁ; "jg-: Q

absorption lines that are observed for a vapor, whereas
broadening of the spectra is expected in solution (sclid line).
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PHOSPHORESCENCE]

ABSORPTION

FLUORESCENCE

PHOSPHORESCENCE
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LR E R RE L 6K K FBt K bgJablonski B

TUAF R B ERRAERET TR, § Tk
FHHBH (VR) 8448, KAEMANTTFRIKELE,
SPPT A E42: B3P EW AF k. B3H/RLEHET
wEZHERS (BX) FE (ARAFS) , AaPaRiti
B KK 5

T & ¥ % i Jablonski B ¥ &A1 3L 3L 42 69 45 4E B 1)

CHARACTERISTIC TIMES

absorption 10" s
vibrational relaxation 10™-10" s
lifetime of the excited state S, 10™-10" s —» fluorescence
intersystem crossing 10™-10" s
internal conversion 10™"-10°s
lifetime of the excited state T, 10° -1 s —» phosphorescence
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% K Famk X6 FF = £ (quantumyield)

k?: rate constant for radiative deactivation S; — So with emission of fluorescence
k>: rate constant for internal conversion S; — Sp.

ki..: rate constant for intersystem crossing. . . 1

s y T OMAREE s=5 o

kS = k> + k; " kS + kS
nr — Mic 18C+ r nr
For deactivation from T; ., we have

k!: rate constant for radiative deactivation T; — Sp with emission of phosphores-
cence.

k.. rate constant for non-radiative deactivation (intersystem crossing) T; — S,.

RRET R b

k.‘:‘ S1 Wr,
Op = e = k1 v T,
kr + knr
S T T
7 1] & ALY L) k. K. K k.
k; r !
i:I:'isr: — ﬁ = kiscTS So
r nr S
krll l.!(nr - ki: + l‘(ist:
r

5}&7"@%%}‘1 gzrc_ {I}P = W{I}isc
r

nr
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#) §t. =3+ 4% T 42 (donor and acceptor)
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1110%71(0

dipolar LONG
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energy
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ﬂlf T)L#‘Fﬂ'% exchange SHORT
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ORBITAL OVERLAP charge
energy €| \ resonance

transfer interactions

Fig. 4.13. Types of interactions involved in non-radiative
transfer mechanisms.

Bernard Valeur, 2001 Wiley-VCH Verlag GmbH85

XARE, FFA, T4 F, LEXFHKA, 2005



2L 2L > o
Forster Ae 2 % Ii#_i DONOR  ACCEPTOR
labs. eml. labs. EI'I'1I.
T | I | T
Ang-cmupling
N ; exciton |
1 Du .«
. I
s r’ region i
k7]
c . . wavelength
T 0% weak-coupling exciton |
=
=2 . -
= 0 :
E } __I AE . 3 A*
o 10" _ -
“— 8 . very weaak coupling
E r-region (Forster)
™ I 3| 2| 1 1| 2| 3
10° —
| k4
¥
- D L J A
5 —
T T I
| ! | I ! | . R

1

107 10" 10" 10° 10" 107 FTTTTTTT T e e e
. . A resonant transitions
interaction energy (cm™)

Forsterfit 24 % Shmw @iz o F 5~ £ F B, BI15845
WA B KAZAR ZAE R LA 44, MAERAERSH10% K,
EBRTHIREZREY, Forsterit B R L ¥ —H
EBRETEFARLELSRLTREZESE,

Bernard Valeur, 2001 Wiley-VCH Verlag GmbH86

XARE, FFA, T4 F, LEXFHKA, 2005



T AR

W, T 6 R R AR B T R R K
Ar=2m / ke

BE—ReHAT, ©F6% KT FHH
MR, ARETFARIZIERTESE,

TT0 e REER AR R T % 2]
F—AkK, it EFREELES AL
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B FH(quantum well)

8 T8 (quantum wire)

8 T8 (quantum dot)

N
&+ E(Fermi wavelength)
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