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Concentration of optical energy on the nanoscale

Nanoplasmonics in a nano-nutshell

M. I. Stockman, Nanoplasmonics: The 

Physics Behind the Applications, Phys. 

Today 64, 39-44 (2011).
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I. Freestone, N. Meeks, M. 

Sax, and C. Higgitt, The 

Lycurgus Cup - a Roman 

Nanotechnology, Gold Bull. 

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 
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Nanotechnology, Gold Bull. 

40, 270-277 (2007)

W. A. Murray and W. L. Barnes, 

Plasmonic Materials, Adv. Mater. 19, 

3771-3782 (2007) [Scale bar: 300 nm]
C. Orendorff, T. Sau, and C. Murphy, Shape-

Dependent …, Small 2, 636-639 (2006)

stable under biological 

conditions and is not toxic in 

vivo

stable under biological 

conditions and is not toxic in 

vivo

Scanning electron microscopy

Dark field optical microscopy
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Nanoshell: Dielectric Core and Metal Shell
When shell becomes progressively thinner comparing to the core, the spectrum of the

nanoshell shifts to the red and then to the near-infrared where biological tissues do not

absorb
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J. L. West and N. J. Halas, Engineered Nanomaterials for Biophotonics Applications: Improving Sensing, 

Imaging, and Therapeutics, Annu. Rev. Biomed. Eng. 5, 285-292 (2003).
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The magnificent nanoplasmonic colors: The windows of La Sainte-Chapelle, Paris
M. I. Stockman, Nanoplasmonics: The Physics Behind the Applications, Phys. Today 64, 39-44 (2011).
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Plasmonic Near-Field Hot Spots: 

Happy 20th Anniversary!
•D. P. Tsai et al., Phys. Rev. Lett. 72, 4149 (1994).

•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 (1996)

screen  the todistance is 

 size,spot laser  is 

length  wavereduced is nm 100~

size speckle is  

~

L

A

R

L
A

R

Speckle

Speckle

�

�

Nanoplasmonics and Spaser http://www.phy-astr.gsu.edu/stockman

E-mail: mstockman@gsu.edu

UNT Denton Colloquium p.9

12/8/2014 4:03 PM



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

Engineered Nanoplasmonic Hot Spots in Small 

Clusters of Nanospheres
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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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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:
Spectrally, surface plasmon 

resonances in complex systems 

occupy a very wide frequency 

band; for gold and silver:

Including aluminum with 

Best area for 

plasmonics
eV 42 ≈≈≈≈≈≈≈≈∆∆∆∆ pωω
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Surface plasmon relaxation times are in 

~10-100 fs range

Including aluminum with 

plasmon responses in the 

ultraviolet, this spectral 

width increases to ~10 

eV. 

Corresponding rise 

time of plasmonic 

responses ~ 100 as
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30 femtoseconds from life 

of a nanoplasmonic 

systems

Localized SP hot spots are 

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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Localized SP hot spots are 

deeply subwavelength as 

seen in PEEM 

(photoemission electron 

microscope)
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Different types of 

aggregates of gold 

nanospheres

Nanoplasmonics and Spaser http://www.phy-astr.gsu.edu/stockman

E-mail: mstockman@gsu.edu

UNT Denton Colloquium p.16

12/8/2014 4:03 PM

Scale bar: 100 nm
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with Localized Surface 

Plasmons Immunochromatographic assay with 

immunotargeted gold nanosphere 

suspension. Detection of: hCG (human 

chorionic gonadotropin) -- Home 

pregnancy test; PSA (prostate-specific 

antigen) -- Prostate cancer ; troponin –

heart attack test; HIV/AIDS (trials)

Immunoassay with immobilized 

immunotargeted gold nanospheres. T. 

Endo et al., Multiple Label-Free 

Immunoassay with immobilized 

immunotargeted gold nanospheres. T. 

Endo et al., Multiple Label-Free 
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Endo et al., Multiple Label-Free 

Detection of Antigen-Antibody 

Reaction Using Localized Surface 

Plasmon ... Anal. Chem. 78, 6465-

6475 (2006)

Endo et al., Multiple Label-Free 

Detection of Antigen-Antibody 

Reaction Using Localized Surface 

Plasmon ... Anal. Chem. 78, 6465-

6475 (2006)

Left: Glucose in vivo monitoring using SERS 

from immobilized functionalized gold 

nanospheres. J. N. Anker, et al., Biosensing 

with Plasmonic Nanosensors, Nat. Mater. 7, 

442-453 (2008).

