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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

2/11/2005 Web: http://www.phy-astr.gsu.edu/stockman ITCP, Trieste, Italy
E-mail: mstockman@gsu.edu 02/10/2005 3




w \QS’ Department of Physics and Astronomy
Gtﬁl’gl?:*t?_'if Georgia State University
WU Atlanta, GA 30303-3083

PROBLEMS IN NANOOPTICS

Microscale

Delivery of energy to

nanoscale:

Adiabatically Enhancement and
conve rtm_g control of the local
propagating EM nanoscale fields.

wave to local fields Enhanced near-field
responses
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Generation of
local fields on
nanoscale:
SPASER
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Concentration of optical (electromagnetic
wave) energy

2/11/2005 Web: http://www.phy-astr.gsu.edu/stockman ITCP, Trieste, Italy
E-mail: mstockman@gsu.edu 02/10/2005 5




. \QS’ Department of Physics and Astronomy
(Jcﬁrgle}?tfl_% Georgia State University
[ Atlanta, GA 30303-3083

Enhanced Local Fields in Proximity of Metal
Nanoparticle are Nanoscale-Localized
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Optical Fields (2003).
__Nanoscale |

Scattered - -
Light, SERS
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Surface plasmon frequency

shifts to red upon molecules@,

adhesion
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insight review articles  RWVTETy W EETEY-ISAWA Y W DT LTI
S Thomas W. Ebbesen, Nature 424, 824

Surface plasmonbasics (2003)

LP= at the nterfacea
batasoan a meatal and

adielectnic material 4

have a combined =
dactromagnetic wave ,—’f

and surface charge €@
character as shown in
a. They ara
ransverse magnetic
in character His in
the y direction), and
the ganaration of /"T
swriace charge

requires an alecinc
fzld normal to the =urface . This combined character a=o kads o the fiddd componant parpendicular tothe surface baang enhancad naar tha

swface and decaying ex ponentally with distance away ffomit §). The fied in ths perpendicular direction is sad to be evanescent, reflecting the
bound, non-radiative nature of 5Ps, and prevents power fom propagating away from the surfacea. In the dielecmic madium above the metal,
typically ar or glass, the decay length of the field, 4, is of the arder of half the wavdength of ight involved, whereas the decay length into the
meta, &, is determined by the skin dapth. &, The dispersion curve for a SP mode shows the momentum mismatch probiem that must ba
overcome in order to couple ight and 5P modes together, with the 5P mode aways hying beyond the light line, that is, it has greater momentum
k-] than a free s pace photon (fiky) of the same frequency w.
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Guiding Equations

Assume that we have a plane interface and consider propagation in the xy
plane.
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Resolving the Maxwell equation into parallel and normal (to the plane)
components, we obtain so called Guiding Equations

(K2eu—k?H, =ik V | H, —iko&V , xE,
(K2eu—k?)E, =ik V |E, +ikotiV , xB,
(V2 +k2eu—k2)E, =0

(V2 +k2eu—kZ)H, =0

Q
where k, = —
C

See, e.g., J. A. Kong, Electromagnetic wave theory, Second ed. New York:
Wiley, 1990.
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Boundary conditions are continuity across the plane of

l
H, andE, :]C—VLXHl
06

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
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Metal-Dielectric Interface

For a two-medium system, the SPP wave vector is found as (dispersion
relation)

@ | &é&,

k =
c\ e +e,

Evanescent decay decrements in these two media are found as

g’ £
1 — 2
g +é&, & T &

From these, It follows that for the existence of SPPs, it Is necessary and
sufficient that &+&,< 0 and £&, < 0
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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

20000 40000 60000 80000
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Surface plasmon polaritons fields

iy

0 10 20 30 40 50

Tangential component of electric field Normal component of electric field
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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 % in units of ¢/ ¢

’/
|
N 4
‘ 4

Two roots: Symmetric and
Antisymmetric SPP
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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

0 5 10 15 20 0] ) 10 15 20
Tangential component of electric Tfield Normal component of electric field
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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

“' '!|ll|1

15 20 0 5 10 15 20

0
Tangential component of electric Tield Normal component of electric Tfield
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Adiabatic Nanofocusing of Surface Plasmon Polaritons

M. |. Stockman, Nanofocusing of Optical Energy in Tapered
Plasmonic Waveguides, Phys. Rev. Lett. 93, 137404-1-4 (2004).

»

Waveguide geometry

Uo1193.41p uonebedo.d
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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)
r<R:E_=I,(x,r)exp(ikz)

]O (KmR)

r>R: E = K, (x,r)exp(ikz)

o\ Ky
ik .
r<R:E =—1I/(x,r)exp(ikz)
K

m

r>R: E. = ik I,(x R)
K, Ky(x,R)

K, (x,r)exp(ikz)
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For TMOO mode (magnetic field is tangential to the surface, normal to the
axis; axially-symmetric solution), dispersion relation is

e I (k,R\Jk* ¢ ) N £,K, (k,RJk*—¢,)
JES—& I (kRk* —& ) +Jk*—&,K,(k,R\K* —¢,)

There is single root:

Slow SPP
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Introduce effective index: kK = na)/ &

Close to the tip (R /70), this effective index diverges as 1/R:

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

R
t = 1 jn(r)dr ~—In(k,R) >
c

R
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Adiabatic parameter: 5 — pr ZME)

dR(z) dR

where R' = y IS the waveguide grading
Z

For a plasmonic (TMO0O) mode, close to the tip
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Intensity of Local Fields at the Surface of Tapered Plasmonic Waveguide
(Conic Silver Wire) !

o

i =

uoI193lIP
uolnebedo.d

Coordinate s are in the units of A =100 nm
M. I. Stockman, Nanofocusing of Optical Energy in Tapered Plasmonic

Waveguides, Phys. Rev. Lett. 93, 137404-1-4 (2004).
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Phase velocity of surface plasmon polaritons
Group velocity of surface plasmon polaritons

Adiabatic parameter (scaled by 10)

A ~100 nm



. \QS’ Department of Physics and Astronomy
(Jcﬁrglgﬁta‘_‘% Georgia State University
Wil Atlanta, GA 30303-3083

Local Electric Fields at Surface of Plasmonic
Tapered Waveguide

Transverse field Longitudinal field

40 201
201 10¢
N /\/\

/”\v /_\\_//.\ — p— o V.
25 -20 -15 -10"7 ! _25 -20 -15 -10
_20! -10;

-40| -20!

A ~100 nm
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Local Electric Fields in Cross Section of System

Transverse electric field Longitudinal electric field

Coordinate s are in the units of £ 100 nm
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Vector of optical electric field for TMOO plasmonic mode of conic waveguide
made of silver
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Adiabatic Nanofocusing Conclusions

Due to adiabaticity, the back reflection of SPP is minimal.

The high wave vector of the TMO0O 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.
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