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Basics

Constitutive relations
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Dielectric function is a complex quantity
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Dielectric function of metals
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Drude-Sommerfeld theory

Free electron contribution
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Drude-Sommerfeld model

Free electron contribution
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Figure 12.1: Real and imaginary part of the dielectric constant forgold according to
=13.8.10'% s=1.T = 1.075 - 10" s~1).
The blue solid line is the real part, the red, dashed line is the imaginary part. Note

the Drode-Sommerfeld free electron model (w

the different seales for real and imaginary part.
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Interband transitions

Bound electron contribution
(Interband transitions)
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Interband transitions

Ejnmrhang
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uneters used are _-.'I, =45.10M s~ ~ =8.35.10"1 5~ and wp = 2me/ A, with

A=450 mm. The solid blue line is the real part, the dashed red curve is the imaginary
part of the dielectric function due to bound electrons.
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Dielectric function of gold
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Solutions of the homogenous Helmholtz equation

VXV xE(rw) — —(r,w)E(r,w) = 0

c~
for this system

‘ Eigenmode of the system (exists without excitation)
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z For s-polarized waves - Brewster angle
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Surface Plasmons

displacement fields in both half spaces have to be source free

V-D=0 mp kbBix+kEi.=0, j=1,2
k, conserved WP k2 +k, =ek? j=1,2

Boundary conditions:

continuity of E,, > E1x— Eax
continuity of D,  mmmp 1B, —€2Fa,

Lo R v

4 equations, 4 unknowns!
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©3) Surface Plasmons

Solutions exist for a vanishing determinant!

kx =0 or ‘Ef]nli‘g__z — ‘E.'Q.li)l_z =0
K2 = £1€2 12 _ 12 w o _ -
T Eiter  Eitem 2 Dispersion relation

Compare to the dispersion relation of light in a homogenous medium
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Define the propagation
= character of the surface
€1€2 ;9  E18a W wave

€1+€a E1+52F

propagating interface modes?

,I;;X must be real!

" i i |
kj!Z must be purely imaginary!
Assume that imaginary part of g; is small
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We are looking for interface waves that propagate along the interface.
This requires a real K,. Looking at
k: _ £1£€9 2 _ £1£9 w_ﬂ

€1+ €2 €1+¢€a 2

this can be fulfilled if both, the sum and the product of the dielectric
functions are either both positive or both negative.

In order to obtain a 'bound’ solution, we require that the normal
components of the wave vector are purely imaginary in both media
giving rise to exponentially decaying solutions. This can only be
achieved if the sum in the denominator of
k2, =—1—k, j=12
L.z o . ’
£1 + &2

|:> F(w) -Fa(w) <
IS negative. £1 (&}) + EZ(W) <
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What is it?

(S H]
1

Dielectric

A //’% 7

Hf hur Hf.a_,i.

*\tﬂo/*f

++ ——— +++
3/
Metal/Polar Material

Surface — Plasmon — Polariton !
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Properties of Surface Plasmons

Now take imaginary part of the metal’s dielectric function into account:

£ = g’i + ',ig'rl" with real ‘Jl T

E9 is assumed to be real.

) k= kL +ik!

Plasmon damping factor
wavelength

el < el mp Kk &
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Properties of Surface Plasmons

1. Wavelength

27
Aspp = o
X

at a wavelength of 632.8 nm
€1 = —11.6 + 1.2i ) )=0.96)

2. Propagation length

1/e decay length of the intensity is 1/(2“{")

for gold at 632.8nm: > 10UM
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3. Decay length

(1/k1.2,1/k2,) = (28 nm, 328 nm)

/ \ in the dielectric

inside the metal
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re 12.5: Dispersion relation of surface-plasmon polaritons at a gold /air interface.

The solid line is the dispersion relation that results from a dielectric function account-

ing for a single interband transition. The dashed lne results from using a Drode type

diclectric function. The dash-dotted straight Hoe is the lght lne w = e« b, inoair,
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Excitation of SPP

(a) 4

W= cko/n

K
(b)
Z
attenuated ™ = a —» s | ampliude

TIR *

Otto-configuration Kretschmann-configuration
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alternatively:
grating coupler
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Otto configuration

Reflectivity

25 30 35 40 45 50 55 60
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)
"é angle of incidence []
L
a
Q . - o N . . R -
K} Figure 12.7: Excitation of surface plasmons in the Otto configuration. The reflectivity
g of the exciting beamn is plotted as a function of the incident angle and for different air
% gaps (o mn ). The curves are evaluated for a gold film. For comparison, a single trace
; is also plotted for silver for which the resonance is much sharper because of lower
2 damping.
2
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@ Figure 12.8: Excitation of surface plasmons in the Kretschmann configuration. The
3 reflectivity of the exciting beam is plotted as a function of the incident angle and for
e different air gaps (in mm). The curves are evaluated for a gold fihm. For comparison
e a single trace is also plotted for silver. Note the the much sharper resonance due to
g the smaller damping of silver as compared to gold. The eritical angle of total internal
2 reflection shows up as a discontinnity marked by an arvow.
24

Nano Photonics with Single Molecules

12



Application

Sensors:
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Excitation by confined fields:

(a) (b)

|
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Surface Plasmons in Nano-Optics

2l field
—p= SPP amplitude SPP g—

27
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Excitation & leakage radiation

