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Breaking the Cloak: Relativistic Causality 
For CW radiation, the ray that bends around 
the cloak carries radiation with higher than c 
phase velocity, which is possible 
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For pulse radiation, the ray that bends around 
the cloak carries radiation with group 
velocity than must be less than c (relativistic 
causality). Thus, it arrives with a delay, 
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Importance of fundamentals for applications 
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Concentration of optical energy on the nanoscale 

Photon: Quantum of 
electromagnetic field 

Surface Plasmon: Quantum of 
electromechanical oscillator 

Nanoplasmonics in a nano-nutshell 

nm 500m ~ 2
1 =µ
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© Trustees of British Museum 

I. Freestone, N. Meeks, M. 
Sax, and C. Higgitt, The 
Lycurgus Cup - a Roman 
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) 

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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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 

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, Dark-Hot Resonances, Nature 467, 541-542 (2010) 
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Plasmonic Near-Field Hot Spots: 
Happy 19th 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) 
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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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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
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30 femtoseconds from life 
of a nanoplasmonic 
systems 
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 

Electron emission: 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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Adiabatic Compression 

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

Propagation direction 
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Different types of 
aggregates of gold 

nanospheres 

Scale bar: 100 nm 
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Spaser is the ultimately smallest 
quantum nano-generator 

For small nanoparticles, 
radiative loss is 
negligible. 

Spaser is fully scalable 

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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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. 

Speed of computations: Transistor speed is not a limiting factor 

Transistor :~100-300 GHz 
Low radiation resistance 
Processor: ~3 GHz, 
determined by 
interconnect charging 

dsat

intercon

,   

1 V

If
C U

U

=
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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);  

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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Sensing and Detection 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 
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. 
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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 
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). 

http://www.biacore.com/�
http://www.biacore.com/lifesciences/index.html�
http://www.biacore.com/lifesciences/index.html�
http://www.biacore.com/lifesciences/index.html�
http://www.biacore.com/lifesciences/index.html�
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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 

http://www.nanonics.co.il/�
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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: Metallized tapered fiber probe and  NSOM 
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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5 nm radius  



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

Nanoplasmonics: The Physics 
behind the Appications 

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

p.38 
1/30/2013 1:56 PM 

CONTENTS 
•Introduction: Plasmonics and Nano-confinement of Optical Energy 
•Nanoplasmonic Resonances and their Frequencies (Colors) 
•Localized Surface Plasmons and Plasmonic Hot Spots 
•Plasmonic Enhancement and Ultrafast Nature of Plasmonics 
•Adiabatic Nanofocusing 
•Nanolenses 
•Spaser as an Ultrafast Quantum Generator and Nanoamplifier 
•Applications of Nanoplasmonics: Overview 
•Sensing and Detection 
•Plasmonic Nanoscopy 
•Plasmonic Nanoantennas 
•Conclusions 



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

Nanoplasmonics: The Physics 
behind the Appications 

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

p.39 
1/30/2013 1:56 PM 



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

Nanoplasmonics: The Physics 
behind the Appications 

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

p.40 
1/30/2013 1:56 PM 



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

Nanoplasmonics: The Physics 
behind the Appications 

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

p.41 
1/30/2013 1:56 PM 



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

Nanoplasmonics: The Physics 
behind the Appications 

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

p.42 
1/30/2013 1:56 PM 

CONTENTS 
•Introduction: Plasmonics and Nano-confinement of Optical Energy 
•Nanoplasmonic Resonances and their Frequencies (Colors) 
•Localized Surface Plasmons and Plasmonic Hot Spots 
•Plasmonic Enhancement and Ultrafast Nature of Plasmonics 
•Adiabatic Nanofocusing 
•Nanolenses 
•Spaser as an Ultrafast Quantum Generator and Nanoamplifier 
•Applications of Nanoplasmonics: Overview 
•Sensing and Detection 
•Plasmonic Nanoscopy 
•Plasmonic Nanoantennas 
•Conclusions 



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

Nanoplasmonics: The Physics 
behind the Appications 

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

p.43 
1/30/2013 1:56 PM 

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 developed applications of nanoplasmonics are: biomedical sensing, 

immunoassays, nanoscopy, chemical vision nanoscopy, cancer therapy, THz lasers  
9. The emerging applications of nanoplasmonics are: nanoantennas for photodetectors and 

solar cells, ultrafast computations, new optical elements (circular-polarization filters, etc.), 
metamaterials, generation of EUV and XUV with plasmonic enhancement, etc. 
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The End 
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