
2328-4

Preparatory School to the Winter College on Optics and the Winter 
College on Optics: Advances in Nano-Optics and Plasmonics

M.I. Stockmani

30 January - 17 February, 2012

Georgia State University
Atlanta 
U.S.A. 

 
 

 

 

Nanoplasmonics: Optical Properties of Plasmonic Nanosytems II 



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

Short Course Nanoplasmonics  
SPIE Photonics West 2012 

http://www.phy-astr.gsu.edu/stockman 
E-mail: mstockman@gsu.edu 

Lecture 2    p.1 
1/25/2012 9:50 PM 

Nanoplasmonics: 
Optical Properties of Plasmonic Nanosystems 

Mark I. Stockman 
Department of Physics and Astronomy, Georgia State 

University, Atlanta, GA 30303, USA  
 

 Lecture 2:  
 Nanoplasmonics of Nanosystems 

Support: 

US Israel 
Binational Science 

Foundation 



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

Short Course Nanoplasmonics  
SPIE Photonics West 2012 

http://www.phy-astr.gsu.edu/stockman 
E-mail: mstockman@gsu.edu 

Lecture 2    p.2 
1/25/2012 9:50 PM 

LECTURE 2 

Nanoplasmonics of Nanosystems 
1. Introduction; Local fields of a sphere and lifetimes 

2. Localized SP resonances (SPs or LSPRs): Quasistatic eigenmodes 

3. Nanoshells, their eigenmodes and absorption cross section 
4. SERS 
5. Applications to nanoscopy 
6. Aggregates of nanospheres; nanolenses 
7. Extreme nanoplasmonics (optional) 
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PROBLEMS IN NANOOPTICS 

Microscale 

Delivery of energy 
to nanoscale: 
Conversion of 
propagating EM 
waves to local fields 

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

Ultrafast, 
nonlinear, and 
quantum 
nanoplasmonics 
(SPASER) 
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L. Novotny and S. J. Stranick, Annual Rev. 
Phys. Chem. 57, 303-331 (2006) 

M. Rang et al., Nano Lett. 8, 3357 (2008) 

•J. A. Fan  et al., Science 328, 1135 (2010) 
•M. Hentschel et al., Nano Lett. 10, 2721 (2010) 

K. Li, M. I. Stockman, and D. J. Bergman, 
Phys. Rev. Lett. 91, 227402 (2003) 

M. I. Stockman,  Phys. Rev. Lett. 93, 
137404 (2004) 

Plasmonic Hot Spots          
15th Anniversary 
•M. I. Stockman et al., Phys. Rev. Lett. 75, 2450 (1995) 
•M. I. Stockman, L. N. Pandey, and T. F. George, Phys. Rev. 
B  53, 2183-2186 (1996) 
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Quasistatic Approximation and Eigenmodes 
For a nanosystem, size is much less than the radiation 
wavelength and skin depth. In this case, one can neglect 
retardation, and describe the system by quasistatic equations 
for electrostatic potential. 

Quasistatic approximation does not imply that the excitation 
processes are slow. Just to the opposite, the neglectable 
retardation allows one to use and study ultrafast processes in 
nanostructures. 
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Quasistatic Field Equations and Boundary Conditions 
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Quasistatic Fields as Expansion over Eigenmodes for 
Spherical Particles 
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Coefficients of eigenmodes expansion for L-multipole mode: 
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Quasistatic Local Field  Magnitude for Silver Nanosphere in 
Vacuum 

Excitation Polarization 
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Plasmon Lifetimes 
General behavior of polarizability close to a (plasmon) pole  
[See: V. B. Berestetskii, E. M. Lifshits, and L. P. Pitaevskii, Quantum 
Electrodynamics (Pergamon Press, Oxford and New York, 1982)]: 
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From this, we find the transition dipole of a plasmon: 
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Nonradiative decay rate can be found from the pole of the 
polarizability 

02)( =+− dpm nr
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We will follow the spectral theory that allows one to separate the 
material and geometric properties of the system. 

1. D. J. Bergman and D. Stroud, in Solid State Physics, edited by H. 
Ehrenreich and D. Turnbull (Academic Press, Boston, 1992), Vol. 46, 
p. 148-270.  

2. M. I. Stockman, S. V. Faleev, and D. J. Bergman, Anderson 
Localization vs. Delocalization of Surface Plasmons in Nanosystems: 
Can One State Have Both Characteristics Simultaneously?, Phys. 
Rev. Lett. 87, 167401-1-4 (2001). 

