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LECTURE 1

1. Introduction
Problem of nanolocalization of energy
Surface plasmons and enhanced optical fields
Surface plasmon polaritons

2. Surface plasmon polaritons as interface waves
Maxwell equation solution for metal-dielectric interface
Surface plasmon polaritons in layered media

3. Adiabatic energy concentration in tapered plasmonic waveguides
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PROBLEMS IN NANOOPTICS

Microscale

Delivery of energy to 
nanoscale: 
Adiabatically 
converting 
propagating EM 
wave to local fields

Enhancement and 
control of the local 
nanoscale fields. 
Enhanced near-field 
responses

Generation of 
local fields on 
nanoscale: 
SPASER
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2
λ λ

Concentration of optical (electromagnetic 
wave) energy
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Enhanced Local Fields in Proximity of  Metal 
Nanoparticle are Nanoscale-Localized

Nanoscale

Enhancement 
(Quality) Factor: 

10~
Im
Re
ε
ε−

=Q

Local (near-zone) 
fields and surface 
plasmons

Lattice Electrons

Surface Plasmon
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Use of Enhanced Local Fields for Nano-Microscopy

Metal tip

Nanoparticle

Enhanced Local 
Optical Fields

Scattered 
Light, SERS

Nanoscale
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Metal 
Nanoparticle

Molecule

h

p
p ε

ω
ω 0=

Surface plasmon frequency 
shifts to red upon molecules 
adhesion

Raman radiation (SERS), 
fluorescence, quenching, …

Nanosensors based on 
enhanced local fields 
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Guiding Equations
Assume that we have a plane interface and consider propagation in the xy 
plane. 

x

y

z
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Resolving the Maxwell equation into parallel and normal (to the plane)
components, we obtain so called Guiding Equations
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See, e.g., J. A. Kong, Electromagnetic wave theory, Second ed. New York: 
Wiley, 1990.
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Surface plasmon polariton (SPP) in a planar layered medium is a TM wave 
where in an i-th medium layer at a point (y, z) for a wave propagating in the y 
direction

Hx@i_, y_, z_D:=HA@iDExp@k@iD zD+ B@iDExp@- k@iD zDLExp@ä k yD;
Ey@i_, y_, z_D:=

ä k@iD
ee@iD HA@iDExp@k@iD zD- B@iD Exp@- k@iD zDLExp@ä k yD;

Ez@i_, y_, z_D:=
k

ee@iD Hx@i, y, zD;

Boundary conditions are continuity across the plane of 

⊥⊥ ×∇= HEH
ε0

||||  and 
k
i
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Metal-Dielectric Interface
For a two-medium system, the SPP wave vector is found as (dispersion 
relation)

Evanescent decay decrements in these two media are found as

21
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From these, it follows that for the existence of SPPs, it is necessary and 
sufficient that 0  and  0 2121 <<+ εεεε
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Dielectric permittivity for silver

P. B. Johnson and R. W. Christy, "Optical-Constants of Noble-
Metals," Physical Review B 6,  4370-4379 (1972).
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Surface plasmon dispersion and resonance
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Surface plasmon polaritons fields
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Topography of Surface Plasmon Polariton Electric Fields
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Thin Metal Layer Between Two Semi-infinite Dielectrics
Dispersion relation (exact analytical expression), where Z[2] is the layer 
thickness: defines the SPP wave vector k in units of c/

ã2 Z@2D#########################k2- ee@2DŠ
I- ee@1D�!!!!!!!!!!!!!!!!!!!!!!!!k2 - ee@2D+�!!!!!!!!!!!!!!!!!!!!!!!!k2 - ee@1Dee@2DMIee@2D�!!!!!!!!!!!!!!!!!!!!!!!!k2 - ee@3D- �!!!!!!!!!!!!!!!!!!!!!!!!k2 - ee@2Dee@3DMIee@1D�!!!!!!!!!!!!!!!!!!!!!!!!k2 - ee@2D+�!!!!!!!!!!!!!!!!!!!!!!!!k2 - ee@1Dee@2DMIee@2D�!!!!!!!!!!!!!!!!!!!!!!!!k2 - ee@3D+�!!!!!!!!!!!!!!!!!!!!!!!!k2 - ee@2Dee@3DM
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Electric field of antisymmetric (slow) SPP in plane normal to the metal layer 
(thickness 5 nm) at frequency 2.2 eV (wavelength 536 nm).

