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) P =P +P

B P/P, = 1+Py/P,
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Dipole in inhomogeneous space

E,(r,) + E,(r,)
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Rate of energy dissipation

in inhomogeneous space
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Another point of view

undriven harmonically oscillating dipole:
d? d 9
= u(t) + Yo p(t) + wip(t) = 0
gz )+ Yo u(t) (1)

memm) (1) = Re {p,o e 1o/ 1-(13/4w) t o0 "/2}

damped oscillation with slight frequency shift

require that 7, €< W,

Q

°

% then the average energy stored in the oscillator is:

d 2

£ T m 2 92 .9 muw 2 et
3 W(t) = — |wop (t) + o°(t) = =
: (t) 2 [wop?(t) + f12(t)] 2 1,

2

z

:

z

‘ lifetime of the oscillator: T, = 1/’}(’0
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Classical decay rate

Energy conservation requires that the decrease in oscillator
energy must equal the energy losses

quantum yield
-t
W(t=0) — W(t) = ¢ / P,(t")at’
Jo

. @)® v
using H/‘r(t) as just defined and P,(t) = g .;gq
TE, oC

we get
- 2,2
1 2(1' W,

dmte, 3med

Yo = (i

classical expression for the atomic decay rate

At optical wavelengths a value for the decay
rate of ~2-:10~8 5! is obtained.
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Inhomogeneous environment

I d

p(t) + Yo p(t) + w2p(t) = LB.(1)

dt m

Es ... secondary local field

Expectation: Interaction with ES causes a shift in resonance
frequency and a modification of the decay rate.

Trial solution for the dipole moment and the driving field:

u(t) = Re{p, e e1/2}

E.(t) = Re {Eo omiw fe_ﬂf?}
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Change in the decay rate

assume again that v, < w, = reject terms in "}2

Interaction with the driving field &4 is weak

d? d q?
LA o—p(t) + w 2l
- (“2 I‘L( ) + 1 ! (“ ( } + cJ)u’( ) m »( )

2
won(t)> LB

Y . Gme
- — = I + g | ‘l} 3 Im{p, -Eq(r,)}
1o
: 2,2
1 2¢°w;
dmte, 3mc3

using Yo = (;
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P 6me,e 1 .
compare to E =1+ Wﬁ Il’Il{pf -ES(I‘O)}

derived from energy conservation (evaluation of Poyntings theorem)

~ 6me, 1
to — =1+ ¢ ——=— Im{p-E(r
% gl o e B )

Y P
Yo Po

It follows that for ¢; =1
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change in the decay rate is identical to the
change in the rate of energy dissipation
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Frequency shift

Av=w —w,

1 a2 Ay ~
— I RefurE}+ 210

Aw = w [1—4/1 - ,
v m|p,|? 2 4

(2
w2

expanding the square root to first order and
neglecting the quadratic terms in Y

Aw _ 3me, 1

= ¢ BNE

Re{p, Eg}
Yo |3uo

Small shift: same order of magnitude as the radiative linewidth
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Maybe observable in high precision experiments.
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Quantum yield

-
Q . ir
Yr + Ynr
Yr and Ynr .. radiative and non-radiative decay rate
homogeneous environment: () = ¢ intrinsic quantum yield

Now: 7Yy and “Ynsr are functions of the local environment

S

radiation emitted to the farfield

radiation absorbed in the environment
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Flux of e.m. energy into

the sphere

S = (E xH) must be equal to the
dissipation rate

www.nanoscale-optics.de
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Experiment vs. theory
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S. AL Rice, eds.) 37, 1-65, New York: Wiley (1978).
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4000 5000

R. R. Chance, A. Prock, and R. Silbey, “Molecular fluorescence and energy

transfer near interfaces,” in Advances in Chemical Physics (I. Prigogine and

data by Drexh
ata by Drexhage 3

Dipole emission near planar interfaces
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Allowed and forbidden light
allowed light forbidden light
X X € \%\ /R/ﬁi
% £, ;‘ £,
% x& X £| ‘\)g\ XI
¥ « N -
é g[ & M’ia =
e alc o . | ¢
= 3 > &1 > E9
16
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To solve

we will try to express the dipole field in terms of plane and
evanescent waves for which we know how to reflect and refract
them at the interface

also: make use of the dyadic Green s function

9]
S
»
o
g
=3
o
)
©
o
a
o
=
©
c
2
2
2

Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 17

—

no interface: E(I‘) = LJQ;LO;Ll Go (I‘,I‘o) J1

—

we are looking for an angular spectrum representation of Go (I‘._ I‘O)

[V2+ kf] A(r) = —popia j(r)
ir) = —iwdr—r,) p
compare to the definition [V2 + kg] GO(I‘, I‘f) = —(5‘(1‘—1":

k? ka1|l"—l"u|

) A(r) =
(r) - iweyer 4mlr—r,|

Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg
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angular spectrum representation:

B2 [T e e sk
Alr) = p—pr— //F04[#..-(.:—.u,)+f~_.;(y—_m,)+!-;1|~—~<,|] dh dk,

TeWEREL

Use E:iw[1+}€fgvv']A

and compare to E(I‘) = wQ,uO,ul éo (I‘, I‘O) ji
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Go(rf ro) = @
/ z<z,

with /

X ki—k2  —kyky, N Fhok.,

M = 15— —koky  Ki—kZ  Fhyk-,
1z ‘ ‘

VL Fhoke,  Fhyk., K-E2

This is still the old Green “s function for the homogeneous space,
however, in a plane wave expansion.