3. M. I. Stockman, D. J. Bergman, and T. Kobayashi, Coherent Control 
of Nanoscale Localization of Ultrafast Optical Excitation in 
Nanosystems, Phys. Rev. B. 69, 054202-1-10 (2004). 

 

 



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

Short Course Nanoplasmonics  
SPIE Photonics West 2012 

http://www.phy-astr.gsu.edu/stockman 
E-mail: mstockman@gsu.edu 

Lecture 2    p.16 
1/25/2012 9:50 PM 

Quasistatic Field Equations and Boundary Conditions 
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Material properties of the system is convenient to express in terms of the 
spectral parameter 
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Local fields on nanoscale for harmonic 
excitation with external field                at 
frequency ω:  
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Eigenmode problem (homogeneous equations; 
dependent only on geometry, material 
independent!) 
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In terms of the eigenmodes, Green’s function spectral expansion is very 
simple 

Irrespectively of the precision with which the eigenfunctions and 
eigenvalues are found (as long as the eigenfunction are properly 
orthonormal and the eigenvalues satisfy the corresponding sum rule, this 
Green’s function exactly  satisfies the general requirements of the theory 
due to its correct analytical structure.  

In particular, it has only simple poles in the lower half-plane of complex 
frequency. Thus it satisfies Kramers-Kronig causality relations. 



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

Short Course Nanoplasmonics  
SPIE Photonics West 2012 

http://www.phy-astr.gsu.edu/stockman 
E-mail: mstockman@gsu.edu 

Lecture 2    p.22 
1/25/2012 9:50 PM 

rdEG
rr

EE

Q
m

m

′′′
′∂∂

∂
+=

∂
∂

==

∫ 3)0(
2

)0( ),();,(),(),(

Im2

Re

2

ωωωω

ε
ω
εω

γ
ω

β
βα

αα rrrrr

The poles of this Green’s function describe SP plasmon modes. The 
resonant (singular) part of the Green’s function is 
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At a pole, the Green’s function and local fields are increased by the 
plasmonic quality factor 
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Quality Factor of SP Resonances for Gold and Silver 

These two definitions coincide for the extreme Drude case: 2

2

ω
ω

ε p
m −=
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Nanoshells 
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Eigenfrequencies of Surface Plasmons for Silver 
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Absorption Cross Section of Silver 
Nanoshells 
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Localization of Surface Plasmons 
 
 
 
 
 
Any Anderson-localized (or, strongly localized) mode is dark. 

Consequently:  
It is impossible that all surface-plasmon modes of any system are 
Anderson-localized (or, strongly localized). 
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Geometry of Random 
Planar Composite  Distribution of Eigenmodes 

over their Oscillator Strength 
fi  and Localization Radius Li 

Phys. Rev. Lett. 87, 167401 (2001). 
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Local Field Intensities for Four Eigenmodes 
Representative of Each Class of Eigenmodes 
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Metal tip: L. Novotny and S. J. 
Stranick, Annual Rev. Phys. Chem. 57, 
303-331 (2006) 

Nano-pyramid: M. Rang 
et al., Nano Lett. 8, 3357 
(2008) 

Fractal cluster of silver: M. I. Stockman, L. N. 
Pandey, and T. F. George, Phys. Rev. B  53, 2183-
2186 (1996) 

Silver nanosphere 

Optical counterpart: laser speckles on a 
screen 

Plasmonic Near-Field Hot 
Spots: Happy 16th 
Anniversary! 
•M. I. Stockman et al., Phys. Rev. Lett. 75, 2450 (1995) 
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Engineered Nanoplasmonic Hot Spots in Small 
Clusters of Nanospheres 

Fano resonance in a nanosphere cluster: 
•J. A. Fan  et al., Science 328, 1135 (2010) 
•M. Hentschel et al., Nano Lett. 10, 2721 (2010) 

Self-similar nanosphere nanolens: K. Li, M. I. 
Stockman, and D. J. Bergman, Phys. Rev. 
Lett. 91, 227402 (2003) 
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Giant Raman Scattering in Complex Natural 
and Engineered Nanosystems 

Theory of SERS (Surface Enhanced Raman Scattering) 

1. M. I. Stockman, V. M. Shalaev, M. Moskovits, R. Botet, and T. F. 
George, Enhanced Raman Scattering by Fractal Clusters: Scale 
Invariant Theory, Phys. Rev. B 46(5), 2821-2830 (1992). 