Spatial scales are in units of 100 nm
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Electric field of antisymmetric (slow) SPP in the vicinity of the metal layer 
(thickness 5 nm) at frequency 2.2 eV (wavelength 536 nm).

Spatial scales are in units of 100 nm
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Adiabatic Nanofocusing of Surface Plasmon Polaritons
M. I. Stockman, Nanofocusing of Optical Energy in Tapered 

Plasmonic Waveguides, Phys. Rev. Lett. 93, 137404-1-4 (2004). 

Propagation direction

Waveguide geometry
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Electric field of SPP wave for TM00 mode (magnetic field is tangential to 
the surface, normal to the axis; axially-symmetric solution)

)exp()(
)(
)(  :

)exp()(  :

0
0

0

0

ikzrK
RK
RIERr

ikzrIERr

d
d

m
z

mz

κ
κ
κ
κ

=>

=<

)exp()(
)(
)(  :

)exp()(  :

1
0

0

1

ikzrK
RK
RIikERr

ikzrIikERr

d
d

m

d
z

m
m

z

κ
κ
κ

κ

κ
κ

=>

=<

For Cylindrical Plasmonic 
Waveguide



Department of Physics and Astronomy
Georgia State University
Atlanta, GA 30303-3083

2/11/2005 Web: http://www.phy-astr.gsu.edu/stockman
E-mail: mstockman@gsu.edu

ITCP, Trieste, Italy
02/10/2005    23

c
k

kRkKk

kRkK

kRkIk

kRkI

dd

dd

mm

mm

ω
εε

εε

εε

εε

=

−−

−
+

−−

−

0

2
00

2

2
01

2
00

2

2
01

)(

)(

)(

)(

For TM00 mode (magnetic field is tangential to the surface, normal to the 
axis; axially-symmetric solution), dispersion relation is
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Introduce effective index: 

Close to the tip (R � 0), this effective index diverges as 1/R:

cnk ω=

This describes slowing down and asymptotic stopping of SPP. Important, the 
time to travel to the tip (singularity) of the conic waveguide logarithmically 
diverges, 

∞→−= ∫ )ln(~)(1
0

max

Rkdrrn
c

t
R

R
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Adiabatic parameter:

For a plasmonic (TM00) mode, close to the tip

grading  waveguide theis )( where
dz

zdRR =′

 )(
dR

RdR D′=δ

Thus, adiabatic parameter stays finite everywhere, including the tip. 
Correspondingly, the adiabatic (eikonal or WKB) approximation is applicable 
uniformly over the entire tip. 
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M. I. Stockman, Nanofocusing of Optical Energy in Tapered Plasmonic 
Waveguides, Phys. Rev. Lett. 93, 137404-1-4 (2004). 

Intensity of Local Fields at the Surface of Tapered Plasmonic Waveguide 
(Conic Silver Wire)

Adiabatic Nanofocusing in Tapered 
Nanoplasmonic Waveguides

nm 100 of units in the are sCoordinate ≈D
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Phase velocity of surface plasmon polaritons

Group velocity of surface plasmon polaritons

Adiabatic parameter (scaled by 10)
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Vector of optical electric field for TM00 plasmonic mode of conic waveguide 
made of silver

Spatial scales are in 
units of 100 nm
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Adiabatic Nanofocusing Conclusions
Due to adiabaticity, the back reflection of SPP is minimal. 

The high wave vector of the TM00 SPP makes them dark (no coupling to the 
far field radiation).

The velocity of SPP tends to zero ~R as they approach the tip: adiabatic 
slowing down and asymptotic stopping. 

This leads to the accumulation of the SPP near the tip and their adiabatic 
nanofocusing.

Under realistic conditions it is possible to transfer to the tip vicinity ~50% of 
the initial energy flux, that along with adiabatic stopping leads to the local 
field-intensity enhancement by three orders of magnitude