(b) leakage radiation

()

critical angle of TIR

ém»’.-;;
—

Figure 12.11: Execitation of surface plasmons with a dipole souree placed Snm above
a S0nm silver laver supported by a glass substrate. The excitation wavelength is
A = 3T0hmm and the dipole moment is parallel to the interface. (a) Lines of constant
power density (factor of 2 between successive contour lines) depicted at a certain
instant of thme. The figure shows the surface plasmon propagation along the top
surface of the silver film and also the radiative decay into the lower half space. (b)
Radiation pattern evaluated on a horizontal plane in the lower medium. The circle

indicates the eritical angle of total internal reflection at an air-glass interface. The

www.nanoscale-optics.de

twor lobes result from the radiative decay of surface plasmons excited by the dipole

]
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Distance dependence

(@) (b)

o Au

e}

2 —

= e Ag

S =

(0] w

MMP
()
o
g r r
g 0 100 200 300
£ lateral wave vector k, gap width [nm]
O
:
2
z
2
2
Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 30

Nano Photonics with Single Molecules



Imaging surface plasmons

(c)

leakage radiation.
Microscope focused to the metal film
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(a) (b) \ y
A—
70 nm A
3 9 Glass
")
&
S
=3 . . . - " .
Q Figure 12.13: Excitation of surface plasmons by a subwavelength-scale protrusion
% located on the top surface of a metal film. (a) Setup, (b) Close up of the particle-
2 heam interaction area. In this experiment, the surface plasmons are detected by the
s fluorescence intensity of a thin layer of fluorescent molecules deposited on a dielectric
c eer laver. Fr 9
g spacer layer. From [20].
2
2
2
Bert Hecht, Nano-Optics and Bio-Photonics group, University of Wiirzburg 32

Nano Photonics with Single Molecules

16



Interferences of surface plasmons
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Plasmonischer Lichttransport in
einem einkristallinen Nanodraht
aus Silber.

a) Fokussiertes Laserlicht (A =
785 nm) regt am Einkoppel-Ende
(E) ein Plasmon an.

b) Mikroskopische Aufnahme eines
18,6 pym langen Drahtes. Der
kleine Fleck am

Auskoppelende (Pfeil) bestatigt
den Lichttransport. c)
Rasternahfeldmikroskopische
Aufnahme des Auskoppelendes.

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

L
b Der am Drahtende reflektierte
g Plasmonenanteil
S interferiert mit dem
9 ankommenden Plasmon.
3
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o
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2 F.R.Aussenegg, H.Ditlbacher
§ Plasmonen als Lichttransporter
Physik in unserer Zeit 37, 220 (2006) pdf (c) 2006 Wiley-VCH
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F.R.Aussenegg, H.Ditlbacher
Plasmonen als Lichttransporter
Physik in unserer Zeit 37, 220 (2006) pdf (c) 2006 Wiley-VCH
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Quasistatic approximation
Example: Dipole field
y I _ eibr 1 kN ]
E(rn.t) = — [k*(n x p) x n—+ [3n(n-p) —p| (_; - —}) el e
l:f'“ r ™ r=

kr < 1 Near-field zone

Jiwt
E(rn,t) = [Bn(n - p)— p] ‘ n
TEQ r
= Electrostatic field of a dipole!!!!!

Oscillating with e**t 1111

To find a near-field distribution it is sufficient to

determine the solution of an electrostatics problem

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

Electrostatics problem
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Particle plasmons
Laplace eq. in spherical coordinates

1 d [, d J 1@
sinf— (12— ) + — (sinf— | + ———| &(r.0.0) =0
r2sind {sln r (; r')ir') T e (sln 6)9) T sin f 92 (r,6,)

Ansatz:

(I)(?“, 9:' (fo) = 2l,m bl,m : (I)l_m (?“, 9,_ ({J)

associated Legendre functions

By = j_l JP{m((:os 0) p_“m,
r Q" (cos 0) e ime

I egendre functions of the second kind

I:(")(bl ] - [f)‘l’Q :|
' = |70 i
00 ],_, 00 );=q Boundary conditions

~ Ody o Py
o or r=a - or r=a
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3(32
¢, = —Ey———rcost
€1 + 2e9
g1 — €9 4co086
by = —FEyrcosf+ Ey — 3

1+ 229 o2

E=-Vd =

3e9 3e9
E, = EFy—————(cosfle, —sinfleyg) = Fp———— ey
1 0T 270( ste —s 0) 0 T om, &

£ — &9 a°
g1 + 2e9 r3

scattered field (econd term) is identical to the electrostatic field of
a dipole p located at the center of the sphere.

E, = FEgy(cosfe, —sinfleg) +

Eo(2cos0 e, +sinf ey)
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= coa(w)Egy
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2. Plasmon resonance small particle

Quasi-static limit:

Particles smaller than the
skin depth of metal

+
+++++

Field enhancement is
determined only by the
material properties,
not the size of the )

particle - but smaller ) — 3 €1 (w‘) — &2
particles give more (-Y(u-)) et

confinement El(CU) -+ 262
Field enhancement ~ 20 on the surface (for gold)

42
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(R Dielectric function of gold
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Resonances of gold particles
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Ancient roman Lycurgus cup illuminated by a light source from behind.

Light absorption by the embedded gold particles leads to a red color of the
transmitted light whereas scattering at the particles yields a greenish color. From
http://www.thebritishmuseum.ac.uk/ science/lycurguscup/sr-lycugus-p1.html.
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