Right: Palladium-nanocylinder hydrogen 

sensor for hydrogen energy applications. H. 

Giessen at al.

Left: Glucose in vivo monitoring using SERS 

from immobilized functionalized gold 

nanospheres. J. N. Anker, et al., Biosensing 

with Plasmonic Nanosensors, Nat. Mater. 7, 

442-453 (2008).

Right: Palladium-nanocylinder hydrogen 

sensor for hydrogen energy applications. H. 

Giessen at al.
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Surface Plasmon Polariton Sensors
Surface plasmon polariton 

sensor based on 

Kretschmann geometry. 

Sensitivity~ 103 - 104 large 

molecules. See, e.g., 

http://www.biacore.com/

Surface plasmon polariton 
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Surface plasmon polariton Surface plasmon polariton 
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Surface plasmon polariton 

SERS sensor and NSOM 

based on adiabatic 

concentration. 

Sensitivity~100 molecules

F. De Angelis et al, 

Nanoscale Chemical 

Mapping Using Three-

Dimensional Adiabatic 

Compression of SPPs. 

Nature Nanotechnology 5, 

67-72 (2009).

Surface plasmon polariton 

SERS sensor and NSOM 

based on adiabatic 

concentration. 

Sensitivity~100 molecules

F. De Angelis et al, 

Nanoscale Chemical 

Mapping Using Three-

Dimensional Adiabatic 

Compression of SPPs. 

Nature Nanotechnology 5, 

67-72 (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 (A. Lewis et al.)

Plasmonic Nanoscopy
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Plasmonic Nanoscopy
Left: Chemical vision: SERS image and 

spectra of a single-wall carbon nanotube 

obtained with a FIB-fabricated silver tip.     

L. Novotny and S. J. Stranick,  Annual Rev. 

Phys. Chem. 57, 303-331 (2006)

Right: Nanosphere probe and  image of 

fluorescence enhancement of a single dye 

molecule. H. Eghlidi et al., Nano Lett. 9, 

4007-4011 (2009)

Left: Chemical vision: SERS image and 

spectra of a single-wall carbon nanotube 

obtained with a FIB-fabricated silver tip.     

L. Novotny and S. J. Stranick,  Annual Rev. 

Phys. Chem. 57, 303-331 (2006)

Right: Nanosphere probe and  image of 

fluorescence enhancement of a single dye 

molecule. H. Eghlidi et al., Nano Lett. 9, 

4007-4011 (2009)

Left: Metallized tapered fiber probe and  NSOM 

image of a single fluorescent  molecules with 

Left: Metallized tapered fiber probe and  NSOM 

image of a single fluorescent  molecules with 
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image of a single fluorescent  molecules with 

polarization resolution. 

Right: Nanoantenna-on-fiber probe and  NSOM 

image of a single fluorescent  molecules with 

polarization resolution. T. H. Taminiau, F. B. 

Segerink, R. J. Moerland, L. Kuipers, and N. F. 

van Hulst, Journal of Optics a-Pure and Applied 

Optics 9, S315-S321 (2007)

image of a single fluorescent  molecules with 

polarization resolution. 

Right: Nanoantenna-on-fiber probe and  NSOM 

image of a single fluorescent  molecules with 

polarization resolution. T. H. Taminiau, F. B. 

Segerink, R. J. Moerland, L. Kuipers, and N. F. 

van Hulst, Journal of Optics a-Pure and Applied 

Optics 9, S315-S321 (2007)

Imaging of living cells in culture with a tapered fiber 

NSOM. Left: Topology, Center: NSOM image, Right: 

Schematic. E. Trevisan, E. Fabbretti, N. Medic, B. 

Troian, S. Prato, F. Vita, G. Zabucchi, and M. Zweyer, 

Novel Approaches for Scanning near-Field Optical 

Microscopy Imaging of Oligodendrocytes in Culture, 

Neuroimage 49, 517-524 (2010)
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NSOM. Left: Topology, Center: NSOM image, Right: 

Schematic. E. Trevisan, E. Fabbretti, N. Medic, B. 

Troian, S. Prato, F. Vita, G. Zabucchi, and M. Zweyer, 

Novel Approaches for Scanning near-Field Optical 

Microscopy Imaging of Oligodendrocytes in Culture, 

Neuroimage 49, 517-524 (2010)
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Spaser is the ultimately smallest 

quantum nano-generator

For small nanoparticles, 

radiative loss is 

negligible.