//ﬁ Cf[,k-:!.(;l:—.r,.,) +ky(y—vo) + k= I,:_,:.,I] dk, dk,

z>z,

To apply the Fresnel reflection and transmission coefficients we need to
divide the matrix in an s-polarized and a p-polarized part.

— 8 P

ﬁ(k:ﬁ: ky) = M Ub: ky) + E/I (k':::e ky)
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- ) k2 —koky O

A N e R ) 2
il k., (k2+k2) ‘E'-_”I‘u A._,- (.l
i 0 0
:I\-LE!I‘.;] ‘[".:-1["1;'1";1
Y fp— Kok k K2k
M= Bl | s ok,
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Fresnel coefficients

_ ok, — p1k.,
pok., + ik,

(kg ky)

210k,

£ (ke ko) =

(ks k) = cok., — 1k,
s by 52]{:31 -+ 51sz

2e9k. 5
ffp(kj_-r,ku) _ E2Rz . H2&1
; gk, + 1k | e
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pok., + k-, k. =

Fho (k3+k7)
+ k!a U‘%"' ‘E‘ﬁ)

Fho(k3+ky)  Fhy(k3+ky)  (k3+kD)% ks,

21

— (k2 +k2)

— (k2 +Ek2)

22
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Green s function upper halfspace

dyadic Green’s function of the reflected field

— — P 1. SRR & i 3 i
Gres(r; ro) = .,..J/ M, e j+ M, | ik @mrethulu—se) oy (+20)] g g,

k3 —kyky 0

— 8 i -""..(;1'.:‘- A‘.‘!} ; : 2
Meer = Bty | b b0
[ K2k, koky ks, ko (K24 K2)
sy _f"n“"r- 'I‘u} I ‘.; :.r
Mrff = m AI.]"I.IHA‘:,] ;!i}lﬂ_] 111'3,{111‘_4‘;1'2)
SV | R (2 —E(R2EED)  —(R2HR2)YE,,

) E) = wltops [Golr,r)+ Gres (70)] £

new Green ‘s function of upper halfspace!
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Green “s function lower halfspace

éh r ru j/ Mlh‘i‘hl_/.‘[i: ["‘a-'[-T'—-T‘u}+"'_u{_i-f—_th.]—’~‘ Az48) + k. ]l’”1 r”'t;
&
. (ks & k? —kehy 0 =
M, = 7’) —koky, k20 = |

k-, (K24 k2)
’ 0 0 0

07k ) ;‘:%;': " kokyke, 't'x{;'f'i' ‘E"ﬁ}}\':., l;":l

—p il e . - )

My, = oy | Rekke  KRe kR /s,
T ke (B2 RD) Ry (R24E2) (K2+K2)Y ke,

E(r) = wopr Gy (r,1,)

new Green s function of lower halfspace!
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More than one interface

generalized Fresnel coefficients

for example: single layer with thickness d

rf’és) + réf)gs) exp(2iks.d)

T(p,b')
1+ {7 exp(2iko-d)

175715 expik.d)

t(p,S) _
1+ 57 rs) exp(2iko.d)
(p,s)

2,3 reflection and transmission coefficients for
the single interface (i, j).

T

(p,s)
ti.
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Example
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Power density of a dipole above a

T nm
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slab waveguide depicted at a
certain time. The dipole is located
at h=20nm and its axis is in the
(x, z) plane. 6=60°, A=488nm,
d=80nm, ¢;=1, &,=5, £3=2.25.
Factor of 2 between successive
contour lines.

26
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spontaneous decay rate

P 6me,e 1 .
— =1+ —% — Im{p"-E;(r,)}
Fo R

. ] 6me, 1
— =1+ ¢ —— —= Im{p,-E:(r,)}
o ? |0u'o|2 k3

identical for @; =1
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spontaneous decay rate

‘E4(r,) corresponds to the reflected field

E'r'e!f (ro) == wzﬂ'o“’l G?‘e:f (rc; ) rc;) ,U,

o0
= g (e P S IC A AT g
G"'I(r'r“):87“2//[M,.,_.f—l-M,.{.f]l‘f[k"'“ @o)+hy (Y=bo)+hsy (3420)] dk,.dk,
%
with transformations

ke =kpcos @, ky = kpsing, dkydk, = k,dk,do
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B oF g [Rr kL0 0 _
Gres(ro.rs) = o0 / A—” 0 kfre—k2ar 0 | e dk,
g T 0 0 2k2rP

Integral over @ is solved analytically

—

E?'e!f (ro) — wzf"’o,“"l Greaj' (roe ra) M

(]
-O. i
g P 6re,e 1 ,
: P 5 o5 Im{p"-Eq(ro)}
Q PO | | k
3
-
2
z
2
2
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oo
2 2 . .