2. M. I. Stockman, Electromagnetic Theory of SERS, in: Springer Series 
Topics in Applied Physics, edited by K. Kneipp, M. Moskovits and 
H. Kneipp, Surface Enhanced Raman Scattering – Physics and 
Applications  (Springer-Verlag, Heidelberg New York Tokyo, 2006).   
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Discovery of Surface Enhanced Raman Scattering (SERS) 
1. M. Fleischmann, P. J. Hendra, and A. J. McQuillan, Raman Spectra 

of Pyridine Adsorbed at a Silver Electrode, Chem. Phys. Lett. 26, 
163-166 (1974). 

2. D. L. Jeanmaire and R. P. Van Duyne, Surface Raman 
Spectroelectrochemistry Part I. Heterocyclic, Aromatic, and Aliphatic 
Amines Adsorbed on the Anodized Silver Electrode, J. Electroanal. 
Chem. 84, 1-20 (1977). 

3. M. G. Albrecht and J. A. Creighton, Anomalously Intense Raman 
Spectra of Pyridine at a Silver Electrode, J. Amer. Chem. Soc. 99, 
5215 - 5217 (1977). 

Raman scattering from molecules absorbed on clusters of colloidal silver 
or rough silver surfaces enhanced by a factor of GRS~104-106 with 
respect to the same molecules free in solution 
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Observation of Single-molecule Surface-Enhanced Raman 
Scattering: 

•K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan, R. 
Dasari, and M. S. Feld, Single Molecule Detection Using 
Surface-Enhanced Raman Scattering (SERS), Phys. Rev. 
Lett. 78, 1667-1670 (1997). 

•S. M. Nie and S. R. Emery, Probing Single Molecules and 
Single Nanoparticles by Surface-Enhanced Raman 
Scattering, Science 275, 1102-1106 (1997). 

See also: Z. J. Wang, S. L. Pan, T. D. Krauss, H. Du, and L. 
J. Rothberg, The Structural Basis for Giant Enhancement 
Enabling Single-Molecule Raman Scattering, Proc. Natl. 
Acad. Sci. USA 100, 8638-8643 (2003). 

 

SERS Enhanced by 
factor of  1412 1010~ −
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SERS enhanced by 
a factor 1012 - 1014 
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Enhancement of Optical Responses in Fractals 

Self-similar fractal geometry 

Eiz

yx

0
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t39.01 fs

Local optical fields in fractal cluster [MIS, 
Phys. Rev. Lett. 84, 1011 (2000) ]. 
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Amplitudes of other SERS Processes 
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Enhancement coefficient of SERS for a molecule at a point r0  

where the local field enhancement factor is expressed in terms 
of dyadic Green’s function 

M.I. Stockman, Nanoplasmonics Theory, in Springer Series Topics in Applied Physics, edited by 
K. Kneipp, M. Moskovits and H. Kneipp, Surface Enhanced Raman Scattering – Physics and 
Applications  (Springer-Verlag, Heidelberg New York Tokyo, 2006), p. 47-66.  

4~ Qg R
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Theory

Experiment

Comparison of theoretical predictions and experimental data for the 
SERS enhancement coefficient from silver colloid clusters [M. I. Stockman, 
V. M. Shalaev, M. Moskovits, R. Botet, and T. F. George, Enhanced Raman-Scattering 
by Fractal Clusters - Scale-Invariant Theory, Phys. Rev. B 46, 2821-2830 (1992)]. 
 

Surface Enhanced Raman 
Scattering (SERS) 
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Theory: Single molecule 
SERS enhancement for 
different distances from 
rough silver surface 

Random Planar 
Composite 
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Theory: Spectrum of SERS enhancement for a single molecule 
at silver surface at the “hottest spot” obtained from a large 
ensemble of systems 
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Conclusions 

•Electromagnetic theory of SERS predicts enhancement at 2 eV (600 
nm) on order or less than 109- 1010, which is three to four orders of 
magnitude less than experimentally observed 

•Theory for random composites and fractal clusters predicts 
approximately the same magnitude of enhancement\ 

•Adiabatic concentration in nanoplasmonic tapers provide an alternative 
and very efficient way to SERS, including SERS nanoscopy 

•Other factors must contribute to SERS: 

Chemical enhancement? J. Jiang, K. Bosnick, M. Maillard, and L. Brus, 
Single Molecule Raman Spectroscopy at the Junctions of Large Ag 
Nanocrystals, J. Phys. Chem. B 107, 9964-9972 (2003)  
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Applications of Plasmonics: Nanoscopy 

