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Concentration of optical energy on the nanoscale

Photon Surface Plasmon

Nanoplasmonics in a nano-nutshell
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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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The magnificent nanoplasmonic colors: The windows of La Sainte-Chapelle, Paris

M. I. Stockman, Dark-Hot Resonances, Nature 467, 541-542 (2010); Physics Today,
February, 2011
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Applications of Nanoplasmonics:
1. Ultrasensitive and express sensing and detection using both SPPs and SPs (LSPRs): see, e.g., J. N. 

Anker, W. P. Hall, O. Lyandres, N. C. Shah, J. Zhao, and R. P. Van Duyne, Biosensing with Plasmonic 
Nanosensors, Nature Materials 7, 442-453 (2008);  Biacore (GE) SPP sensors: http://www.biacore.com/

2. Near-filed scanning microscopy (or, nanoscopy): NSOM (SNOM)
3. Nanoantennas: Coupling of light to nanosystems. Extraction of light from LEDs and lasers [N. F. Yu, J. 

Fan, Q. J. Wang, C. Pflugl, L. Diehl, T. Edamura, M. Yamanishi, H. Kan, and F. Capasso, Small-
Divergence Semiconductor Lasers by Plasmonic Collimation, Nat. Phot. 2, 564-570 (2008)]; 
nanostructured antennas for photodetectors and solar cells; heat-assisted magnetic memory [W. A. 
Challener et al., Nat. Photon. 3, 220 (2009)]

4. Photo- and chemically stable labels and probes for biomedical research and medicine
5. Nanoplasmonic-based immunoassays and tests. Home pregnancy test (dominating the market), PSA test 

(clinic), troponin heart-attack test, and HIV tests (in trials)
6. Near perspective: Generation of EUV and XUV pulses
7. Thermal cancer therapy: L. R. Hirsch, R. J. Stafford, J. A. Bankson, S. R. Sershen, B. Rivera, R. E. 

Price, J. D. Hazle, N. J. Halas, and J. L. West, Nanoshell-Mediated Near-Infrared Thermal Therapy of 
Tumors under Magnetic Resonance Guidance, Proc. Natl. Acad. Sci. USA 100, 13549-13554 (2003). C. 
Loo, A. Lowery, N. Halas, J. West, and R. Drezek, Immunotargeted Nanoshells for Integrated Cancer 
Imaging and Therapy, Nano Lett. 5, 709-711 (2005)
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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)
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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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The above-listed enhancement factors do not depend on size R

This enhancement factor is inversely proportional to R3

This is of fundamental importance for spasers (plasmonic 
nanolasers)
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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

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

7/6/2011 7:06 AM p.13Trends in Nanoplasmonics: 
Faster , Smaller, Stronger!



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

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

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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Constructive control by the second pulse
Destructive control by the second pulse
No control pulse (free induction decay)
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Adiabatic Compression

M. I. Stockman, Nanofocusing of Optical Energy in Tapered Plasmonic 
Waveguides, Phys. Rev. Lett. 93, 137404-1-4 (2004). 
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5 nm radius
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Giant SPIDER – Surface-Plasmon-Induced Drag-Effect Rectification

Gradient Force and 
Pressure Force 
exerted on electrons

Maximum THz Field by SPIDER

Here decay of  SPP is a useful effect! 
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Different types of 
aggregates of gold 

nanospheres
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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).
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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 Polariton, 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
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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

SPN/1 width line Spectral ∝

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).
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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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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
3. Plasmonic hot spots is universal phenomena due to the scale-invariance of the 

nanoplasmonic phenomena
4. Adiabatic concentration is a non-resonant, wide-band, and non-radiative root to 

nanofocusing with extremely high throughput. There are demonstrated applications 
to nanoscopy and chemical nano-imaging.

5. Nanolenses are highly efficient enhancers of local field and SERS
6. 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. 

7. SPASERs have been observed in a number of experiments
8. The most promising applications of the SPASER are  an ultrafast nanoamplifier, 

local optical energy source, active nano-label, and an element of metamaterials 
with compensated loss.
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The End
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Schematic of Coherent Control by Phase Modulation
Different spectral components of the 
excitation pulse excite resonant 
surface plasmon modes.

These excitations dynamically 
interfere creating time-dependent 
hot spots of local fields during their 
coherence time

This interference can be directed by 
choosing phases and amplitudes of 
the different frequency components 
of the excitation pulse (pulse 
shaping)

•M. I. Stockman, S. V. Faleev, and D. J. Bergman, Coherent 
Control of Femtosecond Energy Localization in 
Nanosystems, Phys. Rev. Lett. 88, 67402-1-4 (2002).
•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 (2004)
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Nanoplasmonic Energy Localization, Time 
Reversal, and Coherent Control
X. Li and M. I. Stockman, Highly efficient spatiotemporal coherent 
control in nanoplasmonics on a nanometer-femtosecond scale by time 
reversal, Phys. Rev. B 77, 195109 (2008)

Idea of time reversal for subwavelength 
EM-wave localization:
G. Lerosey, J. de Rosny, A. Tourin, and M. Fink, 
Focusing Beyond the Diffraction Limit with Far-
Field Time Reversal, Science 315, 1120-1122 
(2007).

A. Derode, A. Tourin, J. de Rosny, M. Tanter, S. 
Yon, and M. Fink, Taking Advantage of Multiple 
Scattering to Communicate with Time-Reversal 
Antennas, Phys. Rev. Lett. 90, 014301 (2003).
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Schematic of Attosecond 
Nanoplasmonic Field 

Microscope

PEEM Electron 
Optics Imaging 
with Energy 
Resolution

XUV 
photoelectrons 
accelerated by 
enhanced  IR 

plasmonic local 
fields
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Energy shift (eV) of electrons emitted by a 95 eV XUV attosecond pulse as a 
function of the as pulse excitation instant with respect to the infrared excitation 
field (frames are in 200 as) as observed in Photoemission Electron Microscope 
(PEEM). 

Experiment directly measures instantaneous electric potential of 
nanoplasmonic oscillations with nm spatial and ~200 as temporal resolution

Nanosystem is 60x60 nm random silver film (50% filling factor)

Energy change (eV) 
of 90 eV XUV 
photoelectrons from 
silver nanosystem for 
10 GW/cm2 800 nm 
IR power; × 1015

slowed down
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