P Moty 3 s S

— =1+ a - y Red = [’..‘s —Sif""] eZ:!.],m.g: d‘s

P, P 4 S

0
oo
2 3
i; 3 5 T
+ '[—2" — [ Re PP @2ik1zos: L g
p- 2 S
0

5= kfp/kl
V1—-52 = k., [k
5. = (1—s2)1/2

F

www.nanoscale-optics.de
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Example

-

5?&\
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aluminum

[¥]

T
T, glass
1
0
0 03 I 15 20 05 1 1.5
h/ & h/ i
1.5
b) —_ dy
1
T
T
0.5
0
0 5 10 15 20 0 5 10 15 20
h [nm] h [nm]
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Far fields

One of the advantages of using the angular spectrum representation
is the straightforward derivation of the far field:

. ~ e’
E.(5:,5y.5:) = —iks.E(ksy, ksy; 0) —
1 ! r
x Y z
s = (84,84,8,) = (—,=,—)
s rr’r
k. Foq k-
different optical (rl‘ k_; TlL) z2>0
properties in the upper S =
and lower half space kg ky, k.,
(e T ) 2 <0

Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 33

spherical vector components E; :(Er: Ey, Eg,;,)
upper half space 8, = k., /k1 = cos 0
lower half space §; = }'i','zn/k?” =—cosf

é P=P'+P!+P;+P,+P
pl
B

Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 34
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|:E9] k¥ exp(ik;r)

dmeqey r
[t cOS O + 1, 8in @] cos (I,v(?_'z) — 1. sinf @g”

o TR
— [tz sin @ — p1y, cOs @) @g )

j e [1? n] for upper or lower half space

k
~ z1 ) . i _ 2
s §.= = \/(nlg.ﬂ,ﬂ_)—— (52 +52) = \/(nl/nn)?_ sin“0
.é n
@
Ko}
3
S
2
z
2
z
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height of the dipole above the interface
(I)El} _ 6,_—1':'»:;050 + ,p(e) eiklz(,cos dipole in a
- - depth zZ, below
roo . 1 theinterface
(I)EQ} _ 6,_—1:'&:1:(. cosf ?,p(e) e-e.kﬁ(,cosﬁ
(1)53} _ e_—z’k.:,, cos + ?,3(9) eim:,,cosﬂ
p) — n cos t7(f) etknl205:(0) + 6 cos O]
n ; 1 .
s ny 5.(0)
<
-% (I’-E?) _ M t7(6) ikn[208:(60) + § cos 6]
@ nq
3
¢ (3) cosf ik [208:(0) + & cos 6]
: B =TT 45(g) ethnleoi0)+ eos]
- 5.(0)
2
z
36
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In the farfield, the magnetic field vector is transverse to the electric field
vector and the time-averaged Poynting vector is calculated as

EoE-' 5
—'] E,E n?”
Jolt

radiated power per unit solid angle df)=sin 9()19(1{(9

P = p()dQ = r? (S)-n, winh p(2)=p(6, H)

radiation pattern

8) = JRe{ExH'} =

Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 37

Normalized radiation pattern

. 2 y
+((j1x €08 & + g1, sin 0]? cos*0

interferences between the p-polarized terms of the two major
orientations

Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 38
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Discussion

cos 6

(0)

C_Q zo IS (0)} Re

2
[q)j(l)q,_g?) + @51)@;@)] ~ ‘f_(p)(g)‘

AT

v
b

vanishes in the forbidden zone where

k. p ; p . 9
z = f._,: = \/(n]/n”)')— (‘3% + ‘?i) = \/(n]/n,,)?— sin“#

becomes imaginary

‘ no interferences - no dependence on ¢

Y1

Q

o

é Furthermore,

§ §: ="t = \/(n]/n”)?— (‘3% + ‘?i) = \/(n]/n,,)?— 811129

= [ L

z

= being imaginary leads to a z-dependence of the pattern in the forbidden zone

Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 39

Example

% h%
. )& :

Figure 10.7:

Radiation patterns of a dipole with orientation ¢ = 60° approaching a
egtide. A= 488%nm, § =80nm, £y =1, g2 =5, 3 = 2.25. The different

o= I of the dipole are indicated in the fi

shown in the plane defined by the dipole axis and th

The radiation patterns are
xis. Note that the allowed
light does not depend on i and that the forbidden light is always syiunetrical with
respect to the vertical axis.
Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 40
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Experiment

|8 & B 7 wl
V.l 5
L I L L L L "
T T T T T T L
. = Data i :
:l" Fit I
— Maodel
.
N
L]
L L 1 L L 1 5 3

pixel number
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