Metal tip 

Nanoobject 

Enhanced Local 
Optical Fields 

Scattered 
Light, SERS 

Nanoscale 
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Metal Nanosphere as an Optical Antenna in Scanning Near-Field 
Optical Microscope (SNOM) 
P. Bharadwaj, B. Deutsch, and L. Novotny, Optical Antennas, 
Advances in Optics and Photonics 1, 438–483 (2009) 
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NSOM images of healthy human 
dermal fibroblasts in liquid obtained in 
transmission mode with a 
Nanonics cantilevered tip with a gold 
nanosphere 

Repeating slide 
to remind 

http://www.nanonics.co.il/�
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L. Novotny and S. J. Stranick, Near-Field Optical Microscopy and Spectroscopy with 
Pointed Probes, Annual Rev. Phys. Chem. 57, 303-331 (2006) 
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Neil Anderson, Achim Hartschuh, and Lukas Novotny, Chirality 
Changes in Carbon Nanotubes Studied with Near-Field Raman 
Spectroscopy Nano Lett. 577 – 582 (2007)            
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T. H. Taminiau, F. B. Segerink, R. J. Moerland, L. Kuipers, and N. F. van 
Hulst, Near-Field Driving of an Optical Monopole Antenna, Journal of 
Optics a-Pure and Applied Optics 9, S315-S321 (2007). 
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Single fluorescent DiI molecules excited by the 
antenna probe, for  two directions of incident linear 
polarization. Two features appear: sharp spots (~30 
nm) showing molecules excited by the local 
monopole antenna and large spots (~150 nm) 
associated with molecules excited by the aperture. 
The sharp spots only occur in (a) for the polarization 
that drives the antenna. ((c), (e)) Excitation 
polarization with respect to the position of the 
antenna. (d) Fluorescence line trace for a selected 
molecule excited by the monopole, demonstrating 
the localized antenna field with 30 nm FWHM at the 
position of the molecule. 

Lecture 2    p.58 
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Next generation of scanning 
near-field optical microscopy 
(SNOM) with chemical 
mapping:  

Adiabatic concentration of 
optical energy and giant 
surface-enhanced Raman 
scattering (SERS) 
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5 nm radius  

Di Fabrizio, E., et. al, Italian patent n. TO2008A000693 23.09.2008  
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M. Burresi, D. van Oosten, T. Kampfrath, H. Schoenmaker, R. 
Heideman, A. Leinse, and L. Kuipers, Probing the Magnetic Field of 
Light at Optical Frequencies, Science 326, 550-553 (2009). 
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CONCLUSIONS: Nanoscopy 
•Nanoscopy is performed with near-field probes generating 
nanolocalized hot spots 
•There are different near-field probes: nanoparticles, pointed 
probes (tips) with external excitation, nanophotonic-
nanoplasmonic tapered fibers, and adiabatic nanoplasmonic 
tapers 
•The most efficient probe is an adiabatic nanoplasmonic taper 
that allows for SERS nanoscopy with resolution ~5 nm 
•There is a possibility to record polarization, phase, and 
electrical and magnetic components of the nanolocalized fields 
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K. Li, M. I. Stockman, and D. J. Bergman, Self-Similar 
Chain of Metal Nanospheres as an Efficient Nanolens, 
Phys. Rev. Lett. 91, 227402 (2003). 

Efficient Self-Similar Nanolens of Nanospheres 

Silver 
Nanospheres 
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Optical Electric Field 

- 

Underlying physics of local field enhancement in 
efficient nanolens: Cascade enhancement 

Giant local  fields 
in the minimum 
gap: Nanoscale 
localization of 
optical energy 
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Local Fields for Silver 
3-Sphere Nanolens 

d=0.3R 

K. Li, M. I. Stockman, and D. J. Bergman, Self-Similar 
Chain of Metal Nanospheres as an Efficient Nanolens, 
Phys. Rev. Lett. 91, 227402 (2003). 

Giant Local Field 
Enhancement  in Nanolens 

134 10~~t enhancemenRaman E
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Different types of 
aggregates of gold 

nanospheres 

Scale bar: 100 
nm 
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CONCLUSIONS 

•  A self-similar chain of metal nanospheres makes an efficient 
nanolens focusing energy of optical field, concentrating it a nanoscale 
gap between the smallest nanospheres 

•  The optical field in the nanofocus is enhanced by more then 
three orders of magnitude 

•  A molecule adsorbed in this nanofocus will exhibit Raman 
scattering enhanced by a factor on order or greater than 1013. 
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