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Concentration of optical energy on the nanoscale

Photon Surface Plasmon

Nanoplasmonics in a nano-nutshell

Extrinsic (outside the metal) enhancement of local fields is by a 
plasmonic quality factor  10010~
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Dependent …, Small 2, 636-639 (2006)

Nanoplasmonic colors are very 
bright. Scattering and absorption 
of light by them are very strong. 
This is due to the fact that all of 
the millions of electrons move in 
unison in plasmonic oscillations
Nanoplasmonic colors are also 
eternal: metal nanoparticles are 
stable in glass: they do not 
bleach and do not blink. Gold is 
stable under biological 
conditions and is not toxic in 
vivo

Scanning electron microscopy

Dark field optical microscopy
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Classification of Nonlinearities in Nanoplasmonics
1. Extrinsic, Intrinsic, and Combined

In the surrounding dielectric, in the metal itself, and in both.
Intrinsic (Perturbative): Due to nonlinear polarizabilities of the metal itself.

A. Bouhelier et al., Phys. Rev. Lett. 90, 13903 (2003).
J. Renger et al., Phys. Rev. Lett. 103, 266802 (2009).

Extrinsic (Perturbative) : Due to nonlinear polarizabilities of the surrounding medium
D. Pacifici, H. J. Lezec, and H. A. Atwater, Nat. Phot. 1, 402 (2007)

2. Perturbative (weak field) and Nonperturbative (strong field)
Perturbative (due to low-order nonlinear polarizabilities), both extrinsic and intrinsic:

SHG, THG, parametric mixing, Kerr effect, nonlinear absorption, two-photon fluorescence
Nonperturbative (extrinsic): High-harmonic generation, spaser, loss compensation by

gain
S. Kim et al., Nature 453, 757 (2008)
M. I. Stockman, Journal of Optics 12, 024004 (2010)
M. I. Stockman, Phys. Rev. Lett. 106, 156802 (2011)
P. M. Bolger et al., Opt. Lett. 35, 1197 (2010)

Nonperturbative (intrinsic): Plasmon-polariton solitons, metallization of dielectrics
E. Feigenbaum, and M. Orenstein, Opt. Lett. 32, 674 (2007)
M. Durach et al., Phys. Rev. Lett. 105, 086803 (2010)
M. Durach et al., arXiv:1104.1642 (2011)
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Extrinsic Enhancement Factors for Small (in 
comparison to skin depth ~25 nm) Nanoparticles

These factors do not depend on the nanoparticle size R (scaling)

Plasmonic quality factor:

Radiative rate enhancement factor:

Excitation rate enhancement factor:

This Purcell factor is inversely proportional to the nanoparticle volume, which is
fundamentally important for spaser action (feedback rate)
SERS resonant enhancement factor: (additional enhancement is due to

the geometric enhancement (in tight gaps, at sharp tips, etc.)

Enhancement of the emission rate into an SP mode:

Same with respect to free photons (Purcell factor):
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Nanoplasmonics is intrinsically ultrafast:

Surface plasmon relaxation times are in 
~10-100 fs range

Spectrally, surface plasmon 
resonances in complex systems 
occupy a very wide frequency 
band; for gold and silver:

Including aluminum with 
plasmon responses in the 
ultraviolet, this spectral 
width increases to ~10 
eV. 
Corresponding rise 
time of plasmonic 
responses ~ 100 as

Best area for 
plasmonics

eV 42 ≈≈∆ pωω

M. I. Stockman, Phys. Rev. Lett. 84, 1011 (2000).
M. I. Stockman, S. V. Faleev, and D. J. Bergman, Phys. Rev. Lett. 88, 67402 (2002)
D. J. Bergman, and M. I. Stockman, Phys. Rev. Lett. 90, 027402 (2003)
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30 femtoseconds from life 
of a nanoplasmonic 
system
Localized SP hot spots are 
deeply subwavelength as 
seen in PEEM 
(photoemission electron 
microscope)

A. Kubo, K. Onda, H. Petek, Z. Sun, Y. S. Jung, and H. K. Kim, Femtosecond Imaging 
of Surface Plasmon Dynamics in a Nanostructured Silver Film, Nano Lett. 5, 1123 
(2005). 

200 nm

Perturbative (two-photon) ultrafast intrinsic nonlinearity
Localized SP hot spots and SPPs coexist in space and time on nanostructured 
surfaces

PEEM Image as a Function of Delay (250 as per frame)
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Perturbative (second-order in field) 
ultrafast intrinsic nonlinearity



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

Nonlinear Nanoplasmonics:
Citius, Minimius, Fortius

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

p.13
7/6/2011 10:09 AM

Giant SPIDER

Gradient Force and 
Pressure Force 
exerted on electrons

Maximum THz Field by SPIDER

Here decay of  SPPs is a useful effect! 