Spaser is fully scalable
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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).
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Stationary (CW) 

spaser regime

Inversion vs. 

pumping rate

Spectral shape 

of spaser line

Plasmon number 

vs. pumping rate

This quasilinear dependence  of 

the number of plasmons per 

mode  Nn(g) is a result of the 

very strong feedback in spaser 

due to the small modal volume
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Line width vs. 

pumping rate

Spectral shape 

of spaser line

Spectral shape 

of spaser line

SPN/1 width line Spectral ∝

arXiv:0908.3559

Journal of Optics, 12, 

024004-1-13 (2010).

1

s g
−−−−Γ ∝Γ ∝Γ ∝Γ ∝



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

Gain of bulk medium required for spasing and for loss compensation

by gain: M. I. Stockman, Spaser Action, Loss Compensation, and

Stability in Plasmonic Systems with Gain, Phys. Rev. Lett. 106, 156802-

1-4 (2011); Phil. Trans. R. Soc. A 369, 3510 (2011).
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Realistic  gain for direct 

band-gap semiconductors
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Scaling of Spaser

Local optical field:

Heat per flop: 

Threshold:
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Threshold:

Switching time:

Conclusion: Spaser is orders of magnitude more efficient (less heat per 

flop) and much faster than transistor. It can operate close to the quantum 

limit (   .           ).
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Amplification in Spaser with a Saturable 

Absorber (1/3 of the gain chromophores)

Stationary 

pumping

SP coherent population Population inversion

Bandwidth ~ 10-100 THz

Very high resistance to ionizing radiation
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Pulse pumping

SP coherent population
Population inversion
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•Plasmonic Nanoscopy

•Spaser as an Ultrafast Quantum Generator and Nanoamplifier (Theory)

•Spaser (Experiment)
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Experimental Observations of 

Spaser
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1d  plasmonic field confinement
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2d  plasmonic field confinement
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1d +2d plasmonic field confinement
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Smooth surface
Rough surface

Random Spaser
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See also: W. Zhou, M. Dridi, J. Y. Suh, C. H. Kim, D. T. Co, M. R. Wasielewski, G. C. Schatz, and T. W. Odom, Lasing 

Action in Strongly Coupled Plasmonic Nanocavity Arrays, Nature Nanotechnology 8, 506-511 (2013)

Phys. Rev. 

Lett. 110, 

206802-1-5 

(2013)
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V. Apalkov and M. I. Stockman, Proposed Graphene Nanospaser, NPG: Light Sci. Appl. 3, e191 (2014).
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Explosive (DNT) 

detection
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Science (Submitted)
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Radiation of spaser inside 

live cancer cell

Radiative damage of live 

cancer cell caused by spasers 

(cancer therapy)

Radiation of spaser in a blood vessel model and in vivo
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The most important technological application: Information processing

MOSFET US 

Patent

P. Packan et al., in 2009 IEEE International Electron Devices Meeting (IEDM), High Performance 32nm 

Logic Technology Featuring Second Generation High-K + Metal Gate Transistors  (Baltimore, MD, 2009), 

Vol. IEDM09-662, p. 28.4.1-28.4.4

Abstract:

A 32nm logic technology for high performance microprocessors is described. 2nd generation high-k + metal gate transistors 

provide record drive currents at the tightest gate pitch reported for any 32 nm or 28nm logic technology. NMOS drive  

currents are 1.62mA/um Idsat and 0.231mA/um Idlin at 1.0V and 100nA/um Ioff.  PMOS drive currents are 1.37mA/um 

Idsat and 0.240mA/um Idlin at 1.0V and 100nA/um Ioff. The impact of SRAM cell and array size on Vccmin is reported.
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Speed ~ 100-300 GHz 

Low resistance to 

ionizing radiation

Processor speed :                                           Transistor speed is not a limiting factor!

Charging the interconnects is.(((( ))))max drive Intercon 3 GHzf I C U= ∆= ∆= ∆= ∆ ∼
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Nanospaser with electric excitation 

(“pumping”) does not exist as of today yet, but 

fundamentally it is entirely possible:

2

2

L
RC

r
τ εσ==== ∼

Charging time 

does not  

depend on scale

D. Li and M. I. Stockman, Electric 

Spaser in the Extreme Quantum Limit, 

Phys. Rev. Lett. 110, 106803-1-5 (2013).

Nanoplasmonics and Spaser http://www.phy-astr.gsu.edu/stockman

E-mail: mstockman@gsu.edu

UNT Denton Colloquium p.51

12/8/2014 4:03 PM

No  electric 

charging of 

interconnects! 
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The End
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The End
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Adiabatic Compression
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M. I. Stockman, Nanofocusing of Optical Energy in Tapered Plasmonic 

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