Perturbative (second-order in field) 
ultrafast intrinsic nonlinearity
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Constructive control by the second pulse
Destructive control by the second pulse
No control pulse (free induction decay)

Perturbative (third-order in field) 
ultrafast combined nonlinearity
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Nonperturbative (strong field) ultrafast 
extrinsic nonlinearity
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Above threshold ionization and 
electron recollision in high 
harmonic generation

Computations courtesy Javier 
Aizpurua  



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

Nonlinear Nanoplasmonics:
Citius, Minimius, Fortius

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

p.18
7/6/2011 10:09 AM



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

Nonlinear Nanoplasmonics:
Citius, Minimius, Fortius

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

p.19
7/6/2011 10:09 AM

CONTENTS
•Introduction: Plasmonics and Nanoconcentration of Optical 
Energy
•Plasmonic Enhancement, Ultrafast Nature of Plasmonics, and 
Plasmonic Nonlinearities
•Perturbative Nonlinearities in Nanoplasmonic Systems
•Nonperturbative (Strong Field) Nonlinearities
•Spaser as an Ultrafast Quantum Generator and Nanoamplifier
•Spasing vs. Loss Compensation as  Extrinsic Strong 
Nonlinearity in Plasmonics
•Conclusions



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

Nonlinear Nanoplasmonics:
Citius, Minimius, Fortius

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

p.20
7/6/2011 10:09 AM

Surface Plasmon Amplification by Stimulated Emission of Radiation (SPASER)
1. D. J. Bergman and M. I. Stockman, Surface Plasmon Amplification by Stimulated Emission of

Radiation: Quantum Generation of Coherent Surface Plasmons in Nanosystems, Phys. Rev. Lett. 90,
027402-1-4 (2003).

2. M. I. Stockman, Spasers Explained, Nat. Phot. 2, 327-329 (2008) .
3. M. I. Stockman and D. J. Bergman, Surface Plasmon Amplification by Stimulated Emission of Radiation

(SPASER), USA Patent No. 7,569,188 (August 4, 2009)
4. M. I. Stockman, Spaser as Nanoscale Quantum Generator and Ultrafast Amplifier, Journal of Optics

(JOPT) 12, 024004-1-13 (2010).
5. M. A. Noginov, G. Zhu, A. M. Belgrave, R. Bakker, V. M. Shalaev, E. E. Narimanov, S. Stout, E. Herz,

T. Suteewong, and U. Wiesner, Demonstration of a Spaser-Based Nanolaser, Nature 460, 1110-1112
(2009).

6. M. T. Hill, M. Marell, E. S. P. Leong, B. Smalbrugge, Y. Zhu, M. Sun, P. J. van Veldhoven, E. J. Geluk,
F. Karouta, Y.-S. Oei, R. Nötzel, C.-Z. Ning, and M. K. Smit, Lasing in Metal-Insulator-Metal Sub-
Wavelength Plasmonic Waveguides, Opt. Express 17, 11107-11112 (2009).

7. R. F. Oulton, V. J. Sorger, T. Zentgraf, R.-M. Ma, C. Gladden, L. Dai, G. Bartal, and X. Zhang, Plasmon
Lasers at Deep Subwavelength Scale, Nature 461, 629-632 (2009).

8. R.-M. Ma, R. F. Oulton, V. J. Sorger, G. Bartal, and X. Zhang, Room-Temperature Sub-Diffraction-
Limited Plasmon Laser by Total Internal Reflection, Nat Mater 10, 110-113 (2010).

Amplification and Stimulated Emission in Plasmonic systems:
1. E. Plum, V. A. Fedotov, P. Kuo, D. P. Tsai, and N. I. Zheludev, Towards the Lasing Spaser: Controlling

Metamaterial Optical Response with Semiconductor Quantum Dots, Opt. Expr. 17, 8548-8551 (2009)
2. P. M. Bolger, W. Dickson, A. V. Krasavin, L. Liebscher, S. G. Hickey, D. V. Skryabin, and A. V. Zayats,

Amplified Spontaneous Emission of Surface Plasmon Polaritons, Opt. Lett. 35, 1197-1199 (2010).
3. S. Xiao, V. P. Drachev, A. V. Kildishev, X. Ni, U. K. Chettiar, H.-K. Yuan, and V. M. Shalaev, Loss-Free and

Active Optical Negative-Index Metamaterials, Nature 466, 735-738 (2010)
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Spaser is the ultimately smallest 
quantum nano-generator and 
nano-amplifier

For small nanoparticles, 
radiative loss is 
negligible.
Spaser is quasistatic and 
fully scalable

1 

:condition Spasing

3

2
10 ≥

ΓR
QNQD



d
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Stationary (CW) 
spaser regime

Inversion vs. 
pumping rate

Line width vs. 
pumping rate

Spectral shape 
of spaser line

Spectral shape 
of spaser line

Spectral shape 
of spaser line

Plasmon number 
vs. pumping rate

This quasilinear dependence 
Nn(g) is a result of the very 
strong feedback in spaser due to 
the small modal volume

arXiv:0908.3559
Journal of Optics, 12, 
024004-1-13 (2010).

1 linewidthSpaser −∝ SPN

Nonperturbative (strong field) ultrafast 
extrinsic nonlinearity

http://arxiv.org/abs/0908.3559�
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Amplification in Spaser with a Saturable 
Absorber (1/3 of the gain chromophores)

Stationary 
pumping

Pulse pumping

SP coherent population Population inversion

SP coherent population Population inversion

Bandwidth ~ 10-100 THz
Very high resistance to ionizing radiation

This very high speed of 
the spaser is due to the 
small modal volume
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Nonperturbative (strong field) 
ultrafast extrinsic nonlinearity
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Consider an isotropic metamaterial that can be described by complex 
permittivity and permeability. A known  homogenization procedure leads 
to an exact result for the (effective) permittivity of the composite

Hear E is the macroscopic field and e(r) is the (mesoscopic) local field 
inside the metamaterial. This local field is expressed as an eigenmode 
expansion  

where En(r) is the eigenmode field. Assume that: there is a resonance 
with an n-th eigenmode, the metal has a high quality factor, Q>>1, and 
the metal’s fill factor f  is not too small, so Qf>>1. Then the effective 
permittivity is (where an is a coefficient):



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

Nonlinear Nanoplasmonics:
Citius, Minimius, Fortius

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

p.32
7/6/2011 10:09 AM



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

Nonlinear Nanoplasmonics:
Citius, Minimius, Fortius

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

p.33
7/6/2011 10:09 AM

•This is a criterion for both the loss compensation and spasing 
•This criterion is analytical and exact, provided that the metamaterials is 
resonant and dense, and that its eigenmodes are non-uniform in space 
(contain “hot spots”), which  creates an inherent feedback
•Thus, an attempt at a full compensation of losses will cause spasing 
instead, which will saturate the gain transition, eliminate the net gain, 
clamp the inversion, and make the complete loss compensation 
impossible
•This criterion does not depend on the geometry of the system or any 
specific hot spots of local fields, predicated on the gain medium filling 
all the space left by the metal
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1. S. Wuestner, A. Pusch, K. L. Tsakmakidis, J. M. Hamm, and O. Hess, Overcoming Losses with Gain in a 
Negative Refractive Index Metamaterial, Phys. Rev. Lett. 105, 127401-1-4 (2010).

2. S. Xiao, V. P. Drachev, A. V. Kildishev, X. Ni, U. K. Chettiar, H.-K. Yuan, and V. M. Shalaev, Loss-Free 
and Active Optical Negative-Index Metamaterials, Nature 466, 735-738 (2010).

3. M. A. Noginov, G. Zhu, M. Mayy, B. A. Ritzo, N. Noginova, and V. A. Podolskiy, Stimulated Emission of 
Surface Plasmon Polaritons, Phys. Rev. Lett. 101, 226806-1-4 (2008).

Spasing criterion as a function of optical frequency . The straight line (red on line) represents the 
threshold for the spasing and full loss compensation, which take place for the curve segments above it. 
(a) Computations for silver. The chromophore concentration is 6 x1018 cm-3 for the lower curve (black) 
and nc = 3x1019 cm-3 for the upper curve (blue on line). The magenta solid circle and black diamond 
show the values of the spasing criterion for the conditions of Refs. 2 and 3, respectively. (b) 
Computations for gold. The chromophore concentration is 3x1019 cm-3 for the lower curve (black) and 
2x1020 cm-3 for the upper curve (blue on line).
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BRIEF CONCLUSIONS
1. Nanoplasmonics is based on nanolocalization of optical fields due to SPs
2. Enhancement in nanoplasmonics is due to quality factor of SP modes and geometric 

concentration. Nanoplasmonics is ultrafast with ~100 as – 10 fs characteristic times
3. Plasmonic nonlinearities are classified as intrinsic (in the metal), extrinsic (in the embedding 

dielectric, or combined. Independently, they are classified as perturbative or nonperturbative 
(strong field) nonlinearities

4. There are abundant examples of ultrafast nonlinear perturbative nonlinearities: multiphoton 
electron emission, Kerr effect, nonlinear absorption, three- and four-wave mixing, etc. There 
are also strong-field nonlinearities observed of an extrinsic type (high-harmonic generation, 
nonlinear photo-ionization, SPASER)  and predicted of an intrinsic type (plasmon-solitons, 
metallization, etc.)

5. SPASER is an efficient nanoscale generator and ultrafast quantum amplifier with a switch 
time ~100 fs for silver and ~10 fs for gold. It has the same size as MOSFET and can perform 
the same functions but is ~1000 times faster. Spaser is classified as a nonperturbative 
extrinsic nonlinear ultrafast effect

6. SPASERs have been observed in a number of experiments
7. Attempting the full loss compensation in a dense isotropic resonant plasmonic metamaterial 

is shown to lead to spasing that clamps the gain and makes this full compensation 
impossible.  This is, as the SPASER itself, an extrinsic nonperturbative nonlinear